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Preface



Progressive collapse is a collapse where a local failure leads to a disproportionate collapse. Different 
terms like initial failure, propagation of failures and disproportionate damage are important aspects 
of such collapses. In current design practice, a method to measure a structures’ progressive collapse 
sensitivity in its early design phase and taking into account all aspects of a structures collapse resistance 
does not exist. The objective of this research is to develop a tool that takes into account all aspects 
of a progressive collapse and can aid the engineer in assessing a design, in its early design stage, on 
progressive collapse.

At fi rst, the initial failure is elaborated. Different events can cause the failure of elements. The probability 
an initiating event occurs at a certain element is different for each element. Mitigating measures can limit 
the chance of occurring for certain events. The initial events are applied on the model in 2 steps. First 
the location (or: element) of the event is chosen by a random selection method and a distribution of 
failure chances on the model. Second, the size of the damage is determined by applying a Gaussian curve 
over the model, both in x- and z-direction. This determines if adjacent elements, related to the removed 
element in step 1, are removed.

Second, the design should be generated by the tool. Different two-dimensional preset structural systems 
can be generated by the tool. The number of columns, fl oors and the cross sectional properties can be 
specifi ed in the tool. Loads and load combinations are also applied by the tool. If elements have failed, 
debris will fall on the remaining building. Static impact loads are applied on the model to account for this, 
by using an amplifi cation factor.

The model is calculated by FEA-software. Only linear and fi rst order calculations are considered. These 
limitations lead to inaccuracies of the results compared with reality. A stability analysis has been performed 
to determine the buckling lengths of columns with more accuracy. Catenary action is one of the main 
modelling methods in designing against progressive collapse. This method is implemented into the tool. 
Iteratively, the forces and deformations are calculated which develop during the occurrence of catenary 
action.

The evaluator of the tool determines whether or not a progressive collapse can be assumed based on 
four failure criteria. The fi rst criterion is the occurrence of a local mechanism. If this occurs a progressive 
collapse is counted. Local mechanisms are reduced by applying rotational and translational springs in 
structural systems with pinned connections. The second condition is a strength criterion. For all elements, 
unity checks are calculated. If a unity check exceeds 1, the element will be removed from the model and 
the model is reanalysed and evaluated. The third criterion is a deformation condition. If the displacement 
of an element exceeds a limit it is assumed the element has failed, but will not be removed from the model. 
Finally, a progressive collapse is based on the amount of total damage. If the damage is disproportionate, 
the collapse is called a progressive collapse. If none of the above happens, no progressive collapse 
occurred.

A progressive collapse indicator (PCI) is calculated. One design is analyzed a certain number of iterations, 
resulting in an amount of progressive collapses. Then, the PCI is the number of progressive collapses, 
divided by the number of iterations performed. It gives an indication about the sensitivity of a design to 
progressive collapse.
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There are different methods in the order of evaluating elements, which have infl uence on the resulting 
PCI. A fi xed order of element removal will result in irregular failure patterns. The method that is used in 
the tool, is the removal of one element which exceeds the unity check the most. It showed, that for some 
cases reasonable failure patterns are retrieved. Though, for some other cases the failure pattern will be 
irregular.

The accuracy of the resulting PCI can be represented by the variance and standard deviation. When 
performing more iterations, the result will become more accurate. A linear relation between the amount 
of iterations performed and the time needed to complete the calculations is present. A minimum amount 
of iterations is needed to make sure enough initial failure combinations are included in the calculations.
The PCI can be used to validate a design on progressive collapse. The PCI of a design needs to be 
compared with the PCI of a preset structural system. If the PCI of the design is larger than the PCI of the 
preset structure, the design is more sensitive to a progressive collapse and adjustments are needed. An 
upper bound for the PCI will also aid the validation of a design.

It is concluded that a tool is developed that includes all aspects of a progressive collapse, but that it 
can not be used in daily practice. Yet, the resulting propagating failure of elements sometimes leads 
to irregular results and thus needs refi nement. Also, since input of a user’s design is not possible, 
implementations are needed to achieve that.
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1.1 Background

On May 16th, 1968, the 22-story Ronan Point apartment building in London (partially) collapsed. On the 
18th fl oor, a gas explosion knocked out the load-bearing precast concrete panels near the corner of the 
building. This resulted in the loss of support for the upper fl oors and caused them to collapse. The impact 
of these collapsing fl oors set off a chain reaction of collapses all the way to the ground. The corner bay 
of the building completely collapsed from top to bottom, resulting in the death of 4 people (Shankar Nair, 
2004). 

The previously described collapse was labeled with the term “Progressive Collapse”. Although there exist 
different defi nitions of progressive collapse, they look very similar. In general, progressive collapse is 
referred to as an event where the initial local loss or failure of load bearing capacity, results in the local 
failure of the structural frame, which causes a further loss of support and, ultimately, the failure of a large 
part of, if not the entire structure. 

In other words, progressive collapse is characterized by a pronounced disproportion between the magnitude 
of a triggering local event and the resulting widespread collapse of large parts or the entire structure 
(Starossek, 2008). “Chain reaction” and “disproportionate” are important terms in this context.
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Figure.1.1 Collapse of Ronan Point 
 [Source: http://www.911review.com (left), http://www.bdonline.co.uk (right)]



1.2 Problem analysis

The probability of a progressive collapse P(F) as a result of an abnormal event can be represented as a 
chain of partial probabilities (Ellingwood&Dusenberry, 2005):

( ) ( | ) ( | ) ( )P F P F DH P D H P H= • •    with,   (formula.1.1)

P(H)   the probability of a hazard for the structure [-],
P(D|H)   the probability of local damage D as a result of the event H and [-],
P(F|DH)  the probability of failure F of the structure as a result of local damage D by H [-]
P(F)  the probability of a progressive collapse [-]

In this description, a distinction is made between robustness and collapse resistance. According to 
Starossek (Starossek, 2008), robustness is defi ned as the insensitivity of a structure to local failure 
depending on its structural properties, while collapse resistance is a property that is infl uenced by both 
structural features as well as possible causes of initial failure. 

1.2.1 Current situation in design practice

In the design practice of structural engineering, progressive collapse is mainly considered in a late stage 
of the design. However, in the past few years a growing concern for progressive collapse can be noticed. 
Because of the Ronan Point disaster, more attention to progressive collapse was introduced in the building 
codes and standards. The Dutch NEN 6700-series stated the following:

‘Building structures should be designed in such a manner that failure of a part of the structure does not 
lead to disproportionate damage.’ (NNI, 2005)

There can be much discussion about how to interpret the term progressive collapse and the 
standards correctly. For instance, what exactly can be understood with local? And when is damage 
disproportionate? 

Next to this, hardly any quick analysis tools exist for progressive collapse. Therefore, ir. Coenders proposed 
a progressive collapse tool and a progressive collapse indicator (PCI). A progressive collapse indicator 
is a proposal to assess the aspect of progressive collapse and initial failure in the early stage of the 
design (Coenders & Wagemans, 2005). It can be a method for quantifying a design for the potential of 
progressive collapse. This progressive collapse indicator is the inspiration for this Master’s thesis. 

1.2.2 Proposal for progressive collapse tool

In chapter 1.1 the terms “robustness” and “collapse resistance” have been introduced, which play 
an important role in designing against progressive collapse. Traditionally, engineers and design tools 
merely focus on the robustness of the structure. This can limit the design possibilities. If a lower level of 
robustness is accepted, still a high level of collapse resistance can be achieved, by means of measures 
like standoff distance, collision preventing obstacles or by providing local resistance. 

In order to provide in the need of a design tool that analyses the total collapse resistance, a quick building 
assessment tool for progressive collapse was proposed by ir. Coenders (Coenders & Wagemans, 2005).
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That analytical tool uses a probabilistic approach to the initial failure of elements of a structure and is 
able to give a rough indication about the sensitivity of the design to progressive collapse. The basic 
computational method of the tool is schematically depicted in fi gure.1.2. The tool consists of three 
elements; a generator, a fi nite element analysis application and an evaluator. The generator uses the 
initial geometry of the structure to randomly create a ‘damaged’ structural geometry in which certain 
elements are missing, based on their chances of failure and failure distribution. The generator uses a 
random simulation technique. It is possible that multiple elements are missing in the damaged structural 
geometry. This randomly created geometry is analysed by the fi nite element application with geometric- and 
physical- linear calculations. The evaluator checks whether failure or non-failure should be assumed.

Four situations are defi ned;
1. A mechanism occurs and can not be calculated. It is assumed that the structure then fails.
2. Stresses in elements become too high, which results to failure of these elements leading to a  
 second collapse.
3. Deformations are too much, for instance when a deformation is larger than the space between  
 the fl oors, or that linear calculation assumptions do not apply anymore. It is assumed that the  
 structure then fails.
4. None of the above happens, so no progressive collapse occurs. 

One type of structure is generated n number of times and the amount of failures F is counted. This gives 
the progressive collapse indicator (PCI);

100%FPCI
n

= •     (Coenders & Wagemans, 2005)   with,  (formula.1.2)

PCI   the Progressive collapse indicator [%]
F   the number of failures [-] 
n   the number of calculations [-]

The proposed prototype is a very crude tool because the failure conditions do not describe a progressive 
collapse, since the failure of only one element, will not necessarily result in a chain reaction of failures. 
Therefore, improvements have to be made, like for instance, iterative calculation with element removal 
if an element fails, increased loading from debris and refi nement of the chances of initial failure of 
elements. E.g. the chance of failure, concerning traffi c impact, is higher for elements at ground level than 
at the second fl oor.
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The PCI gives a value for the sensitivity of a design to progressive collapse, but what information exactly 
does this provide? The value itself is meaningless, as it does not tell us whether for instance a PCI of 
10% is good or bad. A proper judgment can only be made, when comparing the calculated value to a 
certain reference value. In other words, the PCI for a designed structure has to be compared with the 
PCI of several other structures in order to properly indicate the sensitivity to progressive collapse for 
the designed structure. Note that the PCI is not an indication of the chance of failure of a building, but 
provides its sensitivity. 

With the PCI, an indication can be given for a designed structure on its collapse resistance. This can 
be used to complement the codes with respect to progressive collapse in the early design stage. For 
instance, when a PCI of a building is lower than a reference value, the building is not sensitive to 
progressive collapse and the design process can be continued. When the PCI is larger than the reference 
value, adjustments have to be made on the design before further designing the building. This can mean 
improvements on the structure itself as well as reducing the occurrence of an event (event control).

1.2.3 Problem defi nition

In current design practice a method to measure a structures’ progressive collapse sensitivity in its early 
design phase and taking into account all aspects of a structures collapse resistance does not exist. A 
proposal for such a method is provided by ir. Coenders’ tool. Though, this prototype is very crude and 
refi nement is needed.

1.2.4 Master’s project aim

The objective is a refi ned design tool of ir. Coenders’ prototype for quick assessment of a building on 
the sensitivity to progressive collapse, in which aspects like chain reaction of failures, debris loading and 
distribution of chances of initiating events are taken into account. 

1.2.5 Most important starting points

• ir. Coenders’ proposed progressive collapse tool will be used as the basis for the development  
 of the tool.
• Geometric and physical linear calculations are considered.
• 2D calculations are considered.
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1.3 Thesis structure overview

The report is divided into 4 main parts. Each part corresponds to a specifi c subject of the PCI tool. A 
structural mechanics part, a statistical part, a validation part and a usability part are distinguished. First a 
description is given of the terms and defi nitions mostly used concerning progressive collapse. Then, the 
possible failure modes exhibiting in a progressive collapse will be discussed. Several types and classes will 
be discussed. Then the different parts, above mentioned, will be discussed.

PART I:
In the statistical part, at fi rst a description is given about what initiating events can occur on a building. 
Also, the measures that can be taken to mitigate the chance of occurring for several events are discussed. 
In the second chapter of this part, it is discussed how the events and their chances are applied on the 
model.

PART II:
In the structural mechanics part, at fi rst, a description is given about how the PCI-tool works. The basic 
features of the generator and evaluator are discussed as well as the applied loads. In the next chapter, 
a refi nement on the basic tool is given in expanding the evaluator with an iterative calculation. The next 
chapter continues the refi nement of the tool, by taking into account increased loads from debris and 
impact loading. The last chapter of this part describes other improvements made on the tool, like stability 
analysis and calculation with catenary action.

PART III:
In this part of the report, the tool is being validated. First, the evaluation order of the elements, used in 
the calculation, is discussed. Different methods can be used, which produce more or less reliable results. 
The second chapter of this part describes how many iterations are needed to come up with a reliable PCI 
value. In the last chapter, multiple runs are performed with which it is verifi ed if the tool produces results 
that can be expected in advance.

PART IV:
This part of the report focuses on how the tool can be used in daily practice. First, the meaning of the 
PCI value is discussed and what consequences this value has on the design. Second, a chapter is added 
in which it is discussed what imperfections the tool still has got and what can be done to improve the 
reliability of the results.

The PCI tool has been developed using the following software;
Programming software: Microsoft Visual Studio 2005
Programming language: Visual Basic 2005.NET
FEA: Oasys GSA Analysis 8.3.1.21
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2.1 Progressive collapse

In literature, many defi nitions of progressive collapse exist. Two of the most relevant defi nitions will be 
presented here. Article 5.3.3 of the Dutch NEN6700:2005-series states;

‘Building structures should be designed in such a manner that failure of a part of the structure does not 
lead to disproportionate damage.’ (NNI, 2005)

While professor B.R.Ellingwood, researcher at the School of Civil and Environmental Engineering at 
Georgia Tech, has a more elaborate defi nition;

 ‘A progressive collapse of a building is a catastrophic partial or total failure that ensues from an initiating 
event that causes local damage that can not be absorbed by the inherent continuity and ductility of the 
building structural system. Following this local damage or failure, a chain reaction of failures propagates 
vertically or horizontally and develops into an extensive partial or total collapse, where the resulting 
damage is disproportionate to the local damage caused by the initiating event.’ (Ellingwood, 2002)

This last defi nition will be retained since it clearly shows the relation between the associated terms 
concerning a progressive collapse, namely initiating event, local and global damage and disproportional 
damage. These terms will be discussed next.

2.2 Initiating event

The initiating event triggers the sequence in which a progressive collapse can develop. Several initiating 
events can be thought of, like a truck colliding with a column near a road, a gas explosion (as was the case 
with the Ronan Point disaster) or a terrorist attack. The events can be categorized in six categories:
1 Misuse
2 Fire
3 Accidental impact
4 Error(s) in construction or design
5 Foundation failure
6 Blast loading

The common feature of the events is that they result in abnormal loading and/or deformation and have 
a small probability of occurrence. The probability of an initiating event, occuring at a certain element, 
is different for each element. A car collision for instance, is more likely to occur at columns at ground 
level than on the second fl oor. Also, the function of a building is of importance in determining the chance 
that an event takes place. Terrorists will most likely strike governmental buildings, or buildings with 
many occupants, instead of industrial buildings. A broader discussion about initiating events and relating 
chances is given in PART I of this report.
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2.3 Damage

Local damage
The initiating event causes one (or more) element(s) of the building structure to fail, or at least partially 
fail, with which the load bearing capacity of that element reduces. The partial failure of elements is 
beyond the scope of the Master’s thesis and it is assumed that, if an initiating event occurs, elements 
interfering with the event will completely fail.

Global damage
The reduction of the load bearing capacity of an element can cause adjacent elements to fail. This, in 
its turn, can lead to another failure, triggering a chain reaction of failures. When the chain reaction of 
collapses stops, the total damage to the structure is attained. This damage is called global damage.

Disproportionate damage
The term disproportionate damage is susceptible to a lot of discussion. Damage is disproportionate 
if it is out of proportion to the initial failure, but still the question remains when this is the case. The 
indistinctiveness to what extent damage is disproportionate can also be seen in various codes and 
standards. The codes and standards all describe an admissible damage, but differ into what extent 
this damage should be allowed. This illustrates the diffi culty in determining a defi nition for the term 
disproportionate damage. What can be said about disproportionate damage, and where the various codes 
do agree upon, is that it is a damage which exceeds an allowable damage. The quantity of this damage 
can be attained from the standard generally applicable for the considered region. An elaborate discussion 
about the quantifi cation of disproportionate damage in various codes is provided in chapter seven.

2.4 Progressive collapse (probability approach)

When considering the probability of a progressive collapse as a combination of partial probabilities, as 
discussed in the introduction, more terms concerning progressive collapse can be distinguished. Figure.2.1 
clearly illustrates this.
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 P(H)  the probability of a hazard for the structure [-]
 P(D|H)   the probability of local damage D as a result of the event H and [-]
 P(F|DH)  the probability of failure F of the structure as a result of local damage D by H  
   [-]
 P(F)  the probability of a progressive collapse [-] 
Figure.2.1 Terms in context of progressive collapse [Source: (Starossek&Haberland, 2008)] 



Robustness
Robustness is defi ned as ‘the insensitivity of a structure to local failure. […] It is a property of the structure 
alone and independent of the possible causes and probabilities of the initial local failure.’ (Starossek, 
2006) The properties of the elements defi ne the robustness since these determine the strength capacities 
of the material. E.g. thicker elements are more robust than thin elements of the same material and with 
the same shape.

Collapse resistance
Collapse resistance is defi ned as the ‘insensitivity of a structure to accidental circumstances, which comprise 
unforeseeable or low-probability events. […] It is a property that is infl uenced by both structural features 
as well as possible causes of the initial failure.’ (Starossek, 2006) The combination of the structural 
features as well as causes of the initial failure are not taken into account in ‘traditional’ engineering. The 
PCI-tool does incorporates both of the features and thus will be a preferable method in predicting the 
collapse resistance of a building.

Continuity
‘Continuity refers to the continuous connection of components as well as the continuous reinforcement 
of concrete components. Integrity, redundancy and/or local resistance can be improved and special load-
carrying mechanisms enabled by continuity.’ (Starossek, 2006) The connections between the elements 
will defi ne the continuity since these will have effect on the load distribution of the structure. E.g. the 
bending moments for a multi-span fl oor slab are different compared with a single-span fl oor slab.

Ductility
‘Ductility is the ability of a component or structural system to withstand large plastic deformations. 
Ductility has a large infl uence on progressive collapse and is often listed as a factor which increases 
the robustness of a structure.’ (Starossek&Haberland, 2008) Ductile behavior is completely material 
dependant and is defi ned by its stress-strain curve. Under increased tensile stress the material will deform 
and at some point will fracture. Opposite to ductile behavior some material show brittle failure wherein 
under increased loading, it hardly will deform and at some point will suddenly fracture.

Integrity
‘Integrity refers to the condition of a structural system and implies that the structure and its components 
remain intact over the intended lifetime of the structure.‘ (Starossek&Haberland, 2008) During a structure’s 
lifetime the environment will affect the structure. Under the infl uence of sunlight and rain the material its 
strength capacities will decrease as well as the integrity of the structure. 

Redundancy
‘Structural redundancy refers to the multiple availability of load-carrying components or multiple load 
paths which can bear additional loads in the event of a failure. If one or more components fail, the 
remaining structure is able to redistribute the loads and thus prevent a failure of the entire structure. 
Redundancy depends on the geometry of the structure and the properties of the individual load carrying 
elements. Redundancy is not synonymous with static indeterminacy.’ (Starossek&Haberland, 2008) When 
designing against progressive collapse, redundancy is used to increase the structure’s robustness. This 
method is referred to as the alternate load path method. 
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When investigating several historical cases where structures collapsed progressively, different types of 
failure modes can be distinguished. Five different types of progressive collapse can be determined in this 
way(1). When comparing the specifi c features of the progressive collapse types, another subdivision into 
four classes can be established. The following discussed types and cases are derived from publications 
by U. Starossek (Starossek, 2007). He is a professor of structural engineering at Hamburg University of 
Technology and has published several papers concerning progressive collapse.

3.1 Pancake type collapse

The collapse of the World Trade Centre (WTC) towers in New York on 11 September 2001 is a typical 
example of a pancake type collapse. Because of the impact of the airplanes and the resulting fi res, the 
load bearing capacity of the columns on the related fl oors reduced. Although this was limited to a few 
fl oors, it affected the load bearing capacity of the columns over the entire horizontal cross section. This 
reduction in strength resulted in a downward motion of the upper fl oors. On impact with the lower fl oors, 
which were still intact, extra forces in the columns were introduced. These forces exceeded the load 
bearing capacity and caused the columns to fail over the entire fl oor area. This led to the same preceding 
failure mode resulting in a total collapse. 

This failure type shows the following characteristics:

• One of the main features of this kind of collapse is the initial failure of vertical load bearing  
 elements. This is the triggering event whereby a chain reaction of failures is initiated.   
 Without this initial failure no progressive collapse develops.
• A second main feature is the vertical rigid body motion. If vertical load bearing elements fail,  
 the upper elements will loose their vertical restraints.
• A third important feature is the transformation of potential energy into kinetic energy. Prior  
 to an initial failure, the structure above the failing elements has a certain mass and height  

1 N.B.: In his paper (Starossek, 2007) Starossek also defi nes a sixth type of progressive collapse; a 
section type collapse. This type of collapse is not discussed here because it basically is not a progressive 
collapse but a fast fracture. It concerns single element failure and therefore does not describe how the 
progression of failures propagates but only can be a cause of initial failure.
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Figure.3.1 Pancake type collapse [Source: http://www.911review.com]



 and due to gravity it consist potential energy. This energy is restraint by the vertical load   
 bearing elements, hence the structure is in equilibrium. When elements fail, the structure  
 above these elements start to move vertically due to gravity. This motion, combined with   
 the mass, results in the release of potential energy into kinetic energy.
• A next feature is the impact of the upper structure on the remaining lower structure. When  
 the upper structure starts to move, its velocity will increase as well as the kinetic energy. On  
 impact on the lower structure, the kinetic energy is released resulting in impact loading.
• A last feature is the failure of other vertical load bearing elements, due to the impact loading.  
 The kinetic energy that is released on impact, have to be restraint by the remaining vertical  
 load bearing elements. If the reserve capacity of the elements is exceeded by the impact   
 load, the elements will fail. The impact forces tend to concentrate in the immediately   
 impacted elements due to the dynamic nature of impact.

3.2 Zipper type collapse

The zipper type collapse can best be illustrated by the Tacoma Narrows Bridge collapse in 1940. The 
bridge was a single span cable-stayed bridge, with a length of approximately 850 meters. A wind, blowing 
perpendicular to the bridge span direction, induced the bridge to vibrate. This ‘fl utter’ introduced high 
tensile forces in the hangers at which the girders are connected. These forces exceeded the tensile 
capacities of the hangers. Consequently, the hangers snapped and the entire girder peeled of and fell. 

This failure type shows the following characteristics:

• A specifi c feature for this type of collapse is a redistribution of forces, that will be carried by  
 the remaining structure. Provided that one or more elements fail, due to whatever reason,  
 the forces have to be transmitted through the remaining structure. Therefore a redistribution  
 of these forces takes place. 
• Another feature is the impulsive loading of the structure. Specifi cally the initial failure occurs  
 suddenly, as can be seen for the Tacoma Narrows Bridge. Because of this sudden failure, a   
 sudden redistribution of forces takes place. A sudden application of forces results in impulsive  
 loading. Although impulsive loading can also be caused by impact loading, that type of impulsive
 loading does not occur for this type of collapse.
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Figure.3.2 Zipper type collapse; Tacoma Narrows Bridge [Source: http://www.jalopnik.com]



• The impulsive loading causes the remaining structure to response dynamically. This dynamic  
 response generates extra internal forces.
• The combined forces, induced by the load redistribution and dynamic response, cause a force  
 concentration in elements adjacent to, or in the vicinity of, the initially failing elements. The  
 affected elements have similar function and type. When the force concentration exceeds the  
 force capacity of the elements, they will fail, proceeding in a series of similar failures.
• The last, and perhaps most characteristic feature of this failure type, is the progression of the  
 collapse in a direction transverse to the principal forces in the failing elements. The parallel  
 load transfer of the structure causes it to fail, corresponding to the motion of a zipper.

Besides the Tacoma Narrows Bridge collapse, other examples of this type of collapse can be distinguished. 
A continuous girder supported by slender columns can fail in this type of collapse when a column buckles, 
resulting in the overloading and failure of adjacent columns. Also a local damage to a membrane or cable 
net structure can induce this type of collapse.
 

3.3 Domino type collapse

As the name already suggests, this type of collapse is characterized by a chain reaction of falling blocks 
onto another. 
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Figure.3.3 Domino type collapse; Overturning offi ce building in Manila impacting adjacent apartment  
 building [Source: http://www.archidose.org]



It exhibits the following characteristic features:

• The initial overturning of an element. This can be seen as the consequence of an initial event.  
 For instance, the failure of the anchorage of a temporary scaffolding tower can result in   
 instability of the tower leading to overturning of it.
• When a slender and unbraced element becomes unstable, it will start to fall. This fall is   
 accompanied by an angular rigid body motion around a bottom edge. This means, that on  
 each point on the element a vertical and a horizontal motion is noticeable.
• Similar as with the pancake type collapse, during the fall of an element potential energy is  
 transformed into kinetic energy. When an element is rotated around its bottom edge, the   
 distance between the upper part of the element and the bottom edge increases. Because  
 of the dead weight (or: potential energy) of the element, the velocity as well as the kinetic  
 energy increases.
• At a certain moment, the falling element will hit an adjacent element. The upper edge of   
 the element impacts the side face of a neighbouring element. Due to the impact, a horizontal  
 force is transmitted to the still unharmed element. This horizontal force consists of a static  
 part when the element leans on the adjacent element and a dynamic part because of the  
 horizontal movement of the falling element.
• When the extra horizontal force exceeds the reserve capacity of the adjacent element, this  
 element will start to overturn as well, leading to the same failure mode as described before.  
 The collapses will progress in the direction of the overturning elements.

Similarities can be seen between this type of collapse and a pancake type collapse. For both types of 
collapses the impact forces is important for the progression of the collapse. Also the zipper type collapse 
shows similarities, as in both cases the principal forces in the falling structures are orthogonal to the 
failure propagation. Therefore, a separate type of collapse is distinguished apart from the pancake and 
zipper type collapse.

An example of this type of failure is the collapse of several overhead transmission line towers. In addition 
to the earlier discussed features, some extra characteristics have to be distinguished. First, the impact 
between elements can also be indirect. In this case, the power lines are mediator between the different 
towers. Due to this extra feature, it is not necessary for the motion of failure propagation, to be parallel 
to the direction of overturning. If a tower falls orthogonal to the direction of the power lines, the power 
lines will pull the other towers towards the initially falling tower. It thus follows, that the propagating 
action can also be a pulling force instead of an impact force.
 

3.4 Instability type collapse

Instability is the sensitivity of a structure to show large deformations due to small imperfections or 
transverse loading. Normally, structures are designed by considering that instability may not occur. If 
however, a bracing element fails, the structure can become unstable and collapse. It is important to 
consider the following condition. Take for instance a continuous girder with stabilizing compression 
chords. If one of these chords fails, a span of the girder will fail as well. Consequently, other chords can 
fail. Although initially this failure mode seems to fi t the instability type collapse, it is not the same. The 
successively failure of chords is caused by a redistribution of forces and thus fi ts the zipper type collapse. 
Therefore, in an instability type collapse, the propagating action is a destabilization rather than a force. 
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It has the following characteristics:

• The initial event affects stabilizing load carrying elements in compression, leading to failure of  
 these elements. 
• When the initial stabilizing elements fail, parts of, or the entire structure becomes unstable.  
 Despite this instability, the structure will not collapse (yet).
• When small perturbations, like small deformations or transverse loads, are applied on the  
 destabilized elements, they will suddenly fail. 
• A repetition of the previously described features results in a progressive collapse. 

An example of this type of collapse is a truss tower in which a leg has failed. Immediately after the failure 
the tower will collapse. Although in this example there is no progressive failure it is still characterized an 
instability type collapse, as there is a strong disproportion between cause and effect.

Another, perhaps more convenient, example is the buckling of deep-water pipelines. A small initial 
instability can propagate into a large part of the pipe because the shell of the pipe has a load bearing 
function as well as a stabilizing function.

3.5 Mixed type collapse

The previously described types of progressive collapse were rather easy to distinguish. There are also 
some cases where this division is not so clear and several types of collapse interact.

The collapse of the Murrah Federal Building in Oklahoma City in 1995, for instance showed features of 
more than one type of collapse. First, a pancake type collapse was visible, where a bomb destroyed 
one column and severely damaged several other columns, resulting in the collapse of a part of the 
building over the full height of the building. Also a domino type collapse could be distinguished. Horizontal 
forces were introduced, by falling elements that were still connected to the adjacent structure through 
continuous reinforcing bars. 
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Figure.3.4 Instability type collapse; Buckling of a pipe line [Source: http://www.mech.uwa.edu.au]

Figure.3.5 Instability type collapse; Buckling of a pipe line [Source: http:// www.mie.uth.gr]



Other cases of interacting types of collapse can be seen in bridge design. With cable stay bridges, the 
cables not only support the girders, but also provide stability for the towers. The loss of one or more 
cables, can thus result in failure of the girder, but can also lead to instability. In such cases, the zipper 
type collapse and instability type collapse interact.

In building structures it even seems possible that more than two types interact. A pancake type collapse 
and a domino type collapse have been described for the Murrah Federal Building, but it is also thinkable 
that a zipper type collapse or instability type collapse contributed to the progressive collapse. As earlier 
described, a continuous girder supported by slender columns can fail in a zipper type collapse when a 
column buckles resulting in the overloading and failure of adjacent columns. This can also be the case for 
a continuous frame structure commonly used in building structures. When a collapse propagates through 
a building an increasingly amount of elements will fail. This will strongly affect stiffness and bracing of 
the structure resulting in destabilization of the building. Thus, an instability type collapse also can be 
involved.

3.6 Classes

Further generalization and classifi cation of progressive collapses is possible, when the previously described 
progressive collapse types and their specifi c features are examined. The different classes can be used to 
effectively model the collapse, when developing the PCI-tool. They can also proof useful when deciding 
what countermeasures have to be taken, to account for a progressive collapse. Four progressive collapse 
classes are specifi ed:

Redistribution class
This class characterizes itself by a redistribution of forces, carried by the remaining structure during a 
collapse, as can be seen with a zipper type collapse. The propagating action features overloading of the 
structure, as the result of a redistribution of forces.
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Figure.3.6 Murrah Federal Building after the bombing in 1995 [Source: http://www.911review.com]



Impact class
The impact class is a combination of the pancake type collapse and the domino type collapse. During both 
types of collapse, potential energy is transformed into kinetic energy. This kinetic energy is released at 
the impact of the failing element on the remaining structure. The propagating action features overloading 
of the structure, as the result of impact forces.

Instability class
This class is formed by the instability type collapse and is characterized by a destabilization of load 
carrying elements in compression. The propagating action features overloading of the structure, as the 
result of destabilization.

Mixed class
The mixed type collapse is fully applicable to this class. A combination and interaction of the previous 
classes is reasonably possible during the collapse of a structure. The propagating action features 
overloading of the structure, as the result of a combination of redistribution of forces, impact forces and 
destabilization.
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Before a progressive collapse can occur, an initiating event should trigger the sequence of failures. There 
are different events with different chances of occurring. Each event in its turn, also has got different 
chances of occurring at different elements throughout the building. The occurrence of several events can 
be prevented by applying certain countermeasures. These will reduce the failure chance of elements. In 
this part of the report, attention is given to the initiating events, mitigating measures and their application 
into the tool. 

The initiating event triggers the sequence in which a progressive collapse can develop. There can occur 
a lot of initiating events, like a gas explosion (as was the case with the Ronan point disaster), a terrorist 
attack, or a car colliding with a column.

The events all have in common that they have a small probability of occurrence and that they will result 
in abnormal loading or deformation. For each element, different events can occur and can have different 
chances. For instance, an accidental impact due to road traffi c will not occur at columns on the 4th 
fl oor.

Also, the function of a building determines the distribution of the failure chances of elements. Gas 
explosions of course do not occur, if no gas lines are available in the building. Hence, it will reduce the 
failure chance of the elements in that building.

The events can be categorized in six categories:
1. Misuse
2. Fire
3. Accidental impact
4. Error(s) in construction or design
5. Foundation failure
6. Blast loading

Misuse
This hazard falls in the same category as design/construction error. Human involvement can cause the 
building to be loaded too much. It is not used what it was designed for. This can result in the failure of one 
ore more elements. All elements can be affected by this event. Some building owners regularly inspect 
their building to make sure it is not misused. However, this event is hard to prevent due to the human 
nature of this event.

Fire
A fi re can decrease an elements load bearing capacity and can even cause it to fail. The strength and 
stiffness of structural material is dependant on the temperature. With high temperatures during fi res, the 
elements can thus loose their structural function. All elements can be affected by fi re. Some mitigating 
measures can be taken to decrease the chance that an element will fail due to fi re. For instance, fi re 
protecting coatings can be used that will limit the ignition of a fi re. Also, compartmentalization can be 
used to make sure the fi re can not spread through the entire building. A lot more measures can be taken 
which will all infl uence the fi re resistance of the elements. The fi re resistance is expressed in minutes. 
The higher the fi re resistance, the lower the chance an element fails due to fi re. Hence, a mitigating 
measure for this event is a large fi re resistance, which is composed out of several individual measures. As 
a reference value, 90 minutes fi re resistance is used. In other words, this means that the fi re resistance 
for the element is signifi cantly high.
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Accidental impact
The accidental impact can be divided into two basic causes, impact by aircraft or impact by road traffi c. 
The chance of impact by aircraft will be higher if buildings are built near airports. If aircrafts crash and 
they impact a building, they will most probably hit at upper fl oors. Though, this type of accidental impact 
is not incorporated within the initiating events, since the damage caused by it will be signifi cantly high 
and a lot of elements should be removed initially. The disproportionateness of the collapse will then be 
questionable. However, on further development concerning this subject this can be investigated.
Most buildings are built close to roads, making them vulnerable to an impact by traffi c. If there are no 
obstacles between the road and the building, the cars or trucks will be stopped by the building in case 
of an accident. The force of impact depends on the distance from the road to the building, as well as the 
speed, direction and weight of the vehicle (see also fi gure.4.1). 

The vehicle will impact at the columns at the lower level and the exterior columns. Avoiding this event can 
be simply done by applying traffi c barriers that stop the vehicle before it can impact the building. Other 
possible measures all attempt to avoid interference of traffi c with the building.

Error(s) in construction or design
This initiating event is the result of human involvement. As a result of errors in planning, design, 
construction and the use of stochastic variability in resistance and load, elements can fail. These 
unforeseen circumstances occur, even when qualifi ed personnel is involved. Hence, this event is very 
unpredictable. All elements can be affected by this event. This event can only be dealt with by proper 
management and control.

Foundation failure
The foundation of a building is one of the most important aspects of a building, since all the loads 
are transferred to it. The foundation is built in soil which does not have homogeneous properties. The 
properties differ from place to place and layer to layer. Weather infl uences may even change the soil 
properties. These aspects can cause the foundation, or a part of it, to fail. Hence, other elements can fail 
as well. Most probably, the elements connected to the foundation will fail. Proper soil inspection before 
erecting the structure may limit the chance of foundation failure, but real mitigating measures can not 
be taken.

Blast loading
This event is characterized by the failure of elements due to an explosion. Due to this explosion a pressure 
wave travels away from the centre of the explosion. This pressure exhibits a force on the elements and 
can cause them to fail. The strength of the force depends on the distance from the blast and the time 
after the blast (see also fi gure.4.2).
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Figure.4.1 Vehicular impact (Source: NIST,2007)



The explosion can be caused by several things. It can be caused intentionally, by a bomb explosion in a 
terrorist attack, or by an accidental ignition of a liquid or gas. Both events can be prevented in different 
ways. Terrorists most likely strike at governmental buildings, or buildings with many occupants to increase 
the social impact of the attack. Non-governmental buildings thus have much lower probability of bomb 
explosions. Although changing the function of a building can not be a solution in mitigating the risk of 
the event, being a non-governmental building does decrease the risk, and thus is labeled a mitigating 
measure. Another measure can be the improvement of security checks. Accidental explosions by ignition 
of a gas of course will only happen if that gas is available. Most residential buildings provide gas to the 
residences for cooking purposes and thus can be vulnerable to such explosions. Prohibiting the use of gas 
for cooking and not providing gas lines can mitigate the chance of occurring for gas explosions.

Table.4.1 gives a summary of the initiating events and its mitigating measures.

Nr. Event Affected elements Mitigating measure
1 misuse all -

2 fi re all improve fi re resistance

3 accidental impact exterior interior traffi c barriers

level 0 facade 
level 0

4 error(s) in construction 
or design

all -

5 foundation failure level 0 -

6 blast loading

6a bomb level 0 non-governmental 
building

6b gas all no gas in building
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Figure.4.2 Blast loading (Source: NIST,2007)

Table.4.1 Initiating events and mitigating measures
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Previous described initiating events and measures also have to be applied in the tool. A method is 
developed to apply the chances of initial failure and to determine which element(s) fail. It consists of two 
steps which will be discussed next.

5.1 Step 1: Location

The fi rst step of the procedure to apply the chances of initial failure, is the determination of the location 
of an initiating event (or: which element will fail). For each location of an element, different chances exist 
for different events. If an event can take place at an element, the relative chance of occurring for that 
element and event is assumed to be p. For each element, several events can take place (not at the same 
time). The total relative chance of occurring is thus the sum of all p’s for the different events:

7

1
n i

i
p p

=

=∑      with,        (formula.5.1)

ip   the chance of occurring for element n of event i [%]
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Figure.5.1 Initiating event applied on the model for accidental impact (pi=1%)

Figure.5.2 Sum of initiating events applied on the model (pi=1%)



Mitigating measures will minimize the occurrence of an event. In the tool, this is modelled by assuming the 
measure will completely eliminate the chance of occurrence for the event. This is of course not completely 
true, since each measure will only limit the chance of occurring and will not completely prevent it.

7

,
1

( )n i i mitigating measure
i

p p p
=

= −∑     with,      (formula.5.2)

ip   the chance of occurring for element n of event i [%]

,i mitigating measurep  the mitigating measure for element n of event i [%]
 

For instance, for the columns at level 0: 

For each element, a total chance of failure for all events can be calculated. Since at least one element 

should fail(1), the total chance of failure for all elements should be 100%. Hence np  is rewritten in:
7

1 100%
i

i
n

n

p
p

p

==
∑

∑
i            (formula.5.3)

(1)  Undamaged structures are not of interest, since these will not result in a progressive collapse 
and will only cause an increase in calculation time for the tool.
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Figure.5.3 Initiating events applied on the model with mitigating measure: traffi c barrier



It is very diffi cult to come up with reliable values, as there is not enough statistics available for most 
events. For instance, statistics on error in construction are hard to predict since otherwise it could be 
prevented more easily. Hence, the failure chance of each event should not be seen as an absolute value, 
but as a ratio with respect to the other chances. Therefore, for now it is assumed that  pi =1% for all 
events(2). 

Figure.5.4 gives a graphical representation of the initiating events, applied on the model for pi=1% and 
no mitigating measures.

5.2 Step 2: Adjacent chance of failures

Step one determines which element will fail. In step 2 it is determined which adjacent elements will fail 
as well. If, for instance a gas-explosion causes failure of one element, the adjacent elements also have 
a high chance of failure. For most events the chances of failure for adjacent elements will decrease with 
increasing distance to the centre of the event.
 
A Gaussian curve is used to determine the chances of failure of the adjacent elements:

   with,       (formula.5.4)

σ   a factor which determines the shape of the curve

Since the element has failed (from step 1), at x=0 the chance of failure is  . The relative 
chance of failure for an adjacent element then becomes:

  with,       (formula.5.5)

x    the distance from the initial event to the adjacent element [m]

(2)  In future research more investigation on these chances is advised.
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7 100% 4.32%
162np = =i

   

4 100% 2.47%
162np = =i

Figure.5.4 Initiating events applied on the model for pi=1%



For both x- and z-direction the relative chance of adjacent failure can be calculated with the Gaussian 
formula. The factor σ should be determined on basis of experience and knowledge. As a fi rst indication, 
for σ in x-direction 3.5 is used and for z-direction 1.5. With these values the adjacent columns have a 
failure chance of approximately 10%, if the distance between the columns is 7.2m and in z-direction 
3m.
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Figure.5.5 Gaussian curve applied on the model
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The PCI tool consists of three main components; a generator, fi nite element analysis (FEA) and an 
evaluator, like already introduced in chapter 1.2.2. The generator and evaluator will be explained in this 
chapter. The FEA is performed by existing software (Oasys GSA Analysis 8.3.1.21) and therefore will only 
be discussed briefl y.

In the development stage of the tool, the redistribution class of a progressive collapse (see chapter 3) 
was considered in modeling the collapse. This means that the impact class, instability class, and mixed 
class do not occur. In order to avoid an instability class collapse to occur (in the development stage), 
the initial failure of elements will not take place at bracing or stabilizing elements. Though, if instability 
is taken into account (see chapter 9), the initiating events will affect bracing and stabilizing elements. 
The impact class collapse is considered in chapter eight, where an increased load due to falling debris is 
applied. In appendix I. the graphical user interface of the tool is presented.

6.1 Generator

6.1.1 Nodes

The generator is the fi rst part of the tool. It ‘draws’ a model of the structure. The fi rst step is to generate 
the nodes. Nodes have a node number and x-, y-, and z-coordinates. Because only 2D modeling is 
considered, the y-coordinate is neglected. 

6.1.2 Elements

The second step of the generator, is to create the elements of the model. This can be done using the 
earlier created nodes. Elements have an element number, a property and a topology. The topology of 
an element describes the begin- and end- node of that element. The topology provides a linear relation 
between nodes and elements. In this context, linear means that only straight, or non-curved, elements 
can be modeled. When combining the node coordinates and element topology in a clever way, it is 

38 Delft University of Technology, Structural Design Lab

Ch6.PCI tool

Figure.6.1 Simplifi ed generator (top) and resulting generated model (bottom)



possible to generate a model of a building structure. Figure.6.1 shows a simplifi cation of the generator 
and the resulting generated model.

As a consequence of 2D modeling, forces, stiffness, deformations etcetera, in y-direction are not taken 
into account. When the main structure’s load bearing elements consist of beams, columns and walls this 
restriction still seems to approach reality, as these element’s main directions and reactions are in x- and 
z-direction. In y-direction a building has several repetitive bays. The generated model can thus be seen 
as one of these bays. Normally, these bays are connected to each other and if a vertical cross section 
over the bays is made, it will produce a similar view as the bay itself. Consequently, the load distribution 
of the fl oors will be divided non-linearly over the x- and y-direction, as can be seen in plate and slab 
analysis (Lowe, 2005). In order to execute 2D calculations and limit complexity, it is assumed that the 
regarded bays’ stiffness is higher in its main direction and thus will attract most forces. Therefore, the 
infl uence of the interconnecting elements between the bays is neglected and a linear load distribution on 
the main bays is regarded. This also means, that imposed rotations due to deformations in y-direction are 
not taken into account. Another restriction of the fact that only 2D considerations are taken into account 
is that failure in y-direction is disregarded. This can be accounted, for when analyzing the model both in 
x- and y-direction. An elaborate discussion about what load distribution is applied on the model, is given 
in paragraph 6.2.

When calculating the PCI of a certain bay, a distinction has to be made between two types of bays, an 
interior bay and an exterior bay. The characteristics of these bays are the same, but the applied loads 
differ. On the exterior bay halve of the applied load for the interior bay is applied. Extending the generator 
with these features, results in the new generator presented in fi gure.6.2.

Initial event
The generator takes into account initiating events. An elaborate discussion about initiating events was 
given in part I of this report. The event has a certain chance of occurring and can affect more than one 
column at the same time. It does not affect fl oors. However, fl oors can fail if 2 columns above each other 
have failed. The adjacent fl oors between the columns are removed in that case, if systems with pinned 
connections are considered. Before creating a column, the generator randomly picks numbers between 1 
and 100, including 1 and 100. If for instance, p=1% and the picked number equals 1 the column will not 
be generated. In other words, the initial event has a chance of 1% of occurring for every column and if 
it occurs will completely destroy the column.

This random method in generating a damaged structure, is in a way similar to the ‘traditional’ calculation 
method, wherein each element is removed at least once and the resulting structure is analyzed. Though, 
the random method is used. If the traditional method is used, a lot of calculations are needed to analyse 
all possible combinations. Especially when multiple elements can be affected simultaneously and large 
structures are considered large computational capacities are needed which will result in long calculation 
time. The random method does not calculate all possible combinations, which will improve calculation 
speed considerably. However, a certain minimum amount of iterations will be needed to retrieve accurate 
and reliable results. This will be investigated in part III of this report.
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Figure.6.2 New generator



Another advantage of the random method, is the ability to adjust the chances of occurrence of the initial 
event for each element. In this way, the total collapse resistance is considered since the robustness as 
well as the initiating events are incorporated in the method. 

6.1.3 Properties

When generating a model of the structure, it is important to specify the properties of the elements. The 
material and cross sectional properties have to be specifi ed. Steel and concrete, and in less extent, wood 
are mainly used in building structures. Therefore, steel and concrete can be selected in the generator. 

As only linear elastic behavior is considered in the calculations of the PCI, for steel the following properties 
are used:
Yield stress:   235 N/mm2

Young’s modulus:  2.05*1011 Pa
Poisson’s ratio:   0.3 
Density:   7850 kg/m3

Several steel profi les can be selected; HE140A, HE200A, HE300A and HE400A.

For concrete (C35/45) the following properties are used:
Compressive yield stress:  27 N/mm2

Young’s modulus(1):    2.8*1010 Pa (for uncracked concrete)
    1.4*1010 Pa (for cracked concrete)
Poisson’s ratio:    0.2 
Density:    2400 kg/m3

There are two different values for the Young’s modulus, one for cracked concrete and another for 
uncracked concrete. Since a structure in damaged state is considered, the Young’s modulus for cracked 
concrete will be used. If a structural system with a core (see also chapter 6.1.4) is used, for the concrete 
core elements, the uncracked concrete Young’s modulus will be used.

The width and height of a rectangular cross section can be indicated. Since concrete is only able to 
transfer compressive forces and very little tensile forces reinforcing bars are applied. A percentage of 3% 
of the cross section is assumed for the cross section area of reinforcement for columns. For the beams a 
percentage of 1.5% is assumed. This assumptions only gives a very rough estimation of the amount of 
reinforcement for the elements and is only used to give a fi rst indication. Hence, it is advised to calculate 
the amount of reinforcement more precisely and use those values.

For the reinforcing bars the following properties are used:
Yield stress:   435 N/mm2 
Young’s modulus:  2.05*1011 Pa

(1)  These values are the default values from the FEA program. Hence it is advised to adjust these 
values according to building regulations. From the Dutch TGB1990 it follows that for C35/45 this will 
hold; E=22250+250*45=33500 N/mm2 for short term loading and E=27/1.75*10-3=15400 N/mm2 for 
long term loading. It can be seen that the default values are conservative.

40 Delft University of Technology, Structural Design Lab

Ch6.PCI tool



6.1.4 Structural systems 

In the introduction, it is discussed that the PCI for a designed structure can be compared with the PCI 
of several other structures, in order to properly indicate the sensitivity to progressive collapse for the 
designed structure. For instance, when a PCI of a building is lower than a reference value, the building is 
less sensitive to progressive collapse. 

Several structural systems exist in building structures. In order to properly indicate the PCI and to 
compare them, different systems can be generated by the generator. Each system will have its specifi c 
PCI, to which the designed structure can be compared with. The designed structure can then be assigned 
to a specifi c category, dependant on its PCI. 

The main differences between the structural systems consist of geometry, adjustment in restraints, 
supports or element releases. The following systems can be generated by the tool:

Moment resistant framework

This is the basic framework from which each different system can be modeled. In this system, all elements 
are fully fi xed to the nodes. The nodes can displace in x- and y-direction and can rotate around the y-axis. 
The x- and z- displacements, as well as the yy-rotations are restraint for the supports.

Moment resistant framework with stability bracing
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Figure.6.3 Moment resistant framework

Figure.6.4 Moment resistant framework with stability bracing



This is the continuation of the basic framework, with additional bracing. In this system, all elements are 
fully fi xed to the nodes. The nodes can displace in x- and y-direction and can rotate around the y-axis. 
The x- and z- displacements, as well as the yy-rotations are restraint for the supports. The additional 
bracing is applied at the centre of the bay. This system will hardly occur in daily practice, but is only used 
to compare different systems and validate the results of the tool.

Moment resistant framework with stability bracing and outrigger

This is the continuation of the basic framework and stability bracing, with an outrigger. In this system, all 
elements are fully fi xed to the nodes. The nodes can displace in x- and y-direction and rotate around the 
y-axis. The x- and z- displacements as well as the yy-rotations are restraint for the supports. The additional 
bracing is applied at the centre of the bay and the outrigger is applied at the top of the building.

Pinned framework with stability bracing

This framework is similar to the moment resistant framework with stability bracing except for the element’s 
connections. In this system, all elements can rotate around the nodes. The nodes can displace in x- and 
y-direction. The supports are restraint in x- and y-direction. In addition to the regular beam elements, 
that are used in generating previous models, the frameworks with pinned connections also uses spring 
elements. This is a necessity in order to deal with matrix singularities, resulting from the analysis of the 
model. If, for instance, a column is removed from the model, it is clear that the elements above this 
column will displace due to the pinned connections and unrestraint nodes. A local mechanism occurs. 
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Figure.6.5 Moment resistant framework with stability bracing and outrigger

Figure.6.6 Pinned framework with stability bracing



When trying to analyse this type of models, matrix singularities will result and the analysis will fail. In 
order to prevent this type of calculation error, it is necessary to restrain the remaining structure. This 
is done by applying translational springs and rotational springs. Two different phases are distinguished, 
phase 1 and phase 2. 

  Phase 1 (rotational spring)
Phase 1 is the situation of the structure directly after the failure of the column at t=0. The fl oors above 
the failed column have not (or: hardly) deformed yet. The vertical loads are redistributed and will be 
transferred to the columns (see fi gure.6.7). 

At this phase, rotational springs will be used. These springs can resist a certain bending moment, if it is 
rotated. It is governed by the following relation:

    with,        (formula.6.1)

Ms   the bending moment on the spring [Nmm]
r  the spring stiffness [Nmm/rad]
θ  the rotation of the spring [rad]

A rotational spring is applied at each node at the ends of the fl oor above the failed column (see fi gure.6.8). 
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Figure.6.7 Phase 1: load distribution directly after the initial failure

Figure.6.8 Phase 1: rotational springs



The model is analyzed by the FEA-program. From these results it can be seen that (if θ is chosen 
large enough), the springs will attract bending moments. Though, the original model only had pinned 
connections, which can not attract bending moments. Hence, the results should not be used to check the 
elements. Only the normal forces should be used in this phase. Directly after the failure of a column, the 
adjacent columns will redistribute the vertical load. By applying a rotational spring, this redistribution is 
simulated. The system has become a two span beam without the middle support and rotational springs 
at the ends. The vertical support reactions of this system, loaded with a uniform distributed load q, is 
simply 0.5ql. Thus, the vertical load is redistributed to the adjacent columns. Hence, at phase 1 only the 
columns are checked, solely for the normal force. If no column fails, due to the redistribution of vertical 
forces, the system will step into phase 2. However, each time a column is removed, the structure moves 
to phase 1, since for every time a column is removed, it should be checked whether the adjacent columns 
can bear the extra vertical forces.

A fi rst indication for the spring stiffness should be given. Since the original model only consists of pinned 
connections, the stiffness should be zero. But, if the spring stiffness is zero, the connection behaves as 
a pinned connection and a local mechanism can occur. Since the springs are applied to avoid these local 
mechanisms, a small stiffness is applied. If the stiffness is chosen too small, numerical calculation errors 
can occur in the FEA-program. Hence, the stiffness should not be chosen too small. A random stiffness 
of r=10.000 Nm/rad is used. Since the rotational springs are only used to calculate the axial forces in the 
columns, which are independent from the spring stiffness, the value has got minor signifi cance and an 
arbitrary value can be chosen.

  Phase 2 Translational spring
After a short period of time after the failure of a column, the fl oors above the failed column will be 
deformed. At this phase catenary action can develop in the fl oors. This will be discussed in chapter 9. If 
catenary action is not taken into account, or if it does not occur, the fl oors will exhibit large deformations. 
The model of the FEA will even show infi nite deformation, since only geometric linear calculations are 
used. However, the deformations of the real structure will be restraint by physical boundaries like the 
earth or the structure itself. At some moment in time, the deformation of the fl oors is that much, that it 
will touch the lower fl oor. In phase 2, this deformed state of the structure is considered (see fi gure.6.7). 

Now, the vertical forces are both carried by the adjacent columns, as well as the column below the failed 
column. A physical support develops that can only bear vertical forces. A translational spring is used to 
simulate this behavior. The failed column is substituted by the spring and creates a physical connection 
between the upper and lower fl oors. The spring can be thought of a column with very little stiffness. 
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Figure.6.7 Phase 2: deformed shape of the structure (without catenary action)



A translational spring, is an element that can only withstand normal forces if subjected to a certain 
displacement, hence it is very suitable in this model. Only vertical forces should be transferred, under an 
imposed deformation. A translational spring possesses such properties and is governed by the following 
simple relation:

sF k u= i      with,        (formula.6.2)

Fs   the normal force on the spring [N]
k   the spring stiffness [N/mm]
u   the displacement of the spring [mm]

The spring formula consist of three yet unknown parameters. At fi rst, it should be determined what 
displacement should be allowed. When considering the actual displacement of the structure above a failed 
column, it is restricted by the structure below the failed column. Therefore, the maximum displacement 
is equal to the height between the fl oors (or: the column height h). At this displacement, the upper 
structure impacts the lower structure. The force that the spring is subjected to, has to be defi ned. In this 
part of the tool’s development, no increased loading due to impact or debris is considered and a static 
contemplation can be used. 
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Figure.6.8 Phase 2: translational spring applied on the model

Figure.6.9 A translational spring

Figure.6.10 Force subjected to translational spring in phase 2 (without catenary action):    
 failure of exterior column (left), failure of interior column (right)



In determining the force two situations can occur. A column can fail at the side of the building or 
somewhere in the middle of the building. The force consist of a part originating from the distributive load 
from the fl oors above the spring and a part originating from the vertical loads of the columns above the 
spring, see also fi gure.6.10.

The following relation of the force is valid for an exterior column failure:

,(0.5 ) ( ( 1))v columnF q l n q h n= + −i i i i i           (formula.6.3)

The following relation of the force is valid for an interior column failure:

,( ) ( ( 1))v columnF q l n q h n= + −i i i i    with,      (formula.6.4)

F     the support reaction at the failed column [N]
q     the distributive load from the girder [N/mm]
l    the length of the girder [mm]

,v columnq  
 the vertical load from the column [N/mm]

h     the height of the columns [mm]
n    the number of fl oors above the failed column [-]

When rewriting the spring relation in k = Fs/u  and setting Fs = F, the spring stiffness can be 
determined:

,(0.5 ) ( ( 1))v columnq l n q h n
k

h
+ −

=
i i i i i

   for exterior springs   (formula.6.5)

,( ) ( ( 1))v columnq l n q h n
k

h
+ −

=
i i i i

    for interior springs with,   (formula.6.6)

k     the spring stiffness [N/mm]

The system has become a single span beam, with a pinned support at one side and a spring at the other 
side. All forces and deformations resulting from the FEA can now be used to check the elements. If a 
column is removed in phase 2 the structure will move to phase 1 and the calculation process is repeated 
as shown in the fl owchart in fi gure.6.11.
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Figure.6.11 Flowchart of calculation process with 2 phases



Pinned framework with stability bracing and outrigger

This framework is similar to the previous framework, except that an outrigger is added. In this system, 
all elements can rotate around the nodes. The nodes can displace in x- and y-direction. The supports are 
restraint in x- and y-direction. Springs have to be applied, if two or more columns in one vertical line fail. 
If, in this system only one column fails, the remaining structure above the failed column is suspended 
by the outrigger. Tensile forces will develop in the columns and will guide the loads to the outrigger 
and subsequently to the supports. The structure below the failed column is restraint by the remaining 
structure as ordinarily, so no spring has to be applied. Yet, if another column in the same line fails, the 
structure above the highest failed column will be suspended by the outrigger as described before. The 
structure below the lowest failed column will be supported ordinarily, but the structure between the failed 
columns will become unrestraint. Thus, this part of the structure has to be restraint by a spring.

Pinned framework with stabilizing core

This framework is similar to the pinned framework with stability bracing, but instead of bracing with 
crosses, a stabilizing core is used. The core is modeled as a simple bending beam of reinforced concrete. 
It has a rectangular hollow cross section, with width b and depth h and wall thickness t.

The supports for this system are restraint in x- and z-direction. Springs have to be applied if columns fail. 
The support for the core is restraint in x- and z-direction and in y-rotation.

47Simon Bolle, S.J.Bolle@gmail.com

PART II. Structural mechanics

Figure.6.12 Pinned framework with stability bracing and outrigger

Figure.6.13 Pinned framework with stabilizing core



Pinned framework with stabilizing core and fl oors fi xed to core

This framework is similar to the previous system, but instead of fl oors that are pinned connected to the 
core they are fi xed to the core. The rotational freedom of the fl oors is restricted at the connection with 
the core. The supports are restraint in x- and z-direction. The support for the core is restraint in x- and 
z-direction and in y-rotation. Springs have to be applied if columns fail, only for columns supporting fl oors 
not directly connected to the core. 

Pinned framework with stabilizing core and outrigger

This system is completely similar to the pinned framework with stabilizing core, but in addition, an 
outrigger is applied. The supports are restraint in x- and z-direction. Springs have to be applied if two 
or more columns in one line below the outrigger fail. The support for the core is restraint in x- and 
z-direction and in y-rotation.

6.2 Loads

Until now, the model itself is generated, but can not be calculated yet. The loads acting on the structure 
have to be applied. In retrieving an indication for these loads, the NEN6702:2007 (NNI, 2007) has be 
used. See also appendix B for the used codes and tables. The loads can be categorized in permanent loads 
and variable loads. The permanent load is the dead weight of the structure. For the fl oors, hollow core 
slabs are used, which are supported by the beams. Different types of slabs can be used, dependant on 
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Figure.6.14 Pinned framework with stabilizing core and fl oors fi xed to core

Figure.6.15 Pinned framework with stabilizing core and outrigger



the loads and span. For the tool a typical slab is used with a dead weight of 300(2)kg/m2. The variable load 
can be divided in fl oor and roof loads, snow load, wind load and temperature load. Progressive collapse is 
considered an extreme design and analysis situation, and therefore has different combination and safety 
factors, compared with normal situation calculations. Later, it will be discussed that if these factors are 
applied, only fl oor loads and wind loads have to be examined. Hence, snow loads and temperature loads 
will not be discussed.

Floor loads
Table C.3 of NEN6702:2007 (NNI, 2007, pp.139-141) contains the values for fl oor and roof loads, that 
have to be applied for buildings, dependant on their function. Buildings susceptible to progressive collapse, 
mostly are offi ce buildings since these are occupied by many people, commonly house governmental 
organizations and are multi-story buildings. Therefore the offi ce type function is used for determining the 
load; Prep = 2.5 kN/m2

An introduction of the discussion about the consequences of 2D modeling, is given in paragraph 6.1. It 
was mentioned that it is assumed that the regarded bay’s stiffness is higher in its main direction and 
thus will attract all forces and therefore the infl uence of the interconnecting elements between the bays 
is neglected and a linear load distribution on the main bays is regarded. Consequently, the beams in the 
considered direction will transmit all forces from the fl oor load. For the beams this consideration will be 
rather conservative. A reduction of the load distribution is possible when taking into account some plate 
and slab analysis (Lowe, 2005).

Around 1960, A. Hillerborg proposed the ‘strip method’, by assuming that the slab does not support any 
twisting moment in the x- and y-directions(3). The slab is thought of as a grid of beams, which in some 
manner interact with one another to carry the load. The method assumes the full load is dispersed to the 
slab supports, by beam strips in both x- and y-direction (fi gure.6.16.b). The dotted lines divide the slab 
into zones. The whole load within the zone is then assumed to be carried by strips in the direction of the 
arrow. A decision should be made what angle θ to use. When considering a homogenous square slab with 
equidistant sides, the loads will be equally transferred in x- and y-directions resulting in an angle θ=450. 
Although concrete slabs are not homogenous and the support conditions and reinforcement lay-out will 
infl uence the division, this value is used. When an extremely deviating lay-out is used, the angle should 
be adjusted.

(2)  This is the dead load of a hollow core slab with a height of 200mm which can span 
approximately 8m. It is advised to adjust the appropriate dead weight for the used slab by the user
(3)  This method is also used in the NEN6720:1995 for the load distribution of fl oor slabs
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Figure.6.16 Load distribution of fl oors: 
 a. Conservative (left),     b. Hillerborg’s strip method (right).



As a consequence of this reduced load distribution for the beams, too small loads are regarded for the 
columns. Consider the fl oor and load distribution from fi gure.6.16.b. This fl oor is supported by columns 
at the corners A, B, C and D. Now, consider the bay of the structure in x-direction. This is a portal frame 
consisting of column A, beam AD and column D. Beam AD has a trapezoid load distribution (see distributed 
load of fi gure.6.17). If only this load is applied on the beam, the vertical support reaction for column A 
and B will be too small since also the load from beams AB and CD has to be supported by column A and 
D respectively (hatched surface). Therefore, a vertical force has to be applied on the columns, to take 
into account the reduced load on the beams (see point loads from fi gure.6.17).

Wind loads
Wind loads can be extracted from annex A of NEN6702:2007 (NNI, 2007). For each building, different 
wind loads have to be applied. Infl uencing factors in determining the wind load are, the geography of the 
building, geometry and shape of the building and the considered part of the building. If all these factors 
have to be accounted for, calculations will become far too complicated. Therefore only an indicative 
equally distributed wind load of pw=1.0 kN/m2 will be used.

To maintain a load distribution as close as possible to the real situation, the ratio of the provided shape 
factors are used (disregarding under- and over-pressure). For buildings with a rectangular cross section, 
the factors for the facades are 0.8 and 0.4, resulting in a ratio of 0.5. The factors from the code are 
then equivalent to a factor of 1.0 and 0.5 respectively. For the factor for the roof, from the code a value 
of 0.4 and 0.7 can be retrieved. Since the upward wind load on the roof will have a positive effect on 
withstanding a progressive collapse, the lowest value is used, resulting in a factor of 0.5 for the entire 
roof.

Two confi gurations can be considered for the wind load, one in positive x-direction and another in negative 
x-direction. In both cases the wind load on the roof will be an upward wind load.

Load combinations 
When applying the loads different situations can be defi ned. They can be applied individually, as well as 
combined. Four individual loads are defi ned:

Grep = dead load
Q1,rep = fl oor load
Q2,rep = wind in positive x-direction
Q3,rep = wind in negative x-direction
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Figure.6.17 Loads on beam



These are the representative values and have to be multiplied by the safety factor to retrieve the design 
value. Since an extreme design situation is considered, the code  provides γ=1.0 for all individual loads, 
and the formula for the fundamental combinations becomes (considering the building has a design 
lifetime of t=50 years):

Ff,d = Grep + Qi,rep + ∑ψiQi,rep    with,      (formula.6.7)

Ff,d   the fundamental load combination
Grep and Qi,rep  the individual loads
ψi   the combination factor

The combination factors can be derived from NEN-EN 1990:2002/NB:2007 (NNI, 2007-2). From table 
A1.3 and A1.1 (see also appendix B.3) it follows that:

ψ1 = 0.3 for fl oor loads
ψ2 = 0.2 for wind loads
ψ = 0 for snow and temperature loads

This will result in the following load combinations:

F1,d = Grep + Q1,rep          (formula.6.8a)
F2,d = Grep + Q1,rep + 0.2Q2,rep         (formula.6.8b)
F3,d = Grep + Q1,rep + 0.2Q3,rep         (formula.6.8c)

6.3 Evaluator

The evaluator is the part of the tool that extracts data from the fi nite element analysis (FEA) in order to 
determine whether the structure has failed, taking into account certain criteria.

6.3.1 FEA

In order to calculate the occurring forces and deformations of the generated structure, FEA-software is 
used. Different calculation methods exist, like linear or non-linear calculation and fi rst or second order 
calculation. 

Linear calculation
For the development of the tool only linear calculations are considered. This means that the underlying 
rules of physics and geometry for the material and model are applied linearly. See appendix A for an 
elaborate discussion about linear calculations.

Because of linear consideration, plastic behavior and increased load capacity is not taken into account. 
Another disadvantage of linear calculations is that catenary action is not taken into account. This is one 
of the main modeling methods in designing against progressive collapse. It describes the development 
of tensile forces in the fl oor slab, due to deformations as a consequence of the loss of one support, 
for a two span fl oor slab. Signifi cant rotation capacity of the connections, as well as large elongation 
capacity is required. If a geometric linear relation is applied, an elongation of the element is incorporated 
in the model and tensile forces will not develop, since the horizontal deformation is neglected. Further 
discussion about catenary action can be found in chapter 9.
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An important aspect to consider with geometric linear calculation, is that only small rotations are allowed 
(see also appendix A). In reality, the appearing rotations of a progressive collapse calculation will be 
rather large. Therefore, the retrieved results will deviate from the actual results. Hence, they should only 
be used as an approximation of the real values. For instance, consider a beam with span l=7.2m, which 
is displaced at one edge with u=3.0m (the situation that the fl oor touches the lower fl oor). If a geometric 
calculation is considered, this will result in: . For a non-geometric calculation this will 
result in

,
. This gives an error of 5%.

First order calculation
A fi rst order calculation is performed by the FEA-software. This means, that deformations and internal 
forces are retrieved when applying the loads on the undeformed structure. In reality, a deformation due 
to the initial load, will result in a change in load confi guration. A second calculation is needed, in which the 
loads are applied on the deformed structure. This is a so called second order calculation. This calculation 
predicts the deformations of the structure with more accuracy, with respect to a fi rst order calculation, 
and thus would be the preferred method. However, a fi rst order calculation is performed, because a 
second order calculation will need to perform many calculations, hence affecting the total calculation time 
considerably, While calculation speed of the PCI-tool is important, since it will be used in the early design 
stage and fast results are required.

6.3.2 Failure criteria

Before extracting data from the FEA, it is important to determine what data is needed. The four situations 
of the proposed tool, described in the introduction, in which failure or non-failure is assumed, are 
considered:

1. A mechanism occurs and can not be calculated. It is assumed that the structure then fails.
2. Stresses in elements become too high which leads to failure of these elements, leading to a  
 second collapse.
3. Deformations are too much, for instance a deformation larger than the space between the  
 fl oors, or that linear calculation assumptions do not apply anymore. It is assumed that the  
 structure then fails.
4. None of the above happens, so no progressive collapse occurs. 

Criterion 1; Calculation error
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Figure.6.18 Occuring of a calculation error if two separate structures are generated



The occurrence of a local mechanism in the model will result in a calculation failure and must be prevented. 
By applying springs at locations where columns have failed, this can be dealt with for certain systems. 
Though, in some situations a calculation error can still occur, resulting in wrong results. In that case a 
calculation error message will emerge and failure of the building is assumed. Hence, this criterion can 
also be labeled a calculation error. 

  Pre-analysis algorithm
An example of the occurrence of a calculation error is, when multiple elements are removed from a 
structure with multiple iterative calculation cycles (see chapter 7.3). When removing many elements, 
occasionally separate structures can be generated. Usually at least one of these structures is unrestraint 
(or: fl oating) which will lead to a local mechanism. The FEA will not always recognize multiple structures, 
causing wrong calculation results. Therefore, a pre-analysis algorithm(4) will track for multiple structures 
and will remove the fl oating elements.

Elements will also be removed if they are unconnected and unsupported at one side and simply supported 
at the other side. These elements will rotate around its connection, and thus result in a local mechanism. 
If these elements are analyzed in the FEA, they can cause wrong results. Hence, removing them from 
the model can avoid that.

A local mechanism can also occur, when all columns of one fl oor are removed. The upper structure no 
longer is supported and thus will be unrestraint. Therefore, the algorithm also tracks the amount of 
columns on each fl oor. If all columns of a fl oor are removed, failure is assumed.

(4)  NB: The multiple structures algorithm is only able to recognize separate vertical or separate 
horizontal elements and will not recognize a separate structure consisting of a combination of a fl oor 
and a column
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Figure.6.19 Avoiding a local mechanism by removing an unsupported element at one side and simply  
 supported at the other side



Another local mechanism can occur, if systems with pinned connections are considered. The horizontal 
load transfer is governed by the stabilizing elements (e.g. core or cross-bracing). The loads are transferred 
from the facade, through the fl oors to the stabilizing elements. If an interior fl oor is removed from the 
model, the elements on the same level and one lower level, on the facade side of the building, will be 
unrestraint, since the horizontal load can not be transferred through the fl oors anymore. The elements 
will rotate around its connections, resulting in a local mechanism. If such a confi guration occurs, the 
unrestraint elements will be removed from the model. See also fi gure 6.20.

Criterion 2; Strength(5)(6)

For the second failure criterion, the occurring forces for each element have to be extracted from the FEA. 
These forces have to be compared with the capacities of the elements. For steel and concrete different 
calculation methods exist. The complete calculations can be found in appendix D.

(5)  Here, only calculations for strength are presented. Stability calculations are discussed in 
chapter 7
(6)  Note that the calculations are not entirely according to current building standards
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Figure.6.21 Occuring bending moments if one column fails for a system with fi xed connections

Figure.6.20 Occuring local mechanism if a fl oor is removed under horizontal loading



  Steel
For steel the strength capacity check yields:

1d d

u u

N MUnity check
N M

= + ≤    and,       (formula.6.9a)

1d d

u u

N MUnity check
N M

= − ≤    with,      (formula.6.9b)

Nd  the axial load on the element [N]
Md   the bending moment on the element [Nmm]
Nu  the normal force capacity of the element [N]
Mu  the bending moment capacity of the element [Nmm]

Since the bending moment and axial forces can be both positive and negative, the absolute values are 
used.

  Concrete
The calculations for concrete are in a way similar to that for steel. The bending moment capacity is 
calculated ,which should be higher than the bending moment the element is subjected to. In order to be 
able to compare the results, for different elements and between steel and concrete, the strength capacity 
check is written as a unity check:

1d

u

MUnity check
M

= ≤    with,      (formula.6.10)

Md   the bending moment on the element [Nmm]
Mu  the bending moment capacity of the element [Nmm]

The bending moment capacity for concrete is not a fi xed value, like for steel, but depends on the 
combination of the axial force and bending moment on the element. With calculating the bending moment 
capacity, the axial force is used, hence the axial force is incorporated in the bending moment capacity and 
therefore is not directly part of the unity check. A couple of situations are distinguished; 

   Compressive force and bending moment
For this situation, fi rst the compressive zone xu is calculated, which follows from the equilibrium of internal 
and external axial forces ΣN=0. If xu is known the internal forces can be calculated. Now, all forces are 
known and the bending moment capacity can be calculated from equilibrium around the centre of gravity 
ΣM=0. The unity check can then be calculated. In order to take into account building imperfections, a 
minimum bending moment is used for elements under compression:

'0.1d dM hN>      with,      (formula.6.11)

h   the height of the cross section of the element [mm]
'
dN   the compressive axial force on the element [N]

55Simon Bolle, S.J.Bolle@gmail.com

PART II. Structural mechanics



   Tensile force and bending moment
A combination of tensile force and bending moment is also possible. The ratio of axial force and bending 
moment determines the calculation method. An artifi cial bending moment *

dM  is introduced:

*
d d dM M N e= −     with,      (formula.6.12)

e  the distance between centre of gravity and centre of the reinforcing bars [mm]

    * 0dM <
 

If * 0dM <  there will be no compressive zone in the cross section. Since concrete is not able to resist any 
tensile force, the reinforcing bars provide the strength of the element. If the element is not loaded with 
a bending moment, the unity check is transformed to a unity check of axial forces only:

1d

u

NUnity check
N

= ≤    with,      (formula.6.13)

u sN Af=  the axial force capacity of the reinforcing bars [N]
A  the cross section area of the reinforcing bars [mm2]

sf    the yield stress of the reinforcing bars [N/mm2]
  

 
If the element is loaded with a bending moment, the reinforcing bars provide the bending moment 
capacity. The bending moment capacity is compared with the artifi cial bending moment, instead of the 
external bending moment. The unity check then yields:

*

1d

u

MUnity check
M

= ≤          (formula.6.14)

    * 0dM >
 

If * 0dM >  a compressive zone will develop in the cross section. The calculation procedure is similar to 
that of an element loaded in compression. Unfortunately, the values for the axial forces are not known, 
since the strain in the concrete is unknown. Only the strain of the reinforcing bar under tension is known, 
as it is advised that the reinforcing bar should yield before failure of the element. Thus, the strain of that 
bars is ε s =2.175‰. In order to calculate the internal forces, use has been made of interaction diagrams 
from GTB-tables 11 (Betonvereniging, 2006) and their underlying formulas. The bending moment capacity 
is compared with the artifi cial bending moment, instead of the external bending moment. The unity check 
then yields:

*

1d

u

MUnity check
M

= ≤
         (formula.6.15)

   Calculation of core
For the calculations of the core, the same considerations hold as for the calculation of regular elements. 
However, the calculation of the axial force in the concrete is different. Since the core has got a hollow 
rectangular cross section it differs from a normal rectangular cross section. If the compressive zone is 
larger than the wall thickness of the core, the force can not be retrieved from

p
since the 

concrete area is smaller ( ( ) 2ub x t t> = ≠b). The stress diagram for concrete should be split into smaller 

pieces from which, from the individual parts, the axial force can be calculated. 
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In formula the strength criterion for all elements yields;

If unity check > 1 then --> element failed      (formula.6.16)

This condition is valid if only strength considerations are applied, though also stability conditions have to 
be considered. These will be discussed in chapter 9.

Criterion 3; Deformation
For the third failure criterion the resulting deformations of the nodes are of interest and have to be 
extracted from the FEA. In formula the criterion yields;

If w > wultimate then --> element failed  with,      (formula.6.17)

w   the deformation of the element in z-direction [mm]
wultimate   the ultimate allowable deformation of the element in z-direction [mm]

The element’s deformations are not considered, since it is assumed that these will be small if the 
structure is unharmed. Extracting these deformations is thus useless. Instead, the node’s deformations 
are considered, since when a column fails, the maximum deformation will occur directly above the failed 
column. Thus, the deformations will be maximum for that node.

The value of wultimate is not known yet and can be derived in several ways. A way to retrieve a value 
for wultimate, is to assume failure only occurs when the upper fl oor deforms in such a way that no room 
between the fl oors remains, e.g. the upper fl oor touches the lower fl oor. Then, wultimate equals the fl oor 
depth. This situation is not very likely, because building materials are not that fl exible and will fail for the 
strength criterion before the ultimate deformation occurs. 

When looking at recent codes and standards, a fi xed quantity for the ultimate deformation can not be 
given, but it is said that in case of an incidental action, a safe evacuation of the occupants of the building 
should be guaranteed (NNI, 2006). Therefore, it is reasonable to assume that the amount of free space 
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between the fl oors should not be less than the maximum average length of the occupants of the building. 
The Dutch central bureau of statistics (CBS) has estimated an average length of 1.81cm of the Dutch 
man in 2006 (CBS, 2008). See also appendix E. This is an average length, therefore some extra height 
should be added to guarantee a safe evacuation of longer people. An estimate for the maximum length 
of people can be obtained when taking the 1% exceedance probability for the length distribution. This is 
approximately 2.0m, thus w should not exceed the free space between the fl oors minus 2.0m.

Another way of retrieving a value for wultimate, is to use the same conditions for deformations as in the 
serviceability limit state. From NEN6702 (NNI,2007),  it follows that the allowable vertical deformation 
is equal to L/500. For the progressive collapse tool this method is not very suitable, because the limit is 
determined under normal loading conditions, which is not the case for a progressive collapse. Hence, 
eventually the second method is used to determine wultimate;

wultimate = fl oor depth – 2.0m        (formula.6.18)

6.4 Iterations and simulations

As described in the introduction the PCI is calculated by dividing the number of failures by the number 
of iterations;
 

100%s
FPCI
n

= •     with,       (formula.6.19)

PCIs   the Progressive Collapse Indicator for simulation s [%]
F   the number of failures [-]
n     the number of iterations [-]

For each simulation a number of structures is generated, equal to the number of iterations. Each iteration 
represents a generated structure. For each iteration, failure or non-failure is registered. For every 
simulation a PCI is calculated. If s simulations are performed, s PCI’s are calculated. The average PCI is 
then represented by:

100%sPCI
PCI

s
= ∑ i    (for s≥1)  with,     (formula.6.20)

PCI   the average PCI [%]
PCIs   the PCI of simulation s [%]
s   the number of simulations [-]

In fi gure.6.23 the calculation with iterations and simulations is schematically depicted. 

58 Delft University of Technology, Structural Design Lab

Ch6.PCI tool



59Simon Bolle, S.J.Bolle@gmail.com

PART II. Structural mechanics

Figure.6.23 Schematic representation of the tool with iterations and simulations



In chapter 6.3.2 some criteria are given to determine whether a structure collapses progressively. With 
these conditions, it was assumed that failure occurred if the strength or deformation at some point of the 
structure exceeded a maximum value. This of course does not determine if the collapse is progressive. 
In the defi nition of progressive collapse, it is stated that the damage should be disproportionate to the 
initiating event, in order to call a collapse progressive. Therefore, a quantifi cation of disproportionate 
damage is needed.

7.1 Quantifying disproportionate damage

The indistinctiveness to what extent damage is disproportionate can be seen in various codes and 
standards. The Eurocode (NNI, 2006) for example, recommends an allowable boundary for local damage. 
The indicative boundary for building structures is the smallest value of 100m2 or 15% of the fl oor area of 
2 adjacent fl oors caused by the removal of an arbitrary load bearing column or wall. This will probably 
give the structure the necessary robustness, irrespective if an abnormal load is taken into account. The 
UK building regulations (HMSO, 1991), similarly to the Eurocode, limit the admissible damage to 70m2.

The American Unifi ed Facilities Criteria issued by the Department of Defense, make a distinction between 
the removal of an external or internal column or load bearing wall;

‘For the removal of a wall or column on the external envelope of a building, the damage limits require that 
the collapsed area of the fl oor directly above the removed element must be less than the smaller of 70 m2 

or 15% of the total area of that fl oor and the fl oor directly beneath the removed element should not fail. 
In addition, any collapse must not extend beyond the structure tributary to the removed element.
For the removal of an internal wall or column of a building, the damage limits require that the collapsed 
area of the fl oor directly above the removed element must be less than the smaller of 140 m2 or 30% 
of the total area of that fl oor, and the fl oor directly beneath the removed element should not fail. In 
addition, any collapse must not extend beyond the bays immediately adjacent to the removed element.’ 
(DoD, 2005)
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Figure.7.1 Maximum allowable collapse area provided by GSA guidelines. [source: (GSA,2003)]



The U.S. General Services Administration guidelines (GSA, 2003), have a similar approach as the DoD, 
only the damage is limited to the structural bays directly associated with the instantaneously removed 
vertical member in the fl oor directly above the removed vertical member, with a maximum of 170 and 330 
m2 for a perimeter vertical member, respectively an internal vertical member, see fi gure.7.1.

Table.7.1 gives a summary of the discussed allowable damages in the various building codes. The codes 
and standards all describe an admissible damage, but differ into what extent this damage should be 
allowed. 

Floor area Maximum
Exterior Interior Exterior Interior

Eurocode 15% 15% 100 m2 100 m2

UK Regulations 15% 15% 70 m2 70 m2

U.S. D.o.D. 15% 30% 70 m2 140 m2

U.S. GSA adjacent bays adjacent bays 170 m2 330 m2

Table.7.1 Quantifi cation of disproportionate damage in various standards

7.2 Failure criteria

The values in table.7.1 give a lower bound for the damage during a collapse in order to call the damage 
disproportionate. When the criterion that damage is disproportionate is met, it can be stated that a 
progressive collapse has occurred. The criterion that a chain reaction of failures occurs in a progressive 
collapse is neglected. Though, when considering that if a column has failed and consequently only the 
adjacent fl oors above the column fail, the total damaged fl oor area most probably will not exceed the 
disproportionate damage. If subsequently another column would fail the damaged fl oor area will increase 
and at some point will exceed the lower bound for disproportionate damage. Thus, in most cases, a chain 
reaction of failures must have occurred in order to exceed the disproportionate damage criterion. Also, 
the damage of a fl oor, as a result of the failure of a column, exhibits a chain reaction of failures. Hence, 
the criterion will always be met, if the disproportionate damage criterion is met. The quantities given by 
the American GSA-guidelines are used, resulting in the following criteria:

If  Afl oor >  Aadjacent   or        (formula.7.1)
 Atot  >  Aadjacent,tot   
 then -->progressive collapse  with,

Afl oor   the damaged fl oor area per fl oor [mm2]
Aadjacent   the adjacent fl oor area per initial damaged column per fl oor [mm2]
Atot   the total damaged fl oor area for the entire structure [mm2]
Aadjacent,tot  the total adjacent fl oor area for all initial damaged columns for the entire structure  
  [mm2]

If one of these criteria is met a progressive collapse has occurred and a failure is counted for the PCI of 
the structure.
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7.3 Iterative calculation

To be able to accurately predict the damaged fl oor area of a structure susceptible to progressive collapse, 
multiple iterative calculations are needed. The basic PCI-tool only represents the situation directly after an 
initiating event. When determining the damaged fl oor area, the situation directly after the initiating event 
is not of interest, but the situation after the progressive collapse. Iterative calculations are performed to 
retrieve this fi nal state.

During each calculation the criteria for failure of elements are considered. If a fl oor element exceeds the 
displacement criterion, it is assumed that the complete fl oor element has failed, resulting in a damaged 
fl oor area equal to that fl oor element. The fl oor is not removed from the model, since it did not fail for  the 
strength criterion. If the strength criterion is exceeded, the element has failed and is removed from the 
model. For each iterative calculation only one element can be removed. Subsequently, a new calculation 
is performed, in which the new model is re-analysed, resulting in different forces and deformations. 
These are evaluated again, possibly leading to the removal of another element and a new calculation. 
Calculations are performed until all remaining elements comply with the failure conditions. Now, the 
progressive nature of a progressive collapse is also taken into account. If a fl oor element is removed from 
the model, the damaged fl oor area is equal to the area of the removed element.

Figure.7.2 shows the schematic representation of the tool including the iterative calculations. In that 
fi gure, n represents the amount of iterations and s represents the amount of simulations, see also chapter 
6.4.
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Figure.7.2 Schematic representation of the tool including iterative calculations
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In chapters 6 and 7 it is discussed that, if the unity check of an element is >1, it will fail and is removed 
from the model. Removing an element from the model, will also result in the loss of the load acting on 
that element. These loads can not disappear and have to be reapplied on the model. Failure of an element 
can also lead to falling of other elements, which will impact the lower structure. These loads also have to 
be applied on the model.

8.1 Debris loading

If, in a real situation a column is damaged, due to a certain event, a part of, or the whole column will fail. 
Parts of the column will fall and disperse over the underlying structure. These pieces introduce extra loads 
on the lower structure. Falling debris will cause dynamic forces on impact with the lower structure. After 
impact, the dispersed debris is laying on the lower structure, causing static loads. These loads also have 
to be applied in the model. In order to apply these loads, some simplifi cations are needed.

First, because the column will collapse into multiple smaller pieces, the impact force will also represent 
smaller individual forces. The impact force will thus be smaller than the load of the entire column and 
therefore will be neglected. Second, the debris of the column will scatter and it is hard to predict where 
it will land, especially when a blast is the cause of the initiating event. However, it can be said that the 
debris most certainly will appear near the damaged column itself. Last, the entire column is removed from 
the model and not a part of it. Thus, a load equal to the entire column has to be applied. Therefore, a 
static load is applied as a point load on the lowest node of the failed column (see fi gure.8.1).

If fl oors fail, it will also result in debris. This will not be discussed here, since it is incorporated in impact 
loading (see chapter 8.2). In this context debris load is only a static load and considered only for columns, 
whereas if fl oors are considered, debris is applied as impact load. Since this load is a static load and only 
contains the dead weight of the column it is added to load case Grep.
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8.2 Impact loading

There are two different cases in which impact loads can occur. It can be caused by failing fl oors impacting 
the lower structure, or due to failing columns causing the upper structure to deform and impacting the 
lower structure. These two cases will be discussed.

8.2.1 Floor impact

If the load capacity of a fl oor is exceeded, it will fail. Parts of, or the entire fl oor will start to fall on the 
lower fl oor. On impact with the lower fl oor, it will exhibit dynamic forces. These forces have to be applied 
on the structure. If the lower structure is in equilibrium, the dynamic forces are damped out and the failed 
fl oor is only exhibiting a static load on the structure, equal to the dead weight of that fl oor. These forces 
should also be applied. Though, they will be neglected, since fi rst the impact load will be applied, which 
is much larger than the static load.

Because dynamic loads are considered, a dynamic analysis would be an obvious analysis method. A 
disadvantage of such analysis is the time-consuming process. Therefore it will not be used. A static 
analysis is performed, that takes into account the dynamic load.  The static load is transformed to an 
estimated dynamic load by an amplifi cation factor. From the American Unifi ed Facilities Criteria, issued 
by the Department of Defense (chapter3-2.4.2), an amplifi cation factor of 2.0 is retrieved (DOD,2005). 

If a fl oor is removed from the model, the loads from that fl oor are doubled and applied on the element 
directly below the failed element. If that element has failed as well, the loads from both fl oors are added 
and doubled and applied on the element below the failed fl oors.
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Loadcase
An additional load case is added to the load cases from chapter 6.2; Q4,rep = impact load. Also, an 
additional combination case is added; F1,d = Grep + Q4,rep+ 0.3Q1,rep. The impact load case is only combined 
with the dead load of the structure, since it is very unlikely that the short during impact load takes place 
with another load case at the same time. This will result in the following load cases and combination 
cases:

Load cases:
Grep = dead load
Q1,rep = fl oor load
Q2,rep = wind in positive x-direction
Q3,rep = wind in negative x-direction
Q4,rep = impact load

Combination cases:
F1,d = Grep + Q4,rep + 0.3Q1,rep         (formula.8.1a)
F2,d = Grep + Q1,rep          (formula.8.1b)
F3,d = Grep + Q1,rep + 0.2Q2,rep         (formula.8.1c)
F4,d = Grep + Q1,rep + 0.2Q3,rep         (formula.8.1d)

8.2.2 Column failure

If a column has failed, the upper structure will start to deform. When a system with moment resistant 
connections is considered, this deformation will be restraint by these connections. If, on the other hand, 
a system with pinned connections is considered and catenary action is not taken into account, these 
deformations can not be restraint by the connections and the structure will fall down. Since only geometric 
linear calculations (see appendix A) are considered and catenary action (see chapter 9.2) is not taken 
into account, the structure above the failed column will impact the structure below the failed column. The 
upper node of the failed column will impact at the lower node of that column, therefore a point load that 
represents the dynamic load is added at that point. Analogous with the dynamic fl oor load, the static load 
is transformed to an estimated dynamic load by an amplifi cation factor of 2.0.

If a system with pinned connections is considered and a column is removed from the system the axial 
force in the failed column (if it would still be there) due to dead load and fl oor load is doubled and added 
to the model as a vertical point load on the lowest node of the failed column, see fi gure.8.3. The load is 
added as load case Q4,rep = impact load and combination case F1,d = Grep + Q4,rep +0.3Q1,rep, is also valid. 

Since multiple columns can fail, this can result in multiple impact forces. Though, these forces will only 
last for a short time and depend on the order of column failure. Therefore, a pattern on applying the 
impact forces needs to be developed. When analyzing a structure for progressive collapse, the highest 
forces are of interest which will cause elements to fail. Therefore, if multiple columns in one vertical line 
have failed, only the impact forces due to the lowest failed column will be applied, since this will result 
in the highest forces. Applying the impact forces of higher failed columns will be useless since the fl oors 
below that failed column already have failed.

Another aspect of impact forces is that they will only last for a short period of time. Therefore, the impact 
load must only be applied directly after a column has failed. If another column fails, the impact force 
due to the fi rst failed column will be damped out and must not be applied on the model. If this rule is 
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applied for the model, it will cause wrong results. The elements of the structure can be evaluated in a 
certain pattern, e.g. from left to right and bottom to top (see also Part III). When the force capacity 
in an element is exceeded, it will be removed from the model and the structure is re-analysed. If, only 
the impact force, due to the last removed column is applied, it can happen that a column, right of the 
removed column, is checked for a too low force, if an impact force was applied above the considered 
column, before the last removed column failed. Therefore, the impact force on a certain vertical line of 
columns must only be removed, if the lowest column in that line has passed the analysis checks for the 
impact case and combination case including the impact case.

Concluding, the impact force is always applied on the lowest node of the lowest failed column, for each 
vertical line of columns. Each vertical line of columns thus has maximum one impact force applied. 

Dependant on the evaluation method, the impact force due to column removal is applied, or is not 
applied. If, for instance elements are evaluated in a fi xed order (e.g. from left to right and bottom to 
top), the following method is applicable: after all forces for the impact load combination case have been 
checked and the lowest column in a line passes these checks, the impact force will be removed for the 
considered line of columns only.

If, on the other hand the evaluation method does not have a fi xed pattern (e.g. removal of elements with 
highest  unity check exceedence), it is not clear which elements have already been checked. Hence, the 
impact force is always applied on the lowest removed column, for each vertical line of columns, in that 
case. The possible evaluation methods will be discussed in chapter 10.

By adding the impact load case to the model, besides the redistribution class collapse, also an approximation 
of the impact class collapse can be described as discussed in chapter 3.6. Since both classes are combined 
in the model, also the mixed class is almost applicable. Only the stability class should still be implemented. 
This will be discussed in the next chapter.

Note that the domino type collapse is not modeled. The overturning of elements (e.g. if fl oors are partially 
damaged and still attached to the surrounding structure at one side) is not taken into account. Since it is 
assumed the complete fl oor is damaged, this situation can not occur. Though, it is advised to incorporate 
this behavior in further developments, since the horizontal forces resulting from this impact can have an 
infl uence on the structure’s behavior and thus on its progressive collapse.
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The previously described tool is far from complete. A lot of functionalities still have to be applied, in order 
to become suitable for daily practice. However, the basic ideas and principles concerning structural aspects 
behind the tool have been introduced. In order to produce more reliable results, some improvements will 
be implemented into the tool. A stability analysis and catenary action analysis will be discussed. In both 
cases the results will be validated, or retrieved via a non-linear analysis using GSA.

9.1 Stability analysis

When analyzing a structure, three basic aspects have to be checked; strength, stiffness and stability. So 
far, only strength and stiffness have been considered. Therefore, a stability analysis will be implemented 
into the tool. Different types of stability can be regarded, for instance on elementary level buckling 
or lateral-torsional buckling, and on a global level stability of the entire building. Only buckling of the 
columns and global stability will be regarded. Buckling of the girders is disregarded, since this probably 
will not infl uence the model as much as column buckling. Though, on further development of the tool this 
should be investigated.

9.1.1 Buckling

If a column is loaded with an axial force F, the Euler buckling load, the load at which the column will 
buckle, is provided by:

     with,         (formula.9.1)

Fc   Euler buckling load (N)
EI    bending stiffness (Nmm2)

l c    buckling length (mm)

In fi gure.9.1 different buckling modes are provided for some basic element confi gurations. For each 
mode, or element confi guration, a specifi c buckling length can be retrieved. With formula.9.1 this buckling 
length, combined with the elements specifi c bending stiffness, provides the buckling load. The formula for 
the Euler buckling load can be rewritten in:

     with,         (formula.9.2)

σc    Euler buckling stress (N/mm2)
l c   buckling length (mm)
A    cross section area (mm2)
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The Euler buckling stress is the maximum stress the element can withstand, before it will buckle and 
fail. Only compressive stresses are considered here, since tensile stresses will not cause an element to 
buckle. The buckling length for a single element is governed by the system length of the element and 
the connection properties at both sides of the element (see fi gure.9.1). These properties can change, 
if elements are removed from the structure. If, for instance the fl oors at both sides of a column are 
removed, the system length of the column is doubled. If, from that doubled column one column is 
removed, one side of the column is free and thus the connection property has changed. An algorithm 
tracks the system length and connection properties for each column. The determination of the buckling 
length from fi gure.9.1 is only valid for single elements. If a structure with multiple elements is considered, 
other aspects will infl uence the buckling length of a single column (e.g. braced or unbraced structures). 
Simply retrieving the buckling lengths from that fi gure will result in under- or over estimating the Euler 
buckling capacity. Hence, some non-linear calculations have been performed for different geometric 
confi gurations. This will be discussed in chapter 9.1.2. 

The unity checks can be applied for the stability case. Again, different methods are used for steel and 
concrete:(1)

Steel
For steel elements, the following unity check is used to determine if the element will fail:

    with,(2)      (formula.9.3)

σc   the Euler buckling stress of the element [N/mm2]
N’d  the compressive axial force on the element [N]

Concrete
The calculation of stability for concrete elements is governed by a fi rst or second order calculation. First, 
it should be determined if a second order calculation is needed. This can be done by calculating and 

. 
follows from:

         (formula.9.4)

follows from:

           (formula.9.5)

No second order calculation is needed if:

≤≤    with   ≤0.25     (formula.9.6a)
≤10    with    0.25<< ≤0.5     (formula.9.6b)
≤15-100   with   >0.5     (formula.9.6c)

(1)  Note that the calculations are not entirely according to current building standards
(2)  Note that for torsional buckling a factor of 1.0 is used and that torsional stability thus is not 
taken into account. Hence the capacity of the element will be overestimated.
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If a second order calculation is not needed, no further calculations have to be made to check the element. 
Though, if a second order calculation is needed, an extra bending moment should be applied on the 
element by adding a certain eccentricity et:

≥ 0e     with,        (formula.9.7)

te    the total eccentricity [mm]

0e    the initial eccentricity [mm]
ce    the additional eccentricity [mm]
   a factor (  =1)(3) 

The extra bending moment on the element due to the total eccentricity is:

'
,d buc t dM e N=     with,        (formula.9.8)

,d bucM    the extra bending moment due to second order [Nmm]

This should be added to the original bending moment:

, ,d tot d d bucM M M= +    with,        (formula.9.9)

,d totM    the total bending moment on the element.

The unity check now yields:

, 1d tot

u

M
Unity check

M
= ≤          (formula.9.10)

Core
The calculation of the stability of the core is similar to that of regular elements. It should be checked 
whether a fi rst or second order calculation is needed. No second order calculation is needed if:

( )d
c

EIl
G

≤     with,        (formula.9.11)

( )dEI    the design value for EI [Nmm2]
G  the weight of the building supported by the core [N]

The design value for EI is composed of the moment of inertia I and the effective modulus of elasticity for 
the core Eef. This is dependant of (see formula.9.4):
 

   If  ≤0.5          (formula.9.12a)

     If  >0.5     with,     (formula.9.12b)

ω  the reinforcement percentage (As/Ac) [-]

(3)  This factor is dependant on the eccentricities at the top and at the middle of the element and 
will result from the deformation of the element. Since in advance the deformed shape of the element is 
unknown the eccentricities are unknown and  is unknown. Hence =1 is used.
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If a second order calculation is needed, the following calculations of the eccentricity have to be made:

≥ 0e     with,        (formula.9.13)

te    the total eccentricity [mm]

0e    the initial eccentricity [mm]
ce    the additional eccentricity [mm]
   a factor dependant on the spring stiffness of the foundation of the core 

  (C=∞ --> =1)

If the total eccentricity is known, the extra bending moment due to second order can be calculated and 
the unity check can be calculated.

Apart from the total stability, also partial instability should be investigated with core calculations. It should 
be checked if a wall of the core will buckle by calculating it as an individual element. It is assumed that the 
wall element is completely in compression and the bending moment capacity is provided by u sM N z=  
For the buckling length, it is assumed that the fl oors will restrain the wall element, thus cl l= , with l  
the length of the wall element between the fl oors. Further calculations are similar to that of a normal 
element.

In buckling analyses, also second order calculations are needed to accurately predict the occurring internal 
forces. Since only fi rst order calculations are considered(4), the attained results will deviate from the actual 
values. Further research with second order calculation therefore is recommended.

9.1.2 Non-linear calculation

In order to estimate the buckling length of columns more accurately, some buckling analysis have been 
performed with the FEA software. The results of that analysis are discussed here. In appendix G all results 
of the analysis are given.

The analysis has been performed with different confi guration types that will infl uence the buckling 
behavior of the elements. First of all, two different systems are considered. The system with moment 
resistant connections and the system with pinned connections are distinguished. Next, different geometric 
confi gurations of the systems are investigated. The surrounding structure of a specifi c element, from 
which the buckling length is investigated, determines how the structure will deform. It thus has great 
infl uence on the buckling mode of the specifi c element. Hence, the numbers of fl oors, the number of 
columns, the distance between the columns versus the distance between the fl oors, the bending stiffness 
of the fl oors versus the bending stiffness of the columns, or the stiffness of the stabilizing structure, are 
a few examples of parameters that will result in different buckling lengths. 

The analysis has been performed by applying a point load F = 1000 N on top of one line of columns (see 
fi gure.9.2) and adjusting only one of the previously described parameters. The load is applied, either on 
the façade line, or on a line of columns between the facades. Both cases will result in different buckling 
lengths, since to an exterior column less elements are attached, compared with an interior column. For 
each case and specifi c mode, a load factor can be retrieved from the analysis. 

(4)  The second order calculations performed with the unity check of the stability are basically fi rst 
order calculations amplifi ed with a factor.
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This load factor gives the ratio for the applied load and the buckling load:

     with,        (formula.9.14)

Fc    the buckling load [N]
    load factor [-]

F    the applied force of 1000 N [N]

With the Euler buckling load formula (formula.9.1), the buckling length of a single column underneath 
the applied load can be calculated:

     with,        (formula.9.15)

l c     buckling length [mm]
EI    the bending stiffness [Nmm2]

cF      the buckling load [N]

When investigating the gained results, changing the amount of columns and the ratio of the distance 
between the columns versus the distance between the fl oors, will show the biggest change in buckling 
length. Hence, only these two parameters are presented and will be used for the determination of the 
buckling lengths.

Pinned connections
First, the system with pinned connections and stability bracing is considered. Figure.9.3 shows the results 
when changing the ratio dx/dz (an arbitrary constant system length of 7.0m is used). This is the ratio 
of the distance between the columns versus the distance between the fl oors. It can be seen, that for 
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exterior considerations, a constant buckling length of lc = 6.34m is retrieved (the system length is 7.0m). 
If, on the other hand, interior columns are considered, a non-linear relation can be seen which, if dx/dz 
approaches infi nity, the buckling length will become approximately lc = 6.34m. This non-linear behavior 
can be explained by the fact that the diagonal bracing also will attract some of the applied vertical 
force. The retrieved load factor therefore should not be multiplied by the total applied load, but only by 
the part that the vertical column attracts. If the ratio of dx/dz is very small, the diagonal member will 
bear a signifi cant amount of vertical load and the calculated lc will become smaller. If the ratio of dx/dz 
becomes larger, the vertical load the diagonal member can bear will become smaller and the calculated 
lc will be more reliable. Since for most building structures a dx/dz-ratio of approximately 3.0 is valid and 
considering previous described evaluations, for the buckling length in structures with pinned connections 
lc = 6.34m will be used. 

Combining the system length with the buckling lengths, provides the following relation;

0,9c sysl l= i       with,       (formula.9.16)

l c   buckling length [mm]

sysl     system length [mm]

 
Fixed connections
For systems with fi xed connections, also a relation between the buckling length and dx/dz-ratio can 
be found. Unlike for systems with pinned connections, where a signifi cant difference between interior 
and exterior columns can be seen, the system with fi xed connections only shows a marginal difference. 
Therefore, it is assumed they are the same and only interior columns will be treated further. Though, the 
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Figure.9.3 Buckling length versus ratio of width between column and height between fl oors for a   
 structure with pinned connections (system length =7.0m)



number of columns combined with the dx/dz-ratio does have an infl uence on the buckling length (see 
appendix G). Although the determination of the buckling lengths seems to be accurate, it is not. A lot of 
inaccuracies are still neglected. As discussed earlier, the buckling length of an element is infl uenced by 
various confi gurations, which have not been investigated here. Hence, the different buckling length lines 
are merged into one approximated line from which the buckling lengths can be derived (see fi gure.9.4).

If the dx/dz-ratio increases, the buckling length will increase. As discussed before, the buckling length of 
an element is greatly infl uenced by its connection properties and consequently by its rotation capacities. 
The stiffer the elements attached to the connection behave, the less the connection will rotate and the 
lower the buckling length will be. If the dx/dz-ratio is increased, or in other words, the length of the fl oor 
elements is increased, the fl oor elements will deform more and consequently rotate at their connections, 
resulting in a larger buckling length. It can also be said, that on increase of length of the fl oor elements, 
the connections will become less stiff, resulting in a behavior approximating pinned connections. 

From formula.9.17 the buckling length can be derived for different dx/dz-ratio and system length.

0.1 0.5c sys
dxl l
dz

⎛ ⎞= +⎜ ⎟
⎝ ⎠

i    with,               (formula.9.17)

l c   buckling length [mm]

sysl     system length [mm]
dx    distance between columns [mm]
dz   distance between fl oors [mm]
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Figure.9.4 Buckling length versus ratio of width between column and height between fl oors for a   
 structure with fi xed connections (number of fl oors =5, system length =7.0m)



9.1.3 Validation

The previously derived formulas can be used to determine the buckling length of vertical elements. It is 
important to keep in mind, that these formulas only give approximations of the buckling lengths, instead 
of precise numbers. Here, only two different structural systems are investigated. The results though 
are applied for all structural systems and can therefore deviate from the precise results. Hence, further 
research is recommended.

The derived formulas for the buckling length can be compared with the basic buckling modes from 
fi gure.9.1. First, the system with pinned connections at both sides is considered. From the fi gure (image 
c), it may be assumed that the buckling length is equal to the system length. From the buckling analysis 
it follows, that the buckling length is 0.9 times the system length, which is near the assumed value. A 
reduction of 10% is gained. 

When considering the system with fi xed connections at both sides from the fi gure (image b and e), a 
buckling length between 0.5 to 1.0 times the system length may be assumed. When fi lling in the derived 
formulas for different dx/dz-ratio, buckling lengths between 0.53 and 1.08 times the system length are 
retrieved. This seems to fi t the preliminary assumed values. 

9.1.4 Global stability

Previously, the stability of single elements was considered. Another type of stability is the global stability 
of a building. If a building is subjected to horizontal loading, e.g. wind, it will deform horizontally. If no, 
or insuffi cient, stabilizing elements are applied, these deformations will become very large and can cause 
the building to collapse. In order to prevent this from happening, stabilizing elements or structures are 
applied, which can divert the horizontal load into the foundation of the building. Such stabilizing elements 
or structures are portal frames, diagonal bracing, or cores. To check global stability the following conditions 
are applied for the maximum horizontal displacement:

max 500
hu =    for the entire height of the building             (formula.9.18a)

max 300
hu =    for each fl oor                (formula.9.18b)

If these conditions are exceeded, global instability is assumed.

75Simon Bolle, S.J.Bolle@gmail.com

PART II. Structural mechanics



9.2 Catenary action

An important modeling method in designing against progressive collapse, is catenary action. It describes 
the development of tensile forces in the fl oor slab due to deformations, as a consequence of the loss of 
one support for a two span fl oor slab. Signifi cant rotation capacity of the connections, as well as large 
elongation capacity is required. Hence, only systems with pinned connections are considered.

9.2.1 Calculations

Consider a two span beam with pinned connections and an equally distributed load q (see fi gure.9.5). If 
the middle support is removed (a column is removed from the model), the beams will deform under the 
applied load R, which represents the load originally supported by the middle support. A displacement w 
is noticeable.  Due to this displacement, the elements must elongate with ΔL. Since the elements will 
restrain the elongation, an axial force F will develop in the elements. Due to the displacement w, the 
orientation of the element has rotated with θ. Therefore, also the force F has rotated with θ. Hence, it 
can be split into a horizontal (H) and a vertical (V) component. The horizontal component is known as 
the membrane force. 

The two vertical components V must equal with the load R, for the system to become in equilibrium. This 
fi nal state is of interest, since then the loads can be restrained by the structure itself. To retrieve this fi nal 
state, some iterative calculations needs to be performed:

1. Start with θ = 0
2. Apply a small rotation with small increment:
  

pp y
∆∆                 (formula.9.19.2)

3. Calculate the elongation of elements ΔL:

  ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆                           (formula.9.19.3)
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Figure.9.5 2D catenary action



4. Calculate the force F in the element due to the elongation:
  LF EA

L
Δ

=                  (formula.9.19.4)

5. Calculate the displacement w:
                  (formula.9.19.5)
6. Calculate the horizontal component H:
                  (formula.9.19.6)
7. Calculate the vertical component V:
                   (formula.9.19.7)
8. Check if the system is in equilibrium:
  12V ≥R                 (formula.9.19.8)

If the last formula (9.19.8) is not valid, steps 2 till 8 must be repeated. If the last formula is valid, the fi nal 
state is reached and the occurring displacements and forces have been obtained. 

In previous considerations, no attention was given to whether or not the load capacity of the elements 
was exceeded. When considering only the linear-elastic part of the material, the element will fail if the 
maximum force it can withstand, is exceeded. Catenary action will not occur in that case. Though, when 
considering also the non-linear part of the material, an increase in strain is possible with constant load 
capacity (see fi gure.9.6). This is favourable, since an increase in strain will result in larger deformations 
and consequently smaller tensile forces. This consideration is applied in the iterative calculation. At step 4, 
the force F in the element is calculated. If this force exceeds 80% (STUFIB, 2006) of the tensile capacity 
of the element, it is assumed that the force is constant. In further iterations step 4 is omitted. There is 
also a limit to which the element can extend. From stress-strain curves a limit of approximately 25% is 
used for steel material. If this limit is exceeded, it is assumed that catenary action does not occur.

Previous theoretic considerations have to be applied in the model. First, the occurring forces and 
deformations are calculated from which it can be determined whether catenary action has occurred. 
An extra condition is applied for the deformation. Since the free space between the fl oors must not 
be smaller than 2.0 meters, in order to provide a safe evacuation of the occupants of the building 
(see chapter 6.3.2), this condition also holds for catenary action considerations. If catenary action does 
occur, forces associated with it must be applied on the structure (see fi gure.9.7). Tensile forces in the 
element will pull at the attached structure, hence two horizontal forces H are applied. The fl oors where 
catenary action develops will be restraint by rotational springs at both ends of the fl oor. The stiffness of 
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Figure.9.6 Used stress-strain curve for catenary action



the rotational spring can be calculated from formula.6.1, since the occurring displacement is known as 
well as the occurring bending moment. However, the calculated displacement from the catenary action 
calculation will slightly deviate from displacement from the FEA. This is caused by the difference in the 
bending moment. In the tool the bending moment is calculated under the assumption that the fl oor is 
totally fi xed, whereas in the FEA the fl oor is fi xed with a rotational spring. This will result in a bending 
moment which is slightly smaller than the bending moment if it where totally fi xed. Hence the rotational 
spring stiffness will be a bit larger and consequently the displacement from the FEA will be smaller 
than the displacement calculated with the catenary action calculation. The resulting displacement of the 
FEA of the fl oors where catenary action develops, can thus only be used as an estimation of the actual 
displacements. The unity checks for the fl oors where catenary action develops are not performed, since 
it is already checked whether the fl oor can withstand the occurring forces. This is incorporated in the 
calculation of the catenary action. Since also the maximum displacement of the fl oor is incorporated in 
the catenary action calculation, the displacement condition of the fl oors is checked correctly.

If two or more adjacent columns fail, the fl oor will deform different than for the case with one column 
failure. The middle fl oor will displace vertically. Since the tensile force is the same for all fl oor elements, the 
middle fl oor will also elongate. Thus, the middle nodes will displace in horizontal direction. Consequently, 
the force in the exterior fl oors will change. Hence changing the other forces and displacements as well. 
Since this will result in an elaborate calculation, the deformation of the fl oor is simplifi ed. It is assumed 
that the middle fl oor only displaces vertically and will not elongate, since the displacement in z-direction 
is much larger than in x-direction(5). The middle nodes are merged into one node and the catenary action 
is calculated similar as for one column failure (but with a higher load).

3D
With previous described determination of catenary action, only a two-dimensional confi guration was 
considered. In fact also a three-dimensional confi guration needs to be considered. This is almost similar to 
the 2D case (see fi gure.9.5). Now, a two span beam with lengths s is attached to the fl oor, in perpendicular 
direction. The rotation in direction 1 ( ) can be related to the rotation in direction 2 (

,
) with:

                 (formula.9.20.2)

(5)  From non-linear calculation the elongation of a middle element is in the order of 200 times 
smaller compared with the vertical displacement.
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Figure.9.7 Catenary action applied on model



Steps 3 till 7 can now be calculated in the same way as with the 2D case. This will result in two vertical 
forces V1 and two vertical forces V2. Step 8 can now be rewritten as:

1 22 2V V R+ =                   (formula.9.20.8)

The 3-dimensional case can only be used, if interior supports are removed with interior bay consideration. 
In other cases, the 2-dimensional calculations must be used, except if corner columns are removed. In 
that case, catenary action can not develop.

If steel elements are used, the elements itself can provide the tensile capacity to withstand the catenary 
action. If, on the other hand, concrete elements are used, the tensile capacity is very low and catenary 
action must be restraint by the reinforcing bars. In concrete building design, additional steel strips are 
added to provide for the need of extra tensile capacity, to be able to develop catenary action. Hence, it 
is recommended to add the possibility to add extra steel strips in the PCI-tool, if concrete elements are 
considered.

In previous considerations, no attention is given to the fact that the tensile forces should be transmitted 
through the adjacent structure. The forces should be restraint by the stabilizing elements. If fi gure.9.7 is 
considered, the structure is only stabilized at one side of the building and the tensile force at the left side 
can not be restraint by the surrounding structure. Hence, catenary action can not develop. Though, the 
tensile forces can be restraint by the surrounding structure in a different way. The fl oor slabs surrounding 
the deformed fl oor can transmit the forces to the stabilizing elements at the right side as well. To 
determine whether they can bear the load, 3-dimensional considerations are needed. For now, only 
2-dimensional considerations are used and it is assumed the fl oor slabs can transmit the forces. However, 
it is advised to check if this assumption is valid.
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Figure.9.8 3D Catenary action



9.2.2 Validation

The previously described calculation method in determining the forces and deformations if catenary 
action occurs, have been validated using a non-linear analysis with the FEA software (see appendix H). 
For each different steel profi le, the displacement w is calculated for different load R. This has been done, 
both with the FEA-software as with the described calculation method. The results of both methods give 
exactly the same values and thus it may be assumed that the calculation method is correct. Though, 
deviating results may be obtained, if the rotation increment is chosen incorrect. With the validations, 
a rotation increment of 0.0001 has been used, which is rather small. To decrease the calculation time, 
larger increments can be used. Hence, for different rotation increments, the displacements are calculated 
for a 3D case with HE200A beams with lengths of 4m and increasing loads. These results are graphically 
represented in fi gure.9.9. 

One of the lines represent the results of the FEA analysis. The calculated results should approach this 
line as close as possible. When the rotation increment ∆θ is 0.1, a constant displacement is found for 
changing loads. Using this rotation increment will result in large errors. When ∆θ=0.01, the retrieved 
displacements seem to fi t the FEA results. Though, they still deviate. If ∆θ=0.001, the displacement 
can be calculated with an accuracy of a few millimeters. If ∆θ=0.0001, the results are accurate within a 
millimeter. It is recommended to use a rotation increment of at least ∆θ=0.001, since also the internal 
forces are sensitive to the rotation increments. For instance if R=100kN, L=4m, s=4m, profi le=HE200A, 
for ∆θ=0.0001 is found; V1=25.0kN. Whilst for ∆θ=0.001; V1=26.5kN is found. Using ∆θ=0.001 will result 
in an error of 6%. Hence, ∆θ=0.0001 is used in the PCI-tool.
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Figure.9.9 3D Catenary action displacements with different rotation increments
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In the previous parts of this report, the tool is discussed. The calculation procedures and its principles are 
distinguished, with which the PCI can be calculated. In this part of the report, it is discussed whether the 
calculated PCI is reliable and how many iterations are needed. First, the evaluation order is discussed.

The order of element evaluation and consequently element removal, infl uences the behavior of the 
model. If an element is removed from the model, the forces will have to be redistributed to the other 
elements. For different evaluation methods, different elements can be removed. Hence, it has got great 
infl uence on the reliability of the model. Several methods can be thought of. The general methods will 
be discussed here. Probably, even more methods can be thought of but they will be similar to the ones 
discussed here.

Fixed order
The elements can be evaluated in a fi xed order. For each iteration, the same order of evaluation is used. 
A lot of different methods exist, for instance, the fl oors can be evaluated fi rst and the columns second, or 
vice versa. It is also possible to start at the bottom left column and fi nish at the most top right column, 
or vice versa. It is even possible to change the order of evaluation for the load cases for one element. 
An element can pass the unity check for one load case, but will fail at another. It is clear that a lot of 
combinations are possible. An advantage of these methods is the fast calculation, since not all elements 
have to be checked if an element fails. Though, a disadvantage of these methods is, that the failure of 
elements has not got a strong relation to the initiating event and the progressive collapse will show an 
unpredictable progression. Hence, this method seems to produce rather unreliable results. Only if the 
evaluation starts at the initial failed element and progresses to the boundaries of the building, a stronger 
relation between the initial event and propagating failures can be expected.
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Figure.10.1 Evaluation of elements in a fi xed order



Highest unity check exceedence
Another evaluation order depends on the exceedence of the stress (or: unity check). The element with 
the highest exceedence is removed. In order to properly compare the results for the different elements, it 
is important that all unity checks are written in the same way. Otherwise, the results are not comparable. 
This method shows an arbitrary order, since in advance it is not known which element will fail. An 
advantage of this method is that the relation between initial event and progressive failure of elements is 
clear, since the elements near the initial failed element will be loaded most severe. Another advantage 
(compared with multiple element removal), is that the results are rather insightful and can be easily 
checked, since each time only one element is removed. A disadvantage is the speed of calculation. Before 
it can be determined whether an element fails, all elements have to be checked. Especially when large 
structures with a lot of elements are concerned, the calculation time will be considerably larger compared 
with the fi xed order method. However, this method produces far more reliable results.
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Figure.10.2 Evaluation of elements with highest unity check exceedence



Multiple element removal
A third possible evaluation order, is the removal of all elements which exceed the unity check limit. 
This method also shows an arbitrary order, since in advance it is not known which element will fail. An 
advantage of this method is, that it will remove all elements that are expected to fail. This method is faster 
than the second method, since for an entire calculation fewer steps are needed, as multiple elements 
are removed per step. Though, this method also has got disadvantages. For instance, the progression of 
the collapse will be harder to follow since multiple elements can be removed per step. Consequently, the 
results are harder to verify, which reduces the reliability of the model.

Gradually increasing load
A fourth possible method focuses on how the load is applied on the model. With previous methods, the load 
is fully applied on the model and afterwards the elements are evaluated. This method gradually increases 
the load which is applied on the model. Simultaneously, the unity checks of all elements are evaluated. 
The load is increased until the total load is applied, or one element reaches its ultimate capacity. That 
element is removed from the model and again the load is gradually applied until another element reaches 
its ultimate capacity. If the total load is applied on the model and no element is removed, the system is 
in equilibrium. In fi gure.10.4 this method is schematically depicted. In that fi gure the load is set against 
the deformation of the structure. The load is increased, resulting in the deformation of the structure. At 
some point the ultimate load capacity of an element is exceeded, leading to the failure of that element. 
That element is removed and the load again is gradually increased until a second element fails. After 
some cycles, the structure is in equilibrium. The advantage of this method will be that the progression of 
the collapse will be clear. However, a disadvantage of this method will be the low calculation speed.
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Figure.10.3 Evaluation of elements with multiple element removal



From the four methods, the method with the highest unity check exceedence is used in the tool. The main 
reason is, that it will most probably produce reliable results and that it will clearly show the progression 
of the collapse. The method with multiple element removal or gradually increasing the load can also be 
used. On further development of the tool it can be investigated which of the methods is more reliable 
and faster. It is not advised to use the method with a fi xed order, since the reliability of that method is 
unpredictable.
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Figure.10.4 Evaluation of elements with gradually increasing load



With the tool, a PCI-value can be calculated. This value depends on the number of progressive collapses 
and the number of iterations (see formula.6.19). Hence, these parameters have got great infl uence on 
the outcome of it. Especially the number of iterations determines the result of the calculated PCI. If, for 
instance, only one iteration is performed, the resulting PCI can only be 0% or 100%, since a progressive 
collapse can occur or it can not occur. If, on the other hand two iterations are performed, the PCI can 
also be 50% (one progressive collapse and one no progressive collapse). Hence, increasing the amount 
of iterations will increase the amount of possible values for the PCI. 

By increasing the amount of iterations, an increase in accuracy is reached for the calculated PCI. Though, 
also an increase in calculation time will result. Hence, performing infi nite iterations is practically impossible. 
An optimum should be searched. Therefore, a sensitivity analysis has been performed which will be 
discussed next.

11.1 Variance and standard deviation

The analysis has been performed by repetitively running the tool. During each run, a different amount of 
iterations is chosen, namely 10, 100 and 1000 iterations. In order to investigate the spread in possible 
PCI’s, each run is repeated 10 times, so the number of simulations is 10. This will result in 10 different 
PCI’s. From these PCI’s, an average PCI can be calculated (see formula.6.20). The spread of the PCI’s can 
be indicated by the variance and the standard deviation;

2( )
( ) gem sPCI PCI

Var PCI
s
−

= ∑         (formula.11.1)

( ( )SD VAR PCI=     with,     (formula.11.2)

Var(PCI)  the variance of PCI [-]
PCIgem   the average PCI [%]
PCIs   the PCI of simulation s [%]
s   the amount of simulations [-]
SD   the standard deviation [-]

The variance and standard deviation give an indication about how much the PCI’s deviate from each 
other. Hence, a large standard deviation indicates that the PCI values differ a lot and that the calculated 
average PCI will not be accurate.

The analysis has been performed for each structural system. In each run, this resulted in 10 PCI’s, an 
average PCI, a variance, a standard deviation and a calculation time. Some of the results will be discussed 
next. For all results see appendix J.
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11.2 Average PCI

In fi gure.11.1 and 11.2 the results for the moment resistant framework and for the pinned framework 
with stability bracing are presented.

As expected, it can be seen that the range of calculated PCI-values decreases with increasing iterations(1).  
The more iterations, the more accurate the calculated average PCI will be. The average PCI converges 
to a certain value. 

(1)  Note that for the results of 10 iterations not all PCI-values are visible, since some PCI-values 
are equal. See also fi gure.J.4 in appendix J
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Figure.11.1 PCI’s of moment resistant framework with different amount of iterations including the  
 average PCI

Figure.11.2 PCI’s of pinned framework with stability bracing with different amount of iterations   
 including the average PCI



As discussed before, an increase in iterations will result in an increase in calculation time. Figure.11.3 
illustrates this.

There is a linear relation between the number of iterations and the time needed to perform all calculations. 
An increase of x times the amount of iterations, will take x times longer to fi nish. The calculation time is 
not only dependant on the number of iterations. Other important aspects infl uencing the speed of the 
calculations of the tool are for instance, the calculation speed of the computer or, the number of elements 
removed during an iteration before a progressive collapse is counted, or the amount of elements of the 
model. Hence, the calculation time showed here is only an indication of the actual calculation time.

11.3 Optimum amount of iterations

An optimum amount of iterations can be determined, when comparing the resulting PCI with the time 
needed to perform the calculations. The optimum can then be found when considering that the tool will 
be used in the early design stage, in which fast results are required. Hence, a calculation time of 1000 
minutes will not be favourable. Thus, using 1000 iterations will not be practical. On the other hand, using 
only a few iterations will not be favourable as well, since the resulting PCI then will be inaccurate. Hence, 
using only 10 iterations is also not advised. Using this consideration, the optimum lays between 10 and 
1000 iterations. 

Though, since the user determines the criteria with which the calculations should be performed, the 
optimal amount of iterations should be determined by the user. He or she should decide between fast, 
but inaccurate calculations, or slow and accurate calculations. In both cases it is important to know how 
accurate or inaccurate the results are. Useful parameters for the assessment of the accuracy are the 
variance and the standard deviation. Since these parameters give the dispersion of the PCI’s, they thus 
provide information about the accuracy. For instance, if the average PCI is 50% and the calculations 
give a standard deviation of 10, it may be expected that the PCI could also be 60% or 40%. Hence, 
with a decreasing standard deviation, an increase in accuracy can be governed. In other words, the 
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Figure.11.3 Calculation time versus number of iterations for the different structural systems



standard deviation gives a value that determines the range of inaccuracy for the PCI. The user should 
decide how much inaccuracy or standard deviation is admissible. This can then be used to determine the 
number of iterations. Beforehand, the resulting standard deviation is unknown. Therefore, the amount of 
iterations should be chosen by determining the target standard deviation, and then selecting the amount 
of iterations by using the results from the runs. The resulting standard deviation should then be smaller 
than the target standard deviation. If this is not the case, new calculations should be performed with a 
larger number of iterations.

Another important aspect in determining the optimum amount of iterations which is not covered yet, 
involves the initial damage of the structure. For each iteration one damaged structure is generated. Thus, 
if only one iteration is performed, only one possible initial damage is taken into account, resulting in a PCI 
that is meaningless. Since the sensitivity of a progressive collapse for the entire structure is investigated, 
at least each element should be removed once. Hence, the amount of elements determines the minimum 
amount of iterations that need to be performed. Performing more iterations will consequently result in a 
more accurate PCI.

Concluding, an optimum for the amount of iterations can not be given. The optimum should be determined 
by the user, who decides what criteria are important. Though, the user is assisted by providing the 
standard deviation of the PCI with which the accuracy of the result can be expressed. Also a lower bound 
for the number of iterations, determined by the amount of elements, can aid the user by choosing the 
number of iterations.
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Before the tool can be used in daily practice, a verifi cation of the tool is needed. If it will produce 
unpredictable and impossible failure modes, the tool is not suitable for daily practice, since the results 
will be unreliable. Hence the tool is tested by executing test runs. Since similar tools do not exist (besides 
the prototype tool of ir. Coenders), it is hard to say if the tool and its results are correct, since hardly any 
comparable data is available. Though, a verifi cation can be performed on whether or not the failure order 
of the elements is logic. Hence, the results of the tests are validated by looking at the failure order of the 
collapse and if it coincides with what should be expected in advance. In this chapter, only the results for 
the moment resistant framework are discussed, since these provide an irregular failure order. The failure 
order of some other structural systems is presented in appendix K. In chapter 12.5, a short comparison 
between the tests performed on ir. Coenders’ prototype tool and the current tool will be discussed.

During the development of the tool also checks have been executed to see if the calculations (e.g. 
strength or catenary action) performed are correct. The results from the tool were compared with manual 
calculations. Since the calculations already are discussed in this report, a verifi cation of those calculations 
is not given here.

12.1 General

In general, for all structural systems, the global stability of the model has got a lot of infl uence on the 
resulting fi nal stage of the model. In order to reduce calculation time, during each step an element 
is removed, the global stability is checked. If the model does not pass this check, the calculation is 
terminated before the fi nal stage of the collapse can be reached. Hence, the test runs are performed with 
and without the global stability check.

Also, the occurring of local mechanisms (or: calculation error) can have serious infl uence on the resulting 
fi nal stage of the model, for all structural systems. If a calculation error occurs, the calculations are 
terminated before the fi nal stage of the collapse can be reached. In most cases, calculation errors only 
appear after some elements have been removed. Hence, it may be assumed that a progressive collapse 
will occur. Thus it will not infl uence the calculated PCI. Though, if one is interested in the fi nal damage of 
the model, the occurring calculation error does restrict.
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Figure.12.1 Confi guration of a system with stability bracing at which a calculation error occurs



If a system with cross-bracing is considered, a calculation error occurs if a chord of the bracing at 
ground level is removed (see fi gure.12.1). The calculation is terminated and a progressive collapse is 
assumed. If this confi guration is generated initially, a progressive collapse is assumed even before more 
elements have been removed. The structure actually did not collapse, since no element is removed and 
an incorrect PCI is obtained. Though, the obtained PCI can be correct, if one considers the fact that if 
such confi guration is generated and a certain amount of fl oors is taken into account, the structure will be 
unstable. Hence, the model would not pass the global stability check if it could have been calculated. It 
thus will result in a correct PCI.

When validating the results of the runs for the moment resistant framework, several failure modes, or 
order of element removal can be seen. Three different situations will be discussed. The fi rst two situations 
show an irregular pattern in element removal. The third situation shows a failure order of elements 
that can be expected in advance. All runs are performed with steel HE300A columns and steel HE400A 
fl oors.

12.2 Situation 1

Let’s fi rst consider the damaged structure from fi gure.12.2. Beforehand, one may expect that, due to 
vertical loading, elements 13 and 16 will be removed due to high axial forces and a combination of some 
bending moment, or that elements 47, 49, 52, 54, 57, 59, 62 or 64 will be removed due to high bending 
moments. Though, the tool will remove element 31. At fi rst sight, it seems as if an error occurs in the tool. 
In order to check if that is the case, at fi rst the unity checks are validated by manual calculations. 

The internal forces are extracted from the FEA and the unity checks are calculated (see appendix K.4). 
From this calculation, it also follows that element 31 is loaded most severe and thus should be removed 
from the model fi rst. This can be a coincidence, hence the resulting unity checks, carried out by the 
tool, are compared with the results from the manual unity checks. In both cases, the results coincide. 
Apparently, numerically the tool works correct.
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Figure.12.2 Situation 1: Initial generated damaged model with moment resistant framework



Another reason for the unexpected element removal can be that the calculated forces are incorrect. 
Hence, these have to be validated as well. A fi rst check has been carried out by viewing the sum of 
the total loads and reactions. These should be 0, which is the case. Then, the occurring forces and 
deformations (see fi gure.12.3) are investigated. 

Especially the forces and deformations in the top left corner of the model are of interest. Due to the removal 
of two elements, in that top left corner, in fact a very high beam is generated which can be modeled as 
shown in fi gure.12.4. Comparing the resulting forces and deformations, they roughly coincide. 
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Figure.12.3 Situation 1: Occuring forces and deformations for the damaged model calculated by GSA

a. Bending moments b. Axial forces

c. Deformations

Figure.12.4 Situation 1: Simplifi cation of the damaged model



Though, using this simplifi cation neglects the occurring of shear behavior in very high beams. Hence, 
a fi nal validation is performed by modeling the structure as shown in fi gure.12.5 and calculate it with 
another FEA-program(1).

Comparing the results from the calculations of GSA, with the results from the calculations with Matrixframe, 
shows that the shapes of the bending moment lines, axial force lines and deformation lines are the same. 
Hence, it may be expected that the calculated forces and deformations by GSA will be correct.

Apparently, the tool and the FEA both work correct, but still it is unclear why element 31 is removed 
from the model. The unity checks provide more insight into that question. The unity checks consist of a 
combination of an axial check and a bending moment check. Looking at both components separately, the 
failure of the elements mostly depends on the bending moment part of the check. The elements consist 
large axial force capacity, but low resistance considering the bending moment. Evaluating the unity 
checks for the undamaged structure will show that the bending moment part will be largest for the facade 
columns at the top fl oor. Hence, if elements are removed from the model, the bending moments will 
increase, causing the components for the bending moment to increase as well. Since, these are governing 
in removing an element from the model, the facade elements at the top fl oor are most sensitive to be 
removed fi rst. Thus, avoiding these elements to fail, can be done by increasing the bending moment 
capacity for those elements.

Although at fi rst sight the removed element seems incorrect, the tool removes the correct element 
from the model. Numerically the tool thus works correct. Though, the propagation of the failures still is 
discussable. The resulting failure order of the elements, in this situation, is not very logic (see fi gure.12.6). 

(1)  MatrixFrame4.0.1 studentenversie
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Figure.12.5 Situation 1: Occuring forces and deformations for the damaged model calculated   
 by MatrixFrame

a. Simplifi ed model b. Bending moments

d. Deformationsc. Axial forces



As can be seen, after some elements have been removed, the failure of elements suddenly propagates to 
the other side of the building, which is unexpected, since the left part of the building already is severely 
damaged. It thus results in an irregular propagation of failures. Thus, although the removal of elements 
is numerically correct, in practical sense it is not. 

Fortunately, the method of element removal only has minor infl uence on the resulting PCI, since if one 
element is removed, most probably more elements will be removed and a progressive collapse is counted. 
This is especially the case for this type of initial situations. Though, if also information about how the 
building will collapse is needed, the current propagation of element removal will not be suitable. Hence, 
the method in element removal should be reviewed in further development of the tool.

12.3 Situation 2
 
In the second situation, the initial damaged model from fi gure.12.7 is generated. Beforehand, it may be 
expected that, due to vertical loading, element 10 will be removed due to a combination of high axial 
loading and bending moment, or that element 45, 50, 55, 60 or 65 will be removed due to high bending 
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Figure.12.6 Situation 1: Failure order of elements with moment resistant framework

a. initial b. step 1 c. step 2

d. step 3 e. step 4 f. step 5

g. step 6 h. step 7 i. step 8

k. fi nalj. step 9



moments. Though, element 17 will be removed. Again, it seems as if an error occurs in the tool. In order 
to validate this, the same checks as in situation 1 are performed. First, the unity checks are calculated 
manually (see appendix K.4), then the resulting forces and deformations are validated by checking the 
sum of the total loads and reactions. In both cases no deviating results are gained. Therefore, the model 
is simplifi ed and calculated and compared with other FEA-software. 
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Figure.12.7 Situation 2: Initial generated damaged model with moment resistant framework

Figure.12.8 Situation 2: Occuring forces and deformations for the damaged model calculated by GSA

a. Bending moments b. Axial forces

c. Deformations



Especially the forces and deformations in the top right corner of the model are of interest. Due to the 
removal of two elements, in that top right corner in fact a very high cantilever beam is generated, which 
can be modeled as shown in fi gure.12.9. This model is analyzed with other FEA-software and the resulting 
forces and deformations are compared.

Comparing the results from the calculations of GSA, with the results from the calculations with Matrixframe 
shows that the shapes of the bending moment lines, axial force lines and deformation lines are the same. 
Hence, it may be expected that the calculated forces and deformations by GSA will be correct.

Apparently, the tool and the FEA both work correct for this situation as well, but still it is unclear why 
element 17 is removed from the model. Investigation into the separate components of the unity checks 
can provide more information. Looking at the components for element 17 in the undamaged model, 
shows that the axial force component is governing. Though, when considering the damaged model, the 
bending moment component will be governing. Due to the loss of vertical supports, the vertical loads 
are no longer carried by axial forces, but by bending and shear. Especially due to the shear deformation 
and the moment resistant connections of the elements, the columns will mostly be loaded with bending 
moments. Since the columns consist large axial force capacity, but low resistance considering bending 
moment, they will be vulnerable to large bending moments.
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Figure.12.9 Situation 2: Occuring forces and deformations for the damaged model calculated   
 by MatrixFrame

a. Simplifi ed model b. Bending moments

d. Deformationsc. Axial forces



For this situation, again, at fi rst sight the removed element seems incorrect, though the tool removes the 
correct element from the model. Numerically the tool thus works correct. The propagation of the failures 
still is discussable. The resulting failure order of the elements in this situation, although more logic than 
in previous situation, it still is not very logic (see fi gure.12.10). 

As can be seen, the propagation of failures moves upward instead of downward, which is unexpected. 
Thus, also for this situation, although the removal of elements is numerically correct, in practical sense 
it is not.
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Figure.12.10 Situation 2: Failure order of elements with moment resistant framework

a. initial b. step 1 c. step 2

d. step 3 e. step 4 f. step 5

g. step 6 h. step 7 i. step 8

k. fi nal



12.4 Situation 3
 

For this particular situation, in advance, one can expect that element 66 will fail fi rst due to large bending 
moments. After element 66 has been removed from the model, most probably element 56 or 24 will fail. 
Since two upper fl oors have failed, extra load is applied on element 56. Hence, element 56 has to bear 
an additional bending moment and element 24 has to bear an additional axial force. Due to previous 
experience, element 24 will also be loaded with an additional bending moment, due to the moment 
resistant connection between the fl oor and the column. Therefore, it can be expected that element 24 
will be the second element that fails. After element 24 is removed, it can be expected that element 56 will 
fail. This cycle of failures will continue, until the last element from the left bay is removed. Figure.12.12 
shows the order of element removal calculated by the tool. As can be seen, the expected propagation of 
failures coincides with the calculated propagation of failures.

Although this situation shows a logic failure order, even in this situation it can be discussed if it is the right 
failure order. After some fl oors have been removed, the impact load on the fl oors will be very high. The 
axial forces in the columns, at both sides of the fl oors, will then also be signifi cantly higher than in the 
undamaged state of the model. This means that, at some point during the collapse, also the columns at 
the left side of the bay will be loaded far above their capacities. Hence, these elements will also fail in a 
real situation. Thus, for all results of the propagation of failures, one has to take in mind that the results 
are only an indication about how a building can collapse, but can not show the actual collapse as it would 
occur in reality.
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Figure.12.11 Situation 3: Initial generated damaged model with moment resistant framework



12.5 Comparing PCI’s

A last check that can be performed in validating the results of the tool, is comparing the PCI’s of the 
different structural systems. For each case, in advance, it can be estimated if a system is more sensitive 
or less sensitive to a progressive collapse. For instance, the moment resistant framework with stability 
bracing, will be less sensitive than the moment resistant framework. This will also be the case for the 
moment resistant framework with stability bracing and outrigger, and the moment resistant framework 
with stability bracing. In advance, the following ranking can be estimated for the PCI for the moment 
resistant connections (from highest PCI to lowest PCI);
1. Moment resistant framework (system 1)
2. Moment resistant framework with stability bracing (system 2)
3. Moment resistant framework with stability bracing and outrigger (system 3)
In advance, the following ranking can be estimated for the PCI for the pinned connections (from highest 
PCI to lowest PCI);
1. Pinned framework with stability bracing (system 4)
2. Pinned framework with stability bracing and outrigger (system 5)
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Figure.12.12 Situation 3: Failure order of elements with moment resistant framework

a. initial b. step 1 c. step 2

d. step 3 e. step 4 f. step 5

g. step 6 h. step 7 i. step 8

k. fi nal



In advance, the following ranking can be estimated for the PCI for the systems with a stabilizing core 
(from highest PCI to lowest PCI);
1. Pinned framework with stabilizing core (system 6)
2. Pinned framework with stabilizing core and fl oors fi xed to core (system 7)
3. Pinned framework with stabilizing core and outrigger (system 8)

In fi gure.12.13 the calculated PCI’s for the different systems are shown. What can be seen, is that when 
comparing the estimated ranking of the PCI’s and the calculated PCI’s, they match. The only thing that 
can be concluded from this, is that globally the tool generates correct results. Whether or not the values 
are correct, can not be said since enough comparable data is not available. 

The only comparable data can be retrieved from tests on ir. Coenders’ prototype tool (Coenders & 
Wagemans, 2005). The test was performed with 1000 iterations and 100 simulations for system 1 and 3 
(but with 4 columns and 5 fl oors). For system 1 the PCI was 9.73% and for system 3 the PCI was 2.10%. 
Comparing this data with the current tool shows that the results of the current tool are slightly higher 
(18.28% and 8.9% resp.). This can be explained by the fact that the amount of columns and fl oors is 
not the same for both cases and the sectional properties are different. Hence, the absolute values will 
differ. Comparing the relative values of both tests shows that in both cases system 3 will be signifi cantly 
less sensitive to a progressive collapse. From this, again it can be concluded that in general the results 
are correct.

The systems with moment resistant connections (systems 1, 2 and 3) behave better considering a 
progressive collapse, compared with the other structural systems. Especially the pinned framework with 
stability bracing (system 4) is very vulnerable to a progressive collapse. Applying an outrigger (system 5) 
shows very effective for that system, since it reduces the sensitivity with a factor 2. Though, compared 
with the systems with moment resistant connections, it will still be twice as sensitive to a progressive 
collapse. Also for the other systems, applying an outrigger (system 3 and 8) is very effective and will 
reduce the sensitivity of a progressive collapse approximately by a factor 2.
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Figure.12.13 Average PCI’s for the different structural systems       
 (1000 iterations and 10 simulations, 6 columns: HE300A, 6 fl oors: HE400A)



PART IV. Usability and discussion
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In previous parts of this report, it is discussed how the tool works and how the PCI is calculated. So far, 
no attention is given what should be done with this PCI. The PCI is a value that provides the sensitivity 
of a structure concerning progressive collapse, instead of the chance of failure of a building, but how 
can that be used? As already discussed in the introduction, the value itself is meaningless as it does not 
tell us whether for instance a PCI of 10% is good or bad. When verifying a design, the engineer wants 
to know if the design is safe or unsafe. The PCI can aid in this verifi cation when comparing the PCI for a 
designed structure with other structures.(1) There can be thought of different methods in using the PCI. 
This will be discussed in this chapter.

13.1 Specifi c comparison

The PCI of a designed building can be compared with a specifi c construction system. This is a specifi c 
comparison. The PCI of a designed building, is then compared with the PCI of a structural system. After 
this comparison, it can be determined if the design is satisfying or if it should be adjusted. There are two 
possible approaches. 

PCI --> Construction system
With this method, at fi rst the PCI of a designed structure is calculated. For each structural system different 
PCI’s can be calculated in advance. The PCI of the designed building then can be compared with the PCI’s 
of the different systems. The system which PCI is closest to the PCI of the design, can then be selected. 
Now, it is known which specifi c system matches the design best. For each specifi c design the weaknesses 
and strengths can be known to prevent a progressive collapse. Hence, the weaknesses and strengths for 
the designed building can be known and the appropriate measures can be taken. Although this method 
seems rather simple, it will not be good applicable. First of all, the comparison will be uncorrelated, 
since a lot of parameters will infl uence the result of the PCI, like the spans, element lengths, profi les etc. 
This can be overcome by making a lot of calculations for different parameters in advance. These can be 
presented in tables, from which the right PCI’s can be read. A second, and perhaps bigger, disadvantage 
is the relation between the weaknesses and strengths of the design and specifi c system. If a PCI of a 
designed building matches a PCI of a specifi c system, it does not automatically tell what elements should 
be adjusted or where the weak spots are. A lot of the decisions will still depend on the judgment of the 
user. The PCI does not provide the user a lot of extra information, since he or she could also match 
its designed building to a specifi c system by looking at the static indeterminacy of the systems. Hence 
another approach seems to be more effective. 

Construction system --> PCI
With this method, the designed building will be matched to a specifi c system by looking at the static 
indeterminacy. Then, the PCI of the designed building is compared with the PCI of that specifi c system. 
Hence, two calculations are needed, one for the design and one for the specifi c system. The different 
parameters should be similar in both calculations. If both PCI’s are known, they can be compared. If 
the PCI of the design is larger than the PCI of the specifi c system, it can be said that the design is more 
sensitive to a progressive collapse and that adjustments are needed. If, on the other hand, the PCI of the 
design is lower than the PCI of the specifi c system, the sensitivity to progressive collapse is lower and no 
further adjustments are needed. This approach seems better applicable in daily practice, since it clearly 
states whether the design is safe or unsafe. Though, the disadvantage of this method is that the result 

(1)  Note that the tool is a completion on the current verifi cation methods of a design and is not 
the only method to verify the design on structural safety
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only shows that the design is more, or less sensitive to progressive collapse, compared with another 
system. But the design could still be very sensitive to progressive collapse, if the specifi c system to which 
it is compared is also very sensitive. Hence, an upper bound for the PCI is needed.  

13.2 General comparison

Another method to value the PCI, next to the specifi c comparison, is the general comparison. This 
method does not make any distinction between the different structural systems. An upper bound for 
the PCI is determined, to which the PCI of a design is compared. If the PCI of the designed building is 
higher than this upper bound, the design should be adjusted. If it is lower, no adjustments are needed. 
The disadvantage of this approach is that an upper bound for the PCI is hard to give since, as discussed 
before, the value is not the chance of a progressive collapse, but provides the sensitivity to progressive 
collapse. 

When looking at the calculation of the PCI (formula.6.20), it is determined from the amount of progressive 
collapses and the amount of calculations. Considering article 5.3.3 of the Dutch NEN6700: ‘Building 
structures should be designed in such a manner that failure of a part of the structure does not lead 
to disproportionate damage.’ (NNI, 2005) it is clear that a progressive collapse may not occur for any 
building. In recent design practice, this statement is checked by removing single elements from the 
design and subsequently calculate if the building fails. In each calculation, a different element is removed 
until all elements have been removed once. If, at one of the calculations, the building fails, adjustments 
are needed. Translating this to the tool, the PCI should always be 0, since it is the ratio of the amount 
of progressive collapses and the amount of calculations. Though, there is a difference between the 
traditional method and the method of the tool. In the traditional method, single elements are removed, 
wherein in the tool, multiple elements can be removed at once. Hence, fi xing the upper boundary for the 
PCI on 0 will be too strict. 

A proper judgment on the upper bound for the PCI can only be given by applying the tool to a lot of 
case studies. These cases should consist of buildings which failed progressively, as well as undamaged 
buildings. This will result in a value for the PCI at which it is safe to say the design will not fail. If the upper 
bound is known, it can be used in combination with the specifi c comparison: Construction system-->PCI. 
Then, a proper judgment can be made whether a design should be adjusted or not.
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In previous chapters, the progressive collapse indicator has been discussed and the applied improvements 
have been explained. The fi nal tool is less crude than the original prototype and it does describe a 
progressive collapse. Though, there can be some comments on the methods, failure criteria and 
assumptions used. These will be discussed here. Also, some other improvements to make the tool even 
more usable and accurate will be discussed. Several assumptions had to be made to make quick and 
relative simple calculations possible. Though, as a consequence of each assumption the accuracy of the 
tool is decreased. Some of these assumptions are presented here(1):

Young’s modulus concrete
The Young’s modulus depends on the age and loading of the concrete. The Young’s modulus for C35/45 
is 2 times bigger for uncracked concrete compared with cracked concrete. Hence, choosing the wrong 
value can lead to signifi cant inaccuracies. For the tool, the default values are used which differ 16% with 
the actual values. Hence, user specifi ed values should be used.

Initial failure chance for elements
These values are assumed to be equal for each event. However, the chance of failure due to a car impact 
is different from that of a bomb explosion. Therefore, the ratio between the chances of the events 
will be different. This will cause some elements to fail more often than they would in reality. Extensive 
investigation is needed to come up with reasonable values for the chances of the events.

Amplifi cation factor for impact loading
The amplifi cation factor to transform the static load into an impact load is assumed to be 2.0. This value 
is gained from American building regulations, but how they have come up with that specifi c value could 
not be retrieved. There are a lot of infl uencing parameters that may change this value like, the height of 
the falling load and the area of impact. These are not taken into account. Hence, the dynamic load will 
be rather inaccurate. Extensive investigation is needed on this topic.

Maximum strain for steel elements considering catenary action
The maximum strain for steel is assumed to be 25%. This is a rather high value, but since the second 
criterion for catenary action is that the displacement should be smaller than the maximum allowable 
displacement, this value will not be reached. Most importantly, the connection should be able to resist 
the elongation and rotation of the fl oor. By applying this high strain, it is assumed the connection can 
withstand the deformations. Though, it should be calculated if this is true.

Complete failure of elements
Partial failure, or a reduction of the load capacity of elements, is not incorporated in the model. In reality, 
elements will not fail in an orderly fashion, but they will fail only partially or will loose some strength. 
Hence, the modeled failure will only be a theoretic representation. It is also assumed that if an element 
has failed, the entire load will remain inside the building, whereas in reality also some parts will fall 
outside the building. 

(1)  Note that even more assumptions/simplifi cations have been made, but only the most impor-
tant ones are discussed here.
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Calculation procedure with 2 phases
In order to avoid local mechanisms, a calculation procedure with springs and 2 phases is developed. 
This procedure is rather cumbersome. Extra calculations are needed and some of the results can not be 
used. The procedure can be sensitive to errors. It is preferable not to change the original system but to 
calculate the forces directly. Hence, another method should be developed.

Schematic representation of structural systems
The schematic representation of structural systems is a simplifi cation of the real situation. The connections 
between elements can never be completely pinned or completely fi xed. Hence, the gained results will 
deviate from the real situation. The connections between the elements would better be represented by 
rotational springs.

Evaluation order of elements
The evaluation order determines how the progression of failures will develop in the structure. Single 
element removal is used, but in reality multiple elements may fail at once. It should be investigated if 
better results are gained, if in stead of a single element removal method, a multiple element removal 
method, or a gradually load increasing method is used.

Determination buckling length
For the determination of the buckling length of columns, some simplifi cations had to be made. For 
instance, the surrounding elements will have an effect on the buckling length of a single element. Some 
research has been done on this subject to gain more accurate results for the buckling lengths. Although, 
this is an improvement on the basic buckling modes, it still has got some uncertainties, like the stiffness 
of the surrounding structure. Hence, further investigation should be performed to increase accuracy. 
Another simplifi cation infl uencing the results, is that only lateral buckling of columns is accounted for. 
However, also torsional buckling of the beams should be calculated. Adding that calculation, will improve 
the reliability of the results.

Catenary action calculation
With the catenary action calculation, several assumptions have been made. Only the axial forces are 
considered. Intermediate failure of the fl oor due to shear forces and bending moment is disregarded. 
Directly after the failure of a column, the forces in the fl oors will be redistributed. Since the catenary 
action has not fully developed yet, the forces will not only be redistributed by axial forces but also by 
shear forces and bending moments. The combination of these forces can overload the fl oor and can 
cause it to fail before the catenary action has fully developed. In a real situation this of course can occur 
and thus this should be implemented in further developments of the tool.

Unity checks
The calculations of the capacities and consequently the unity checks of the elements are not entirely 
complete. For all elements, only the axial forces, bending moments and/ or a combination of both are 
checked. These forces have the biggest infl uence on the failure of the elements. Though, also the shear 
forces should be considered. For instance, in concrete beam elements, shear reinforcement is needed, 
especially near the supports. If insuffi cient reinforcement is applied, the beam will fail near the support, 
hence causing the entire element to fail. Therefore, also shear forces should be considered in the unity 
checks.
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2D-calculation
One of the starting points for the development of the tool, was that only 2-dimensional calculations were 
considered. This limits the accuracy of the results of the tool. The load bearing capacities of real buildings 
are not limited to 2 dimensions, but will be reliant on the 3-dimensional confi guration. Hence, the results 
will deviate from that of a real situation if only 2 dimensions are considered. Due to 2D considerations, 
also some assumptions have to be made. For instance, with the calculation of catenary action in the 
fl oors, it had to be assumed that the tensile forces, resulting from the catenary action can be restraint 
by the adjacent fl oors. In a 3-dimensional calculation this can be checked, hence leading to more reliable 
results.

Linear calculation
Another starting point for the development of the tool was that only geometric linear calculations and 
linear-elastic calculations were considered. These calculations will be less accurate, compared with non-
linear calculations. Geometric linear calculations can only be applied if small rotations are considered. But, 
since large rotations will develop in a progressive collapse, this condition will not apply anymore, resulting 
in slightly deviating results. Also linear-elastic calculations limit the abilities of the tool. If also non-linear 
material behavior is considered, it will describe the real behavior of the material better. Also an increased 
load capacity is possible with increasing strains for steel. This is in a way incorporated in the calculations 
for catenary action, but it could also be used for the strength calculations of all the elements.

The previously given comments on the reliability of the tool, all depend on how accurate a certain method 
or assumption is. Some structural behavior had to be modeled, to be able to calculate the PCI of a 
structure. For each aspect, the model will deviate from the real situation, making the tool less accurate. 
Though, it has to be considered that the tool should be used for designs in the early design stage. In that 
stage, not all aspects are known yet, giving the design a certain inaccuracy. Hence, it is not incorrect if 
the tool also has got some inaccuracy of the same order. Though, if the tool should also be used for fi nal 
designs, the inaccuracies and uncertainties should be limited.

Besides improvements that can make the tool more accurate, also an important improvement to make the 
tool more usable can be made. Since the tool should be used to validate the users own design, he or she 
should be able to insert that design into the tool. For now, only the basic structural systems, described 
in this report, can be calculated. The tool should thus be adjusted to import external fi les and calculate 
these.
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In the introduction, the Master’s project aim has been given. Refi nement of ir. Coenders’ prototype tool 
is pursued. Some of this refi nement has been mentioned explicitly, namely a chain reaction of failures, 
debris loading and distribution of chances of initiating events.

The fi rst implementation on the prototype, was the distribution of chances of initiating events. This • 
can be seen as an improvement on the prototype, since a realistic initial damaged can be generated. 
Especially when comparing it with the traditional calculation method (remove every element once), 
this is an improvement, because an initial damage is not limited to only one column. 

Since the possible causes of the initiating events are taken into account, the total collapse resistance • 
of the building is calculated, instead of only the robustness. This makes the tool very usable in the 
early design stage. Hence, it can be concluded that this implementation increases the quality of the 
tool.

The second implementation was the chain reaction of failures. This is an important aspect in a • 
progressive collapse. Hence, it is clear that due to this implementation, a progressive collapse is 
described more accurate compared with the prototype.      

The method which determines what element is removed from the model, has got great infl uence on • 
the progression of the failures and thus on the resulting progressive collapse. Methods which uses 
a fi xed order of element evaluation (e.g. from left bottom to right top) are not suitable. Evaluation 
methods which verify all elements before making a decision what element to remove need to be 
used. 

The single element removal with the highest unity check is used and gives good results for most • 
cases. Though, since the propagation of element removal not always leads to logic results, they 
should be used with care. For all results of the propagation of failures, one has to take in mind that 
the results are only an indication about how a building can collapse. A lot more possible failure modes 
are possible depending on building imperfections. The tool thus can not show the actual collapse as 
it would occur in reality.

If the actual propagating collapse is of interest, other methods should be used. For instance the • 
removal of multiple elements at once, or by gradually reducing the strength and stiffness of elements 
(element softening), are such methods that can be investigated on further research.

Although the propagation of failure of elements not always is logic, the resulting PCI will still be • 
reliable, since the PCI is almost independent from the order of element removal.   

The third implementation was the debris loading. An amplifi cation factor is used to transform the • 
static load into a dynamic load. This works correct with systems with moment resistant connections, 
where the impact loads are applied on the fl oors. Though, if systems with pinned connections are 
concerned, the impact loads are applied as point loads on the columns. During the verifi cation of 
the tool, no column under the impact load was removed. Apparently, the impact load, and thus the 
amplifi cation factor, was chosen too small.
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Another implementation, that also has been made, was the calculation of catenary action. This is • 
a signifi cant improvement on the prototype. Catenary action is an important method in designing 
against progressive collapse. This clearly results when running the tool, with and without, taking 
catenary action into account. The resulting PCI with catenary action then will be signifi cantly lower, 
compared with the PCI without catenary action. Though, some assumptions can cause the calculation 
to differ from reality. Hence, these assumptions should be further developed. 

The occurring of local mechanisms during the calculation process has been tried to minimize. Since • 
these cause the counting of a progressive collapse, every avoided local mechanism is an improvement 
on the tool. Some unforeseeable local mechanisms can occur. Eliminating those mechanisms on 
further development will therefore increase the accuracy of the calculated PCI.

The current tool can not be used in daily practice yet, since the user can not insert his or her design • 
into the tool. This is one of the most important future improvements before the tool is practically 
usable. At this point PCI’s for 8 different structural systems can be calculated and compared.

Although the PCI is represented as a percentage, it does not provide the chance of a progressive • 
collapse for the building and it must thus not be used as such. The PCI gives an indication of the 
sensitivity of a building concerning progressive collapse and it should be used to compare different 
designs.

Finally, it can be concluded that the developed tool is improved compared with the prototype. It • 
describes a progressive collapse, in which all aspects of the collapse resistance are considered; initial 
failure or initial damage, progression or chain reaction of failures, and disproportionate fi nal damage. 
Still, more implementations are recommended. If these are implemented into the tool, it will be a 
useful complementation for the structural engineer concerning progressive collapse. 
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The discussed tool in this report, is an improvement on the initial proposed prototype. Although the tool 
covers a lot of aspects from a progressive collapse, the tool is not completely fi nished and can not be 
used in daily practice yet. Improvements are needed to accomplish that. Some of these improvements 
are based on the assumptions that have been made. Other improvements are related to expanding 
the features of the tool. Most of the improvements are explained in chapter 14 of this report and it is 
recommended to implement those into the tool to improve it. Other improvements and recommendations 
consider the following aspects;

The most important improvement to make the tool suitable for daily practice is the implementation • 
of the feature to input a user’s design. Without this feature, one can only compare preset structures. 
Hence, this should be the fi rst step towards a better usability of the tool. To achieve this, instead of 
considering specifi c cases separately, the source code of the tool should be programmed as general 
as possible, to be able to calculate all possible confi gurations.

As a second improvement to make the tool more reliable and accurate, it is recommended to • 
thoroughly investigate the methods in element evaluation and removal. As discussed, the methods 
infl uence the propagation of the element removal and thus the progressive collapse. The methods 
with single element removal have been investigated, but it is also advised to consider other possible 
methods, like for instance, the removal of multiple elements or, gradually decreasing the strength and 
stiffness of elements, or gradually increasing the load.

Before the tool actually can be used in daily practice, the utility of the PCI value needs to be clearly • 
distinguished. It is discussed that the PCI’s of different systems or designs can be compared, in 
order to know if a design is more sensitive to progressive collapse or not, but it is not known if that 
design is safe. Hence, it is recommended to investigate when a design meets the progressive collapse 
requirements, based on the PCI value. An upper bound for the PCI should be found. This can be 
achieved by using the tool with some case studies, in which a progressive collapse occurred and 
where no progressive collapse occurred. Comparing that data can provide more information about 
the usability of the PCI.

Since the tool can identify if a progressive collapse occurs, with a certain initial damage, the tool • 
can also be used the other way around. If a progressive collapse is assumed, the initial failure of 
elements that will cause this progressive collapse, can be found. In other words, the tool can then 
indicate what elements should be removed initially, to cause a progressive collapse. This ‘terrorist’ or 
‘demolition’ approach can be used when designing against progressive collapse, since it will indicate 
what elements (key elements) need to be adjusted, to avoid a progressive collapse. Hence, it is 
recommended to implement this feature into the tool, since it can aid the user in designing against 
progressive collapse.

In the report, a lot of improvements on the methods, failure criteria and assumptions used, that • 
can be made on the tool, are discussed. Although individually they all will improve the tool, it is not 
recommended to implement them all. It is important to consider, that the purpose of the tool is to 
aid the engineer in the early design stage, in which not every aspect of the design is fully developed. 
Some uncertainties are still present, making it less accurate. Hence, making the tool very accurate will 
be useless. Also, increasing the amount of features of the tool, can cause a decrease in calculation 
speed making the tool less usable. Hence, for every implementation or improvement on the tool, it 
is recommended to consider, if and how, it will improve the tool and how much it will aid the user.
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Finally, since a lot of calculations are performed during a run of the tool, which are not directly • 
accessible for the user, it is important to clearly report all information about these calculations. 
To avoid the tool becoming a ‘black-box’, it is recommended to maintain a manual in which the 
calculations are discussed and in which future improvements are explained. This report can be the 
fi rst version of the manual. It is also recommended to validate the results after each run since bugs 
can occur. Saving the GSA-fi les, for every iteration, can provide useful information. Checking the 
order of element removal can also be an effective method in validating the results, but currently can 
be an elaborate task. Hence, it is recommended to implement the ability to create a graphical view 
about the propagation of the collapse.
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Figure.1.1 Collapse of Ronan Point 
 [Source: http://www.911review.com (left), http://www.bdonline.co.uk (right)]
Figure.1.2 Proposed progressive collapse indicator tool
Figure.2.1 Terms in context of progressive collapse [Source: (Starossek&Haberland, 2008)] 
Figure.3.1 Pancake type collapse [Source: http://www.911review.com]
Figure.3.2 Zipper type collapse; Tacoma Narrows Bridge [Source: http://www.jalopnik.com]
Figure.3.3 Domino type collapse; Overturning offi ce building in Manila impacting adjacent apartment  
 building [Source: http://www.archidose.org]
Figure.3.4 Instability type collapse; Buckling of a pipe line [Source: http://www.mech.uwa.edu.au]
Figure.3.5 Instability type collapse; Buckling of a pipe line [Source: http:// www.mie.uth.gr]
Figure.3.6 Murrah Federal Building after the bombing in 1995 [Source: http://www.911review.com]
Figure.4.1 Vehicular impact (Source: NIST,2007)
Figure.4.2 Blast loading (Source: NIST,2007)
Table.4.1 Initiating events and mitigating measures
Figure.5.1 Initiating event applied on the model for accidental impact (pi=1%)
Figure.5.3 Initiating events applied on the model with mitigating measure: traffi c barrier
Figure.5.4 Initiating events applied on the model for pi=1%
Figure.5.5 Gaussian curve applied on the model
Figure.6.1 Simplifi ed generator (top) and resulting generated model (bottom)
Figure.6.2 New generator
Figure.6.3 Moment resistant framework
Figure.6.4 Moment resistant framework with stability bracing
Figure.6.5 Moment resistant framework with stability bracing and outrigger
Figure.6.6 Pinned framework with stability bracing
Figure.6.7 Phase 1: load distribution directly after the initial failure
Figure.6.8 Phase 1: rotational springs
Figure.6.7 Phase 2: deformed shape of the structure (without catenary action)
Figure.6.8 Phase 2: translational spring applied on the model
Figure.6.9 A translational spring
Figure.6.10 Force subjected to translational spring in phase 2 (without catenary action):    
 failure of exterior column (left), failure of interior column (right)
Figure.6.11 Flowchart of calculation process with 2 phases
Figure.6.12 Pinned framework with stability bracing and outrigger
Figure.6.13 Pinned framework with stabilizing core
Figure.6.14 Pinned framework with stabilizing core and fl oors fi xed to core
Figure.6.15 Pinned framework with stabilizing core and outrigger
Figure.6.16 Load distribution of fl oors: 
 a. Conservative (left),     b. Hillerborg’s strip method (right).
Figure.6.17 Loads on beam
Figure.6.18 Occuring of a calculation error if two separate structures are generated
Figure.6.19 Avoiding a local mechanism by removing an unsupported element at one side and simply  
 supported at the other side
Figure.6.20 Occuring local mechanism if a fl oor is removed under horizontal loading
Figure.6.21 Occuring bending moments if one column fails for a system with fi xed connections
Figure.6.22 Occuring deformations if one column fails for a system with fi xed connections
Figure.6.23 Schematic representation of the tool with iterations and simulations
Figure.7.1 Maximum allowable collapse area provided by GSA guidelines. [source: (GSA,2003)]
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Table.7.1 Quantifi cation of disproportionate damage in various standards
Figure.7.2 Schematic representation of the tool including iterative calculations
Figure.8.1 Debris loading
Figure.8.2 Floor impact load
Figure.8.3 Example of impact loads on deformed structure with pinned connections after multiple  
 columns have failed
Figure.9.1 Some basic buckling modes (Hartsuijker, 2000)
Figure.9.2 Buckling length analysis
Figure.9.3 Buckling length versus ratio of width between column and height between fl oors for a   
 structure with pinned connections (system length =7.0m)
Figure.9.4 Buckling length versus ratio of width between column and height between fl oors for a   
 structure with fi xed connections (number of fl oors =5, system length =7.0m)
Figure.9.5 2D catenary action
Figure.9.6 Used stress-strain curve for catenary action
Figure.9.7 Catenary action applied on model
Figure.9.8 3D Catenary action
Figure.9.9 3D Catenary action displacements with different rotation increments
Figure.10.1 Evaluation of elements in a fi xed order
Figure.10.2 Evaluation of elements with highest unity check exceedence
Figure.10.3 Evaluation of elements with multiple element removal
Figure.10.4 Evaluation of elements with gradually increasing load
Figure.11.1 PCI’s of moment resistant framework with different amount of iterations including the  
 average PCI
Figure.11.2 PCI’s of pinned framework with stability bracing with different amount of iterations   
 including the average PCI
Figure.11.3 Calculation time versus number of iterations for the different structural systems
Figure.12.1 Confi guration of a system with stability bracing at which a calculation error occurs
Figure.12.2 Situation 1: Initial generated damaged model with moment resistant framework
Figure.12.3 Situation 1: Occuring forces and deformations for the damaged model calculated by GSA
Figure.12.5 Situation 1: Occuring forces and deformations for the damaged model calculated   
 by MatrixFrame
Figure.12.6 Situation 1: Failure order of elements with moment resistant framework
Figure.12.7 Situation 2: Initial generated damaged model with moment resistant framework
Figure.12.8 Situation 2: Occuring forces and deformations for the damaged model calculated by GSA
Figure.12.9 Situation 2: Occuring forces and deformations for the damaged model calculated   
 by MatrixFrame
Figure.12.10 Situation 2: Failure order of elements with moment resistant framework
Figure.12.11 Situation 3: Initial generated damaged model with moment resistant framework
Figure.12.12 Situation 3: Failure order of elements with moment resistant framework
Figure.12.13 Average PCI’s for the different structural systems       
 (1000 iterations and 10 simulations, columns HE300A, fl oors HE400A)

CXVSimon Bolle, S.J.Bolle@gmail.com

Appendices



( ) ( | ) ( | ) ( )P F P F DH P D H P H= • •    with,   (formula.1.1)

P(H)   the probability of a hazard for the structure [-],
P(D|H)   the probability of local damage D as a result of the event H and [-],
P(F|DH)  the probability of failure F of the structure as a result of local damage D by H [-]
P(F)  the probability of a progressive collapse [-]

100%FPCI
n

= •     (Coenders & Wagemans, 2005)   with,  (formula.1.2)

PCI   the Progressive collapse indicator [%],
F   the number of failures [-] and,
n   the number of calculations [-]

7

1
n i

i
p p

=

=∑      with,        (formula.5.1)

ip   the chance of occurring for element n of event i [%]

7

,
1

( )n i i mitigating measure
i

p p p
=

= −∑     with,      (formula.5.2)

,i mitigating measurep  the mitigating measure for element n of event i [%]
 

7

1 100%
i

i
n

n

p
p

p

==
∑

∑
i

           (formula.5.3)

   with,       (formula.5.4)

σ   a factor which determines the shape of the curve

  with,       (formula.5.5)

x    the distance from the initial event to the adjacent element [m]

    with,        (formula.6.1)

Ms   the bending moment on the spring [Nmm]
r  the spring stiffness [Nmm/rad]
θ  the rotation of the spring [rad]

sF k u= i      with,        (formula.6.2)

Fs   the normal force on the spring [N]
k   the spring stiffness [N/mm]
u   the displacement of the spring [mm]
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,(0.5 ) ( ( 1))v columnF q l n q h n= + −i i i i i           (formula.6.3)

,( ) ( ( 1))v columnF q l n q h n= + −i i i i    with,      (formula.6.4)

F     the support reaction at the failed column [N]
q     the distributive load from the girder [N/mm]

l    the length of the girder [mm]

,v columnq  
 the vertical load from the column [N/mm]

h     the height of the columns [mm]
n    the number of fl oors above the failed column [-]

,(0.5 ) ( ( 1))v columnq l n q h n
k

h
+ −

=
i i i i i

   for exterior springs   (formula.6.5)

,( ) ( ( 1))v columnq l n q h n
k

h
+ −

=
i i i i

    for interior springs with,   (formula.6.6)

k     the spring stiffness [N/mm]

Ff,d = Grep + Qi,rep + ∑ψiQi,rep    with,      (formula.6.7)

Ff,d   the fundamental load combination
Grep and Qi,rep  the individual loads
ψi   the combination factor

F1,d = Grep + Q1,rep          (formula.6.8a)

F2,d = Grep + Q1,rep + 0.2Q2,rep         (formula.6.8b)

F3,d = Grep + Q1,rep + 0.2Q3,rep         (formula.6.8c)

1d d

u u

N MUnity check
N M

= + ≤
   and,       (formula.6.9a)

1d d

u u

N MUnity check
N M

= − ≤
   with,      (formula.6.9b)

Nd  the axial load on the element [N]
Md   the bending moment on the element [Nmm]
Nu  the normal force capacity of the element [N]
Mu  the bending moment capacity of the element [Nmm]
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1d

u

MUnity check
M

= ≤
        (formula.6.10)

'0.1d dM hN>      with,      (formula.6.11)

h   the height of the cross section of the element [mm]
'
dN   the compressive axial force on the element [N]

*
d d dM M N e= −     with,      (formula.6.12)

e  the distance between centre of gravity and centre of the reinforcing bars [mm]

1d

u

NUnity check
N

= ≤
   with,      (formula.6.13)

u sN Af=  the axial force capacity of the reinforcing bars [N]

A  the cross section area of the reinforcing bars [mm2]

sf    the yield stress of the reinforcing bars [N/mm2]

*

1d

u

MUnity check
M

= ≤
         (formula.6.14)

*

1d

u

MUnity check
M

= ≤
         (formula.6.15)

If unity check > 1 then --> element failed      (formula.6.16)

If w > wultimate then --> element failed  with,      (formula.6.17)

w   the deformation of the element in z-direction [mm]
wultimate   the ultimate allowable deformation of the element in z-direction [mm]

wultimate = fl oor depth – 2.0m        (formula.6.18)

100%s
FPCI
n

= •     with,       (formula.6.19)

PCIs   the Progressive collapse indicator for simulation s [%]

100%sPCI
PCI

s
= ∑ i    (for s≥1)  with,     (formula.6.20)

PCI   the average PCI [%]
PCIs   the PCI of simulation s [%]
s   the number of simulations [-]

CXVIII Delft University of Technology, Structural Design Lab

B.List of formulas and symbols



If  Afl oor >  Aadjacent   or        (formula.7.1)
 Atot  >  Aadjacent,tot   

  then -->progressive collapse  with,

Afl oor   the damaged fl oor area per fl oor [mm2]
Aadjacent   the adjacent fl oor area per initial damaged column per fl oor [mm2]
Atot   the total damaged fl oor area for the entire structure [mm2]
Aadjacent,tot  the total adjacent fl oor area for all initial damaged columns for the entire structure  
  [mm2]

F1,d = Grep + Q4,rep + 0.3Q1,rep         (formula.8.1a)

F2,d = Grep + Q1,rep          (formula.8.1b)

F3,d = Grep + Q1,rep + 0.2Q2,rep         (formula.8.1c)

F4,d = Grep + Q1,rep + 0.2Q3,rep         (formula.8.1d)

     with,         (formula.9.1)

Fc   Euler buckling load (N)
EI    bending stiffness (Nmm2)

l c    buckling length (mm)

     with,         (formula.9.2)

σc    Euler buckling stress (N/mm2)
A    cross section area (mm2)

    with,      (formula.9.3)

σc   the Euler buckling stress of the element [N/mm2]
N’d  the compressive axial force on the element [N]

         (formula.9.4)

           (formula.9.5)

≤≤    with   ≤0.25     (formula.9.6a)

≤10    with    0.25<< ≤0.5     (formula.9.6b)

≤15-100   with   >0.5     (formula.9.6c)
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≥ 0e     with,        (formula.9.7)

te    the total eccentricity [mm]

0e    the initial eccentricity [mm]

ce    the additional eccentricity [mm]
   a factor (  =1) 

'
,d buc t dM e N=     with,        (formula.9.8)

,d bucM    the extra bending moment due to second order [Nmm]

, ,d tot d d bucM M M= +    with,        (formula.9.9)

,d totM    the total bending moment on the element.

, 1d tot

u

M
Unity check

M
= ≤

         (formula.9.10)

( )d
c

EIl
G

≤
    with,        (formula.9.11)

( )dEI    the design value for EI [Nmm2]
G  the weight of the building supported by the core [N]

   If  ≤0.5          (formula.9.12a)

     If  >0.5  with,        (formula.9.12b)

ω  the reinforcement percentage (As/Ac) [-]

≥ 0e     with,        (formula.9.13)

   a factor dependant on the spring stiffness of the foundation of the core 
  (C=∞ -->

p
=1)

     with,        (formula.9.14)

Fc    the buckling load [N]c  
    load factor [-]

F    the applied force of 1000 N [N]
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     with,        (formula.9.15)

l c     buckling length [mm]
EI    the bending stiffness [Nmm2]

cF      the buckling load [N]

0,9c sysl l= i       with,       (formula.9.16)

l c   buckling length [mm]

sysl     system length [mm]

0.1 0.5c sys
dxl l
dz

⎛ ⎞= +⎜ ⎟
⎝ ⎠

i
   with,               (formula.9.17)

l c   buckling length [mm]

sysl     system length [mm]
dx    distance between columns [mm]
dz   distance between fl oors [mm]

max 500
hu =    for the entire height of the building             (formula.9.18a)

max 300
hu =    for each fl oor                (formula.9.18b)

∆∆                 (formula.9.19.2)

∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆
                          (formula.9.19.3)

LF EA
L
Δ

=                  (formula.9.19.4)

                (formula.9.19.5)

                (formula.9.19.6)

                 (formula.9.19.7)

12V ≥R                 (formula.9.19.8)

                 (formula.9.20.2)

1 22 2V V R+ =                   (formula.9.20.8)
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2( )
( ) gem sPCI PCI

Var PCI
s
−

= ∑         (formula.11.1)

( ( )SD VAR PCI=     with,     (formula.11.2)

Var(PCI)  the variance of PCI [-]
PCIgem   the average PCI [%]
PCIs   the PCI of simulation s [%]
s   the amount of simulations [-]
SD   the standard deviation [-]
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C.1 Physic linear calculations

When considering a typical stress strain curve, a linear elastic relation (Hook’s law) is found for the 
modulus of elasticity, for the fi rst part of the curve until the yield point. This part of the curve is considered 
in the model of the PCI-tool. When following the curve form the yield point to the right, rapture will occur. 
This is the plastic region of the material. As can be seen from the curve, an increase of deformation can 
occur until some point, leading to an increase in load capacity. 

The following stress-strain curves are used for the calculation of the bending moment capacity for concrete 
elements.
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Figure.C.1 Stress-strain curve

Figure.C.2 Stress-strain curve for steel (left) and concrete (right)



The fi ber- model (Hartsuijker, 2001), can be used in describing the physical linear behavior of the material. 
The following assumptions are used in this model:
• A bar is assumed to be build of a large amount of fi bers parallel to the length. The area of a  
 fi ber approaches zero if the number of fi bers approaches infi nity.
• The fi bers are kept together by a large number of stiff surfaces perpendicular to the fi bers. The  
 number of surfaces is that large that ∆x approaches zero.
• After deformation of the bar, surfaces remain perpendicular to the fi bers. This is also known as  
 Bernoulli’s theory.
• It is assumed that the cross section of the material is homogeneous.

C.2 Geometric linear calculations

Geometric linear calculation means, that a linear relation between deformation, length and rotation is 
valid;

    with,        (formula.C.1)

dz   the deformation [mm]
l   the length of the element [mm]
θ   the rotation of the element [rad]

This can only be valid for small rotations as tan(θ) ≈ θ for small rotations.
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Figure.C.4 Geometric linear relation [Source: (Hartsuijker,2001)]



D.1 Strength

Steel
For steel the strength capacity check yields:

1d d

u u

N MUnity check
N M

= + ≤    and,                 (formula.D.1a)

1d d

u u

N MUnity check
N M

= − ≤    with,                (formula.D.1b)

Nd  the axial load on the element [N]
Md   the bending moment on the element [Nmm]
Nu  the normal force capacity of the element [N]
Mu  the bending moment capacity of the element [Nmm]

The capacities of the element are calculated with:

u yN f A=
                  

(formula.D.2a)

u yM f W=     with,                (formula.D.2b)

yf    the yield stress of steel [N/mm2]
A  the cross section area of the element [mm2]
W  the section modulus [mm3]

Since the bending moment and axial forces can be both positive and negative, the absolute values are 
used.

Concrete
The calculations for concrete are in a way similar to that for steel. A bending moment capacity is calculated, 
which should be higher than the bending moment the element is subjected to. In order to be able to 
compare the results, for different elements and between steel and concrete, the strength capacity check 
is written as a unity check:

1d

u

MUnity check
M

= ≤    with,      (formula.D.3)

Md   the bending moment on the element [Nmm]
Mu  the bending moment capacity of the element [Nmm]

The bending moment capacity for concrete is not a fi xed value like for steel, but depends on the 
combination of the axial force and bending moment on the element. With calculating the bending moment 
capacity, the axial force is used, hence the axial force is incorporated in the bending moment capacity and 
therefore is not directly part of the unity check. A couple of situations are distinguished. For each situation 
the following conditions are used for the determination of the bending moment capacity:
• Concrete is not able to withstand tensile forces
• The strains of concrete and reinforcement are linear dependant with respect to the distance  
 from the neutral axis.
• The stress-strain curves from appendix C are used.
• If Md=0 or Mu=0 a value of 1 is used in order to avoid the unity check to become infi nitely  
 large or infi nitely small. Otherwise a comparison of the unity checks between different elements  
 is not possible.
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(1) Note that the calculations are not entirely according to current building standards  



  Compressive force and bending moment
The cross section and stress and strain diagrams from fi gure.D.1 are used for the determination of the 
bending moment capacity.

First the compressive zone xu is calculated, which follows from the equilibrium of internal and external 

axial forces 0N =∑ :

' '
c s s dN N N N+ − =            (formula.D.4)

Under the assumption that As=As’ and that both the upper and lower reinforcement yields, it can be said 
that;

'
s s s sN N A f= =   ands s ss s s

 

Since 
'
s sN N= it follows that 

'
c dN N= . Now, the compressive zone xu can be calculated;s

     with,       (formula.D.5)

ux     the compressive zone [mm]
   a ‘volheidsfactor’, for rectangular cross section =0.75 [-]

b    the width of the cross section [mm]
'

cf    the compressive stress for concrete [N/mm2]

Now that the compressive zone is known, the strains for the reinforcing bars can be calculated at both 
sides of the element;

     with,       (formula.D.6)

   the strain in the reinforcing bars under compression [-]

   the strain in the reinforcing bars under tension [-]

   the strain in the concrete at the edge of the cross section =3.5‰ [-]
h  the height of the cross section [mm]
c  the distance from the edge of the cross section to the middle of the reinforcing bars  
  [mm]
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Figure.D.1 Concrete calculation with compressive force and bending moment



With these strains, the forces in the cross section can be calculated. These depend on the strain. If it is 

larger than the strain at yielding ( =2.175‰), the forces are calculated with formula.D.4. If the strains 
are smaller, they are calculated with:

     with,       (formula.D.7)

E  the Young’s modulus for steel [N/mm2]
As  the cross section area of reinforcement [mm2]

Now, all forces are known and the bending moment capacity can be calculated from equilibrium around 
the centre of gravity 0M =∑ :

    with,   (formula.D.8)

   a ‘afstandsfactor’, for rectangular cross section =0.389 [-]
 
The unity check can now be calculated. In order to take into account building imperfections, a minimum 
bending moment is used for elements under compression:

'0.1d dM hN>
 

  Tensile force and bending moment
A combination of tensile force and bending moment is also possible. The ratio of axial force and bending 
moment, determines the calculation method. An artifi cial bending moment *

dM  is introduced:

*
d d dM M N e= −     with,      (formula.D.9)

e  the distance between centre of gravity and centre of the reinforcing bars [mm]

   
* 0dM <

If * 0dM <  there will be no compressive zone in the cross section. Since concrete is not able to resist any 
tensile force, the reinforcing bars provide the strength of the element. If the element is not loaded with 
a bending moment, the unity check is transformed to a check of axial forces only:
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Figure.D.2 Concrete calculation with tensile force and bending moment  * 0dM <



1d

u

NUnity check
N

= ≤    with,               (formula.D.10)

u sN Af=  the axial force capacity of the reinforcing bars [N]

A  the cross section area of the reinforcing bars [mm2]

sf    the yield stress of the reinforcing bars [mm2]
  

 
If the element is loaded with a bending moment, the reinforcing bars provide the bending moment 
capacity. For the tensile force, a capacity of 0.5Nd is needed. The remaining capacity is Nu=Afs-0.5Nd. 
Thus, for the bending moment capacity yields:

( 0.5 )u s dM Af N z= −     with,                         (formula.D.11)

z the distance between the reinforcing bars from centre to centre over the height of the cross- 
 section [mm]

The bending moment capacity is compared with the artifi cial bending moment instead of the external 
bending moment. The unity check then yields:

 
*

1d

u

MUnity check
M

= ≤                  (formula.D.12)

   * 0dM >
 

If * 0dM >  a compressive zone will develop in the cross section. The calculation procedure is similar to 
that of an element loaded in compression. Unfortunately, the values for the axial forces are not known, 
since the strain in the concrete is unknown. Only the strain of the reinforcing bar under tension is known, 
as it is advised that the reinforcing bar should yield before failure of the element. Thus, the strain of that 
bars is ε s =2.175‰.
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Figure.D.3 Concrete calculation with tensile force and bending moment * 0dM >



In order to calculate the internal forces, use has been made of interaction diagrams from GTB-tables 11 
(Betonvereniging, 2006) and their underlying formulas.
A relative axial force is introduced:

'
d

d
c

Nn
bhf

=                       (formula.D.13)

From vertical equilibrium it follows that:

' '
d s c sN N N N= + −      with,                            (formula.D.14)

 

 

Combining formula D.13 with D.14 results in:

Rewriting this gives:

    with,              (formula.D.15)

   

   

 

 

 =0.002175

 

  

CXXX Delft University of Technology, Structural Design Lab

D.Unity checks for steel and concrete



 

All parameters from formula.D.15 are known and xu can be calculated from it, and consequently the 
internal forces and bending moment capacity:

                (formula.D.16)

The factors and depend on the strain of the concrete. If the strain of the concrete is smaller than 
1.75‰ they are provided by:

=0.5  ,if  ≤1.75‰

=0.33 ,if  ≤1.75‰
If the strain of the concrete is larger than 1.75‰ they are provided by:

  
    ,if  >1.75‰

  ,if  >1.75‰

The bending moment capacity is compared with the artifi cial bending moment instead of the external 
bending moment. The unity check then yields:

*

1d

u

MUnity check
M

= ≤                    (formula.D.17)

  Calculation of core

For the calculations of the core, the same considerations hold as for the calculation of regular elements. 
Though, the calculation of the axial force in the concrete is different. Since the core has got a hollow 
rectangular cross section, it differs from a normal rectangular cross section. If the compressive zone is 
larger than the wall thickness of the core, the force can not be retrieved from

p
since the 

concrete area is smaller ( ( ) 2ub x t t> = ≠b). The stress diagram for concrete should be split into smaller 

pieces from which, from the individual parts, the axial force can be calculated. For instance, ux t>  and  
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Figure.D.4 Concrete core axial force calculation with ux t>  and ux  <(h-t)



ux <(h-t) can be split into 2 parts;

' '
1 cN tbf=                  (formula.D.18a)

     with,               (formula.D.18b)

t  the wall thickness of the core [mm]

Then, the total force in the concrete is calculated from:

' ' '
1 2cN N N= +

 

D.2 Stability

Steel
For steel elements, the following unity check is used to determine if the element will fail:

  with,(1)                 (formula.D.19)

   the Euler buckling stress of the element [N/mm2]
N’d  the compressive axial force on the element [N]

Concrete
The calculation of stability for concrete elements is governed by a fi rst or second order calculation. First, 
it should be determined if a second order calculation is needed. This can be done by calculating and 

. follows from:

                  (formula.D.20)

follows from:

                     (formula.D.21)

No second order calculation is needed if:

≤    with   ≤0.25             (formula.D.22a)
≤10    with    0.25< ≤0.5             (formula.D.22b)
≤15-10   with   >0.5             (formula.D.22c)

If a second order calculation is not needed no further calculations have to be made to check the element. 
Though, if a second order calculation is needed an extra bending moment should be applied on the 
element by adding a certain eccentricity et:

(1)  Note that for torsional buckling a factor of 1.0 is used and that torsional stability thus is not 
taken into account. Hence the capacity of the element will be overestimated.
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≥ 0e     with,                  (formula.D.23)

te    the total eccentricity [mm]

0e    the initial eccentricity [mm]

ce    the additional eccentricity [mm]
   a factor (  =1)(2) 

0e  is the largest value of '
d

d

M
N

, or
300

l
, or 10mm. ce is calculated with:

ce =    if  0 0.5e h<                        (formula.D.24a)

ce =      if  0e ≥0.5h with,                      (formula.D.24b)

   the shape factor, for rectangular cross section: =1
   reduction factor for buckling length of walls (  =1)

The extra bending moment on the element due to the total eccentricity is:

'
,d buc t dM e N=     with,                 (formula.D.25)

,d bucM    the extra bending moment due to second order [Nmm]

This should be added to the original bending moment:

, ,d tot d d bucM M M= +    with,                  (formula.D.26)

,d totM    the total bending moment on the element [Nmm]

The unity check now yields:

, 1d tot

u

M
Unity check

M
= ≤                   (formula.D.27)

  Core
The calculation of the stability of the core is similar to that of regular elements. It should be checked 
whether a fi rst or second order calculation is needed. No second order calculation is needed if:

( )d
c

EIl
G

≤     with,                         (formula.D.28)

( )dEI    the design value for EI [Nmm2]
G  the weight of the building supported by the core [N]

(2)  This factor is dependant on the eccentricities at the top and at the middle of the element and 
will result from the deformation of the element. Since in advance the deformed shape of the element is 
unknown the eccentricities are unknown and  is unknown. Hence =1 is used.
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The design value for EI is composed of the moment of inertia I and the effective modulus of elasticity for 
the core Eef. This is dependant of :
 

   If  ≤0.5          (formula.D.29a)

     If  >0.5          (formula.D.29b)

ω  the reinforcement percentage (As/Ac) [-]

If a second order calculation is needed the following calculations of the eccentricity have to be made:

≥ 0e     with,                  (formula.D.30)

te    the total eccentricity [mm]

0e    the initial eccentricity [mm]

ce    the additional eccentricity [mm]
   a factor dependant on the spring stiffness of the foundation of the core 

  (C=∞ -->
p
=1)

0 '
d

d

Me
N

=
 

  if  0 0.5e h<                              (formula.D.31a)

   if  0e ≥0.5h with,                        (formula.D.31b)

For non-rectangular cross sections, can be found with:

    with,                (formula.D.32)

bz  the distance from the neutral axis to the outer fi ber of the cross section [mm]

If the total eccentricity is known, the extra bending moment due to second order can be calculated and 
the unity check can be calculated.

Apart from the total stability, also partial instability should be investigated with core calculations. It should 
be checked if a wall of the core will buckle by calculating it as an individual element. It is assumed the wall 
element is completely in compression and the bending moment capacity is provided by u sM N z= . For 
the buckling length it is assumed the fl oors will restrain the wall element, thus cl l= , with l  the length 
of the wall element between the fl oors. Further calculations are similar to that of a normal element.
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In this appendix the codes are provided from which the loads have been retrieved.

E.1 Table C.3 of NEN6702:2007 (NNI, 2007, pp.139-141)
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E.Codes

Figure.E.1 Table C.3 part1 of NEN6702:2007
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Figure.E.2 Table C.3 part2 of NEN6702:2007
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E.Codes

Figure.E.3 Table C.3 part3 of NEN6702:2007



E.2 Parts of annex A of NEN6702:2007 (NNI, 2007)
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Figure.E.4 Annex A.1 of NEN6702:2007 
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E.Codes

Figure.E.5 Annex A.3 of NEN6702:2007 



E.3 Parts of annex A of NEN-EN 1990:2002/NB:2007 (NNI, 
2007-2)
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Figure.E.6 Annex A.1.2.2 of NEN-EN 1990:2002/NB:2007 

Figure.E.7 Annex A.1.3.2 of NEN-EN 1990:2002/NB:2007 



The following table shows the distribution of the length of Dutch people (CBS, 2008). This table has been 
used to determine the average maximum lengths from which the deformation limit for the fl oors can be 
retrieved.
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Figure.F.1 Lengths of Dutch people 
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In order to estimate the buckling length of columns more accurately, some buckling analysis have 
been performed with the FEA software. The results of that analysis are represented here. The analysis 
has been performed with different confi guration types that will infl uence the buckling behavior of the 
elements. Different geometric confi gurations of the systems are investigated. The surrounding structure 
of a specifi c element from which the buckling length is investigated determines how the structure will 
deform and thus has great infl uence on the buckling mode of the specifi c element. Hence, the number 
of fl oors, the number of columns, the distance between the columns versus the distance between the 
fl oors, the bending stiffness of the fl oors versus the bending stiffness of the columns, or the stiffness of 
the stabilizing structure, are a few examples of parameters that will result in different buckling lengths. 
The analysis has been performed by applying a point load F = 1000 N on top of one line of columns (see 
fi gure.G.1) and adjusting only one of the previously described parameters. The load is applied, either on 
the façade line or on a line of columns between the facades. Both cases will result in different buckling 
lengths, since on an exterior column less other elements are attached compared with an interior column. 

For each case and specifi c mode a load factor can be retrieved from the analysis. This load factor gives 
the ratio for the applied load and the buckling load:

     with,        (formula.G.1)

Fc    the buckling load [N]c 
    load factor [-]

F    the applied force of 1000 N [N]

With the Euler buckling load formula (formula.9.1) the buckling length of a single column underneath the 
applied load can be calculated:

     with,        (formula.G.2)

l c     buckling length [mm]
EI    the bending stiffness [Nmm2]

cF      the buckling load [N]
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Figure.G.1 Buckling length analysis



G.1 Floors

The following results are obtained by changing the amount of fl oors and using: 4 columns, HE140A (also 
fl oors), height =7m, width=7m.
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Figure.G.2 Buckling length, changing the amount of fl oors, system 1:  4 columns, HE140A (also fl oors),  
 height =7m, width=7m  
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Figure.G.3 Buckling length, changing the amount of fl oors, system 4 and 5:  4 columns, HE140A   
 (also fl oors), height =7m, width=7m   



As can be seen from the graphs, for the different structural systems, the amount of fl oors has minor 
infl uence on the buckling length of the column. Only for the systems with stabilizing core, an increasing 
amount of fl oors will result in an increasing buckling length. 
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Figure.G.4 Buckling length, changing the amount of fl oors, system 6 and 7:  4 columns, HE140A   
 (also fl oors), height =7m, width=7m  



G.2 Columns

The following results are obtained by changing the amount of columns and using: 5 fl oors, HE140A (also 
fl oors), height =7m, width=7m, System1; Moment resistant framework.
  

For the exterior column, the number of columns does not have any infl uence on the buckling length. 
The interior columns, on the other hand, show a change in buckling length if the number of columns 
is changed. A decreasing buckling length will result if more columns are applied. If more columns are 
applied, the surrounding structure will brace the considered column, hence reducing the bucking length. 
If seven or more columns are applied, adding more columns does not infl uence the buckling length. 
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Figure.G.5 Buckling length, changing the amount of columns:  5 fl oors, HE140A (also fl oors),   
 height =7m, width=7m 



G.3 dx/dz-ratio

The following results are obtained by changing the dx/dz-ratio and using: 4 columns, 5 fl oors, HE140A 
(also fl oors) and height=7m .
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Figure.G.6 Buckling length, changing the dx/dz-ratio, system 1:  4 columns, 5 fl oors, HE140A  
  (also fl oors), height =7m 
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Figure.G.7 Buckling length, changing the dx/dz-ratio, system 2:  4 columns, 5 fl oors, HE140A  
  (also fl oors), height =7m 
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Figure.G.8 Buckling length, changing the dx/dz-ratio, system 4:  4 columns, 5 fl oors, HE140A  
  (also fl oors), height =7m 



The ratio of the distance between the columns (dx), versus the distance between the fl oors (dz), shows 
different results for the different structural systems. System one and two, show an increasing buckling 
length on increase of the dx/dz-ratio. This can be explained by the fact that if the fl oor length is larger 
than the column length, the fl oor will behave less stiff, hence the connections will become less stiff, 
resulting in a larger buckling length. For system four, a constant relation between the buckling length 
and dx/dz-ratio can be found. The non-linear relation of the interior column can be explained by the fact 
that at the connections of these columns also the diagonal elements are attached. This will increase the 
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Figure.G.9 Buckling length, changing the dx/dz-ratio, system 6:  4 columns, 5 fl oors, HE140A  
  (also fl oors), height =7m 



stiffness of the connections and consequently will result in a decrease of the buckling length. For system 
six, two buckling modes are presented. The fi rst mode shows the horizontal sway of the entire structure, 
which is not of interest. Therefore, mode two should be considered which shows the buckling of a single 
element.

G.4 dx/dz-ratio and columns

The following results are obtained by changing the dx/dz-ratio and the amount of columns and using: 5 
fl oors, HE140A (also fl oors), System 1; Moment resistant framework.
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Figure.G.10 Buckling length, changing the dx/dz-ratio and amount of columns: 5 fl oors, HE140A   
 (also fl oors), height =7m 



As can be seen, a linear relation is derived. The more columns are applied, the lower the buckling length 
becomes. This can be explained by the amount of bracing. If just a few columns are applied, it will have 
less resistance to horizontal deformations and thus will almost be unbraced. If, on the other hand, more 
columns are applied the structure will become more braced. From basic buckling analysis (Hartsuijker, 
2000), it follows that the buckling length of elements is shorter for braced structures compared with 
unbraced structures. If more than seven columns are applied, the buckling length is approximately the 
same as for seven columns. When the dx/dz-ratio is four it will start to deviate. 

Although the determination of the buckling lengths seems to be accurate, it is not. A lot of inaccuracies 
are still neglected. As discussed earlier, a lot of confi gurations will infl uence the buckling length of an 
element which have not been investigated here. Hence, the different buckling length lines are merged 
into one approximated line from which the buckling lengths can be derived:
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Figure.G.11 Relation of the buckling length and dx/dz-ratio used with the tool 



G.5 E2/E1-ratio

The following results are obtained by changing the stiffness ratio between the fl oors and columns and 
using: 5 fl oors, 4 columns, HE140A (also fl oors), height =7m, width=7m, System 1; Moment resistant 
framework.

The ratio between the Youngs modulus of the fl oors (E2) and the Youngs modulus of the columns (E1), 
have an infl uence on the buckling length, corresponding to the dx/dz-ratio. If the stiffness of the fl oors 
becomes infi nitely small (E2/E1 approaches zero), the buckling length will be two times the system 
length of the column. This may also be expected. The fl oors connected to the columns can be neglected 
since their stiffness is very small. So the column is fi xed at one side and unsupported at the other side. 
The resulting buckling length of such systems is two times the system length. If the Youngs modulus for 
the fl oors approaches infi nity (E2/E1 approaches infi nity), the buckling length will become 0.5 times the 
system length. This may also be expected. The connections of the fl oors to the columns will behave very 
stiff. Hence, they will not rotate and act as fi xed connections. Both sides of the column are thus fi xed. A 
buckling length of 0.5 times the system length corresponds to this type of systems. 
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Figure.G.12 Buckling length, changing the stiffness-ratio between columns and fl oors, system 1:    
 4 columns, 5 fl oors, HE140A (also fl oors), height =7m



An important modeling method in designing against progressive collapse, is catenary action. It describes 
the development of tensile forces in the fl oor slab, due to deformations as a consequence of the loss of 
one support for a two span fl oor slab. Signifi cant rotation capacity of the connections, as well as large 
elongation capacity are required, hence only systems with pinned connections are considered.

The forces and displacements can be calculated with the following iterative steps:
1. Start with θ = 0
2. Apply small rotation with small increment:
  

pp y
∆∆    (for 2D)             (formula.H.1.2a)

    (for 3D)             (formula.H.1.2b)

3. Calculate elongation of elements ΔL:

  ∆

g

∆∆∆∆∆∆∆∆∆∆∆∆∆                             (formula.H.1.3)

4. Calculate force F in the element due to the elongation:

  
LF EA

L
Δ

=                    (formula.H.1.4)
 
5. Calculate the displacement w:
                    (formula.H.1.5)
6. Calculate the horizontal component H: 
                    (formula.H.1.6)
7. Calculate the vertical component V:

      (for 2D)                        (formula.H.1.7a)
    (for 3D)             (formula.H.1.7b)
8. Check if the system is in equilibrium:
  12V ≥R    (for 2D)                        (formula.H.1.8a)
 

1 22 2V V R+ =     (for 3D)             (formula.H.1.8b)

If the last formula is not valid, steps 2 till 8 must be repeated. If the last formula is valid, the fi nal state 
is reached and the occurring displacements and forces have been obtained. 
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Figure.H.1 2D catenary action



H.1 2D

For the 2-dimensional case and ∆θ=0.0001, the displacement w is calculated for different loads R and 
different steel profi les. As can be seen, the results obtained from a non-linear analysis with GSA correspond 
to the calculated results.
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Figure.H.2 Comparison of displacements in a 2D catenary action calculation calculated with the tool and  
 with the FEA



H.2 3D

For the 3-dimensional case and ∆θ=0.0001, the displacement w is calculated for different dy/dx-ratios, a 
load R of 1000kN and different steel profi les. The dy/dx-ratio is the distance between the bays versus the 
distance between the columns. As can be seen, the results obtained from a non-linear analysis with GSA 
correspond to the calculated results.
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Figure.H.3 Comparison of displacements in a 3D catenary action calculation calculated with the tool and  
 with the FEA



H.3 Rotation increment

For the 3-dimensional case and changing rotation increments, the displacement w is calculated for 
different loads R. On decrease of the rotation increment, the calculated results approximate the results 
of the non-linear analysis with GSA with higher accuracy.
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Figure.H.4 Infl uence of the rotation increment on the calculated results for a 3D catenary action   
 calculation 
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I.GUI PCI-tool

Figure.I.1 Graphical user interface (GUI) of the PCI-tool
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J.Sensitivity analysis

Figure.J.1 PCI’s of moment resistant framework with different amount of iterations

Figure.J.2 PCI’s of moment resistant framework with stability bracing with different amount of iterations

Figure.J.3 PCI’s of moment resistant framework with stability bracing and outrigger with different   
 amount of iterations
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Figure.J.4 PCI’s of Pinned framework with stability bracing with different amount of iterations

Figure.J.5 PCI’s of Pinned framework with stability bracing and outrigger with different    
 amount of iterations

Figure.J.6 PCI’s of Pinned framework with stabilizing core with different amount of iterations
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Figure.J.7 PCI’s of Pinned framework with stabilizing core and fl oors fi xed to core with different   
 amount of iterations

Figure.J.8 PCI’s of Pinned framework with stabilizing core and outrigger with different    
 amount of iterations
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K.1 Pinned framework with stability bracing
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K.Failure order

Figure.K.1 Failure order of elements with pinned framework with stability bracing and the occuring  
 of catenary action

a. initial b. step 1 (phase 1) c. fi nal

Figure.K.2 Failure order of elements with pinned framework with stability bracing 

a. initial b. step 1 (phase 1) c. step 2 (phase 2)

d. step 3 e. step 4 f. step 5

g. step 6 h. fi nal



K.2 Pinned framework with stability bracing and outrigger
 

K.3 Pinned framework with stabilizing core
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Figure.K.3 Failure order of elements with pinned framework with stability bracing and outrigger

a. initial b. step 1 c. fi nal

Figure.K.4 Failure order of elements with pinned framework with stabilizing core     
 (core is the third column from right)

a. initial b. step 1 (phase 1) c. fi nal (translational springs)

Figure.K.5 Failure order of elements with pinned framework with stabilizing core     
 (core is the third column from right)

a. initial b. step 1 c. step 2 

d. step 3 e. step 4 f. fi nal



K.4 Manual unity checks

On the following pages the manually calculated unity checks are presented. The following formulas are 
used;

for unity check 1:

1d d

u u

N MUnity check
N M

= + ≤    

for unity check 2:

1d d

u u

N MUnity check
N M

= − ≤  

for the stability:y

   with,

   

K.4.1 Undamaged model
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Figure.K.6 Undamaged model with moment resistant framework (column HE300A, fl oors HE400A)
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K.4.2 Situation 1
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Figure.K.7 Situation 1: Initial generated damaged model with moment resistant framework
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K.4.3 Situation 2
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Figure.K.8 Situation 2: Initial generated damaged model with moment resistant framework
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