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ABSTRACT 
 

The reciprocal frame structure, or nexorade, is an interwoven lattice space structure with an 

arrangement of mutually supporting elements, placed in a closed circuit. These elements are called 

‘nexors’ and a single so-called closed circuit is called a ‘fan’. Multiple fans, or nexors, can be arranged 

through a pattern and with a certain shape, for example a dome, a design for a reciprocal frame 

structure is obtained. When one connection fails in a closed circuit, the structure can fail due to 

progressive collapse: the spread of a local damage, from an initiating event, from element to 

element resulting eventually in the collapse of a substantially large part or the entire structure. This 

kind of structural failure makes it less attractive to apply reciprocal frame structures in practice. 

 

In this research, the sensibility of reciprocal frames to progressive collapse was studied. First, a 

parametric model for a fan was created, followed by a structural analysis to gain insight in the 

structural behavior and parametric dependency. In these analyses, a 3-nexor and 4-nexor fan were 

considered with two possible connections, namely a fixed connection (welded) and a rotation free x-

axis connection (scaffolding couplers). After that, a pattern study was done and a design was made 

with 3-nexor fans. The structural behavior of the reciprocal frame structure was compared with a fan 

and it was found that the behavior was not comparable, thus the reciprocal frame structure was 

analyzed with both connections as well. No singular conclusion could be drawn upon a connection 

choice, thus the rotation free x-axis connection was chosen from a practical point of view. Once the 

design was checked with Eurocode 3 (NEN 1993-1-8), a single bolted connection design was made 

and a study was done into the load transfer between elements. With this study, it was possible to 

determine the load in the bolt and check the connection with Eurocode 3 as well. It was found that 

the connection is most sensitive to shear and the combination of shear and tension. Shear in the bolt 

is mostly the result of axial force in the nexor, thus failure is introduced in the connections at the 

nexor ends with the highest axial force. Failure in a reciprocal frame structure leads to increased 

internal loads due to the capability to transfer load over a second load path. In addition, larger 

displacements are found either locally or globally resulting possibly in structural instability 

(buckling). Eventually, several solutions are proposed that can improve the sensibility of a reciprocal 

frame structure towards progressive collapse which are focused on improving the connection 

capacity. 
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1 INTRODUCTION 
 

This chapter contains the key aspects of the structural system reciprocal frame and covers some 

design choices that both are results of the literature study done for this graduation project [1]. This 

literature study is also used to define the project assignment and project goal. The assignment is as 

follows: 

 

“Design a reciprocal frame structure and implement a structural solution within the reciprocal frame 

structure that can act as a secondary load path in the event of progressive collapse.” 

 

In order to complete the assignment, a set of sub-questions is defined: 

• Which patterns are suitable for a reciprocal frame structure? (Chapter 2) 

• What are the geometric relations between the elements? (Chapter 1 and Chapter 4) 

• What are the variables that can be changed in a parametric model of a fan and what impact 

do these variations have structurally? (Chapter 3) 

• What is the structural behavior of a fan and of the connection? (Chapter 4 and Chapter 7) 

• How does the number of elements influence the structural design and behavior of the 

structure? (Chapter 5 and Chapter 6) 

• What structural behavior does the structure show by failure of one element or connection? 

(Chapter 8) 

• How can progressive collapse be intercepted? (Chapter 8) 

 

The goal of the project is as follows: 

 

“The main goal of this project is to research the sensibility to failure of the structural system 

reciprocal frame, how to limit this sensibility, and propose theoretical safety solution to prevent 

progressive collapse.” 

 

The goal of the project is defined in such a way that the scope of the project is limited to the 

behavior of the system for different structural boundaries. This means that some design aspects, for 

example the applied load, approach reality but in a simplified manner. 

 

1.1 Summary	Literature	Study	
 

In 1987, Graham Brown coined the name ‘reciprocal frame’. Before that time, structures similar to 

the reciprocal frame did not have a particular name [2]. Oliver Baverel coined another name for 

these systems, namely ‘nexorade’, from the Latin word ‘nexor’ that stands for ‘link’ [3]. 

 

 
Figure 1-1: An example of a reciprocal frame structure or nexorade 
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The reciprocal frame structure, or nexorade, is an interwoven lattice space structure with an 

arrangement of mutually supporting elements, placed in a closed circuit. The overall form is dictated 

by the way elements are interwoven with one another [4]. Since this system relies on interwoven 

elements, removing one element can potentially result into structural collapse. This phenomenon is 

called progressive collapse: the spread of a local damage, from an initiating event, from element to 

element resulting eventually in the collapse of a substantially large part or the entire structure. 

 

1.1.1 Geometrical characteristics in a reciprocal frame structure 

 

The minimum number of elements to create a structural system is three, but there is no theoretical 

maximum. Such an arrangement in the simplest form is called a ‘fan’. One element or beam in a fan 

is called a ‘nexor’. The number of nexors is called the ‘valancy’ of the fan and multiple fans create a 

reciprocal frame structure [3]. Figure 1-2 shows the definitions in a reciprocal frame structure. When 

a reciprocal frame consists of one fan, it is sometimes referred to as a reciprocal frame. However, 

the term ‘fan’ will be used to prevent possible confusion.  

 

   
Figure 1-2: Definitions in a reciprocal frame structure 

 

The eccentricity � of a fan is perpendicular to both centroid axes of the joined nexors. Nexors 

connected with an eccentricity results in a 3D shape, in other words: when the eccentricity between 

the nexors equal zero, then all nexors lay in the same plane. Figure 1-3 shows the other parameters 

that dictate the shape of a fan [3]: 

 

 � Length of a nexor 

 � Engagement length, can vary from 0 to L 

 � Side angle 

 	 Base angle (the angle between the nexor and the ‘base plane’) 

 � Eccentricity 

 

The engagement length � is the length of the nexor between two connections. All engagement 

lengths encloses a polygon which is called the ‘engagement window’, see Figure 1-2. 

 

 

 

 

fan 

nexor 
engagement window 

valancy of 3 

1 

2 
3 
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Figure 1-3: Definition of parameters 

 

When the engagement length, eccentricities, base angles, and side angles are kept identical between 

nexors, a so called ‘regular’ fan is composed. This implies that the connections between any pair of 

nexors are identical, and therefore only one connection between two nexors needs to be studied [3]. 

 

Another geometrical aspect is the end disposition of a nexor, this can either be ‘down’ or ‘up’, see 

Figure 1-4. Also, a distinction is made in the style of the fan. There are two different styles, namely 

leftward fan or rightward fan, see Figure 1-5. It is possible for a reciprocal frame to consist out of 

only rightward fans, leftward fans, or a combination of both. The style is independent from the end 

disposition. 

 

 
Figure 1-4: A down end disposition (left) and up end disposition (right) 

 

     
Figure 1-5: Leftward fan (left) and rightward fan (right) 

� 
� 

� 
	 

� 
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1.1.2 Methods to design a reciprocal frame structure 

 

Depending on the intended form, aesthetics, and degree of direct control desired in the design 

process, different methods can be used to design a reciprocal frame structure. This paragraph 

describes possible strategies and methods. 

 

Strategies can be divided into two groups, namely: top-down and bottom-up approaches. The top-

down approaches make use of computational tools that allow any surface geometry to be 

rationalized or shifted into a reciprocal frame structure. These tools improve the applicability of the 

theory within new optimization strategies and interfaces that allow end-users greater control. In 

bottom-up approaches, fans are manipulated directly to ‘sculpt’ the finished form of the assembly. 

This can be done with a physical model or a digital equivalent. The digital equivalent provides a more 

precise definition of parameters, but can be equally difficult when propagating change in large 

reciprocal frames [5]. 

 

Analytical methods 

Baverel describes three analytical methods [3]: 

1. Method of translation: elements of the elementary configuration (a configuration without 

eccentricities and no engagement length that gives to topological characteristic of a 

reciprocal frame structure) are translated parallel to their original positions. 

2. Method of rotation: a procedure for the generation of reciprocal frame structures from an 

elementary configuration by rotating elements. 

3. Method of extended translation: a method that combines both method of translation and 

method of rotation. 

 

Tiling and tessellation 

Designing reciprocal frame structures with a small number of fans is not simple but feasible, but 

designing reciprocal frame structures over large areas is an intricate and complex task. With help of 

patterns and tessellations, this problem can be dealt with in two important steps [6]: 

1. Building a grillage of fans in 2D. 

2. Lift the 2D-grillage over a 3D guiding surface. 

 

Using a tilling and tessellation method may lead to an imperfect structure, in which nexors might 

penetrate or float above its adjacent nexor. Therefore, the structure must be optimized, both 

geometrically and in stability. This optimization can be divided into two levels and is iterated until it 

converges [6]: 

1. Positioning of the nexors. Three constrains are introduced, namely: contact constraint 

(related to eccentricity), surface constraint (following a surface in the best way possible), 

and conformality constraint (regulating angles). 

2. Repositioning, so-called relaxation, of the fans. This is achieved by fixing one edge of the 

mesh and update the other vertices by means of a minimization. 

 

Algorithms 

The creation of reciprocal frame structures can also be done with algorithms. There are two 

methods that are suitable for this purpose, namely with genetic algorithms or with dynamic 

relaxation algorithms. The genetic algorithm (GA) is a computational method inspired by the natural 

genetic and evolutionary process. An efficient way of generating a geometry of a reciprocal frame 

structure is to begin with an elementary configuration and then use a genetic approach to transform 

the elementary configuration into the required reciprocal frame structure [3][7]. A dynamic 

relaxation algorithm depends on the transformation of an elementary configuration into a reciprocal 

frame structure by optimizing the gap between two connected nexors. This method is robust, but 
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not every configuration leads to a reciprocal frame. This can be explained by classifying the 

structural system according to a heuristic classification based on different tests [8]: 

1. Reciprocal frames with independent initial parameters (�, �, and � can be chosen by the 

designer). 

2. Reciprocal frames with dependent initial parameters (�, �, and	� are dependent on each 

other). 

3. Reciprocal frames cannot be built with straight elements. 

 

1.2 Design	space	
 

In order to design a reciprocal frame structure, many choices must be made. Below, the choices are 

described based on findings as a result of the literature study [1] and general structural knowledge. 

All choices together narrow down the design space, which will be the starting point of this 

graduation project. 

 

Nexors 

There are different types of nexors that can be used to create a reciprocal frame, namely: elongated 

elements, ring elements, plane trusses, plate or tile elements, and block or volume elements [3][4]. 

In this graduation project, elongated elements are applied because then a simpler and more basic 

reciprocal frame structure is obtained. The chosen cross section for the nexors is a circular cross 

section, because the eccentricity is easier determined when elements are stacked on each other. 

 

Fan and pattern 

In regular fans, in which all geometrical parameters are identical, only one type of connection can be 

considered. This is beneficial considering the construction of the system. However, it must be 

checked whether it is possible to design a reciprocal frame with only regular fans. The fan style and 

end disposition, in combination with the pattern, can result in many different designs. Therefore, a 

fan style and end disposition must be chosen to narrow this down. According to Baverel [3], a less 

structural result, including a higher stress and a higher displacement, is found for a reciprocal frame 

constructed of fans with different styles than for a structure consisting of fans with one style. 

Therefore, the chosen pattern will contain only one fan style. Baverel also points out that a pattern 

composed of 4-nexor fans can adapt itself to uneven boundary conditions, due to the absence of 

triangular engagement windows. However, for stability reasons it is better to use a pattern with 

triangular engagement windows as the structure behaves more rigid. When material saving is 

considered, a reciprocal frame build up from 3-nexor fans requires less material than a structure 

build up from 4-nexor fans to cover the same area. A scale model study is done to be able to choose 

a pattern suitable for further analysis, see ‘Chapter 2: Scale model study’, and the other aspects are 

considered for the design described in ‘Chapter 3: Parametric model: Fan’. 

 

Shape 

A negative Gaussian curvature resulted in a rather stiff structural behavior [5], which is an 

interesting result that might be practical for the design. The design of the shape itself is shown in 

‘Chapter 5: Parametric model: Reciprocal frame structure’. 

 

Connections 

The connections can provide the necessary means for load transfer and stability [9]. Of course, a 

connection must be able to resist loading and must be designed for that, but if the grid does not 

provide sufficient stability, a different type of connection (rigid, hinged, etc.) can be applied to 

improve this aspect. In other words, choosing a pattern and shape influences the requirements of 

the connection. 
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Material 

Any material that can sustain a bending moment can be used for the nexors in a reciprocal frame. 

This makes timber, steel, and aluminum the most appropriate materials for this purpose. 

• In timber structures, the joint is generally the critical factor in the design of the structure. In 

addition, timber is an anisotropic material, thus the strength of the material is different at 

different locations. This requires an additional study into the connection. 

• Aluminum is less stiff than steel, which results into larger deformations. In addition, 

aluminum is more sensitive for instability (buckling and local buckling). It is possible to 

counter this by designing an extrusion section to strengthen the general structural behavior. 

Thus aluminum also requires an additional study. 

• Steel structures are often composed out of standard profiles, which makes over 

dimensioning possible. The material does not require an additional research into the 

material and it can allow the assumption of a simple (existing) connection that will function 

accordingly, for example scaffolding connectors, a bolted connection, or a welded 

connection. 

Since both timber and aluminum require additional research into the connection or element cross 

section due to material characteristics, steel is the chosen material for the design. 

 

1.3 Conclusions:	Design	choices	
 

In summary, the following design choices are made: 

• Nexors: circular elongated elements, because this allows a simpler and more basic reciprocal 

frame structure with an easily defined eccentricity; 

• Fan and pattern: the design will contain only one fan style, because this results in better 

structural behavior; 

• Material: steel, since no additional research in the connection and material itself is 

necessary. 
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2 SCALE	MODEL	STUDY	
 

A reciprocal frame is an arrangement of nexors by means of a pattern that can vary due to the 

following aspects: 

• The style of the fan, namely leftward or rightward; 

• The valancy of the fan, which is the number of nexors; 

• Geometrical parameters (length �, engagement length �, eccentricity �, base angle 	, and 

side angle �). 

 

In addition to the variations within a pattern, different patterns can be constructed, for example, the 

basic patterns of Roelofs (Paragraph 4.3, [1]). A scale model study is done to find possible reciprocal 

frame patterns by trial and error. First, a 2D pattern is designed after which it is made with elastic 

bands and tooth picks. 

 

The following restrictions are chosen to limit the design space for a pattern: 

• A pattern contains either 3-nexor fans or 4-nexor fans, not both. This limits the complexity of 

the pattern; 

• A pattern is constructed with complete fans, so no single nexors are added in the pattern. 

This should simplify the construction of the reciprocal frame structure as well; 

• A pattern may be composed with different fan styles, both leftward and rightward; 

• Within the fan, one type of end disposition is considered. 

 

Note that this study does not cover all possible patterns, thus the found patterns are a selection of 

the basic patterns. Larger images of the patterns and its verifying photos of the scale models can be 

found in Appendix A. 

 

2.1 Patterns	with	4-nexor	fans	
 

The total number of basic patterns with 4-nexor fans is small and is even more limited due to the use 

of complete fans. The first pattern consists out of leftward 4-nexor fans with up end disposition. 

When this pattern is viewed from the other side, a rightward 4-nexor fan with down end disposition 

is found. Thus the fan style depends on the point of view of the observer. In addition, a pattern build 

up from leftward fans with up end disposition is the mirror image of pattern build up from rightward 

fans with up end disposition. This is shown in Figure 2-1. 

 

           
Figure 2-1: Pattern composed of leftward fans (left) or rightward 4-nexor fans (right) 

 

Another found design aspect is that a pattern constructed with leftward fans with up end disposition 

is equal to a pattern build up from leftward fans with down end disposition. Therefore, only one type 
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of end disposition needs to be considered to verify if a pattern is usable within the previously set 

restrictions. 

 

Constructing a reciprocal frame structure with 4-nexor fans with up end disposition and a 

combination of leftward and rightward fans, results only in one possible pattern. This pattern is 

shown in Figure 2-2. 

 

 
Figure 2-2: Pattern composed of leftward and rightward 4-nexor fans 

 

2.2 Patterns	with	3-nexor	fans	
 

In contrast to the two patterns constructed with 4-nexor fans, there are more possible patterns 

constructed with 3-nexor fans. With help of Roelofs basic patterns (Paragraph 4.3, [1]) and the 

previously set restrictions, a number of 12 patterns are created. Seven of these patterns are 

constructed with leftward 3-nexor fans and five patterns are a combination of leftward and 

rightward 3-nexor fans, both with an up end disposition. 

 

Some of the patterns constructed with 3-nexor fans, show 6-nexor fans as well. This is shown in 

Figure 2-3. Note that this pattern cannot be constructed with only complete 6-nexor fans. A 3-nexor 

fan or single nexors are needed to connect the 6-nexor fans with each other. 

 

 
Figure 2-3: 3-nexor pattern that shows a 6-nexor fans as well 
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2.3 Pattern	choice	for	design	
 

Reciprocal frame structures with a pattern constructed with one fan style result in better structural 

behavior (Paragraph 1.2, Fan and pattern). This makes the patterns in Figure 2-1 the two suitable 

patterns for the design of a reciprocal frame structure with 4-nexor fans. As mentioned in the 

previous paragraph, there is no theoretical difference between leftward or rightward fan, since it 

depends on the viewpoint of the observer and it is independent of the end disposition. Therefore, 

the pattern build up from leftward fans is chosen, see Figure 2-4. In Figure 2-5, the scale model in 

shown belonging to the chosen pattern. Here, the white elastic bands represent the up end 

disposition and the black elastic band the down end disposition, resulting in an anticlastic shape. For 

structural simplicity, only one end disposition will be used in the design, namely the up end 

disposition. 

 

 
Figure 2-4: Pattern of the reciprocal frame design build up from 4-nexor fans 

 

 

 
Figure 2-5: Scale model of the chosen 4-nexor fan pattern 
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For a pattern constructed with 3-nexor fans, seven out of 12 patterns are suitable for the design of a 

reciprocal frame with 3-nexor fans due to lower complexity of the pattern itself. During a scale 

model study, a feeling is created whether a pattern is easy to make. To elaborate: consider the two 

patterns shown in Figure 2-6. The pattern on the right is more complex as it requires a more 

thorough study before a model can be made. In addition, connecting the fans to each other ended 

up being more difficult for the pattern on the right. Based on this experience, the left pattern of 

Figure 2-6 is chosen as design pattern for a reciprocal frame structure build up from 3-nexor fans. 

The scale model of this pattern is shown in Figure 2-7. 

 

     
Figure 2-6: Simple pattern (left) and a more complex pattern (right) 

 

 

 
Figure 2-7: Scale model of the chosen 3-nexor fan pattern 
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3 PARAMETRIC	MODEL:	FAN	
 

This chapter describes how a 4-nexor and 3-nexor regular fans can be modelled parametrically in 

Grasshopper [10], a plug-in of Rhinoceros [11]. In Chapter 4, these fans are used to describe the 

structural behavior on an elementary level. Both fans will have a leftwards style and an up end 

disposition, based on the findings in Paragraph 1.3 and Paragraph 2.3. In the models, the side angle 

� is a set value, which depends on the number of elements. For a 4-nexor fan � = 90� and for 3-

nexor fan � = 120�.  

 

3.1 Leftward	4-nexor	fan	with	up	end	disposition	
 

In regular fans, all parameters are kept identical between nexors. This means that the end points of 

each nexor or eccentricity are in the same plane. In other words, all higher nexor ends or lower 

nexor ends and higher or lower ends of the eccentricity are located at the same height. However, 

the location of the eccentricity is unknown as the engagement length � is unknown. So, if one starts 

modeling from a nexor end and uses � as a parametric parameter, then a closed circuit is not found 

nor are the ends in the same plane as the direction of the eccentricity is three-dimensional. This is 

shown in Figure 3-1, note that the model shows only the engagement length � and the 

eccentricities. 

 

 
Figure 3-1: Fan without a closed circuit, engagement length as parametric parameter 

 

The approach described above did not lead to a successful parametric fan, because the engagement 

length � depends on the length of the eccentricity � and the chosen base angle 	. Thus, a new 

approach is necessary. In this new approach, the fan is modelled by starting at a lower end of the 

eccentricity. Figure 3-2 shows the elementary configuration of a 4-nexor fan in which elements and 

eccentricities are numbered. The direction of the eccentricity is defined in the same way as Baverel 

used [1], namely: 

 

 ���������� = ���2�������������� ∗ ���1�����������        (3-1) 

 ���������� = ���3�������������� ∗ ���2�����������        (3-2) 

 ���������� = ���4�������������� ∗ ���3�����������        (3-3) 

 ���������� = ���1�������������� ∗ ���4�����������        (3-4) 

 

With: 

����������� Vector that represents the direction of a nexor under base angle 	 

�������������� Reversed vector of the considered nexor 

 

� � 
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Figure 3-2: Elementary drawing of the fan (red arrow indicates the direction of the nexor from low to high) 

 

Once the direction of the eccentricity ���� is found, the eccentricity � itself can be defined. At the 

lower end of the eccentricity, a plane was drawn in XY-direction at Z=0. From the higher end of the 

eccentricity, a line was drawn under base angle 	 over the reversed vector of the connecting 

element. Finally, an intersecting point on the plane was found, which results in the definition of the 

engagement length �. The following parameters can vary in this model: 

• Base angle 	 between the base plane and nexor; 

• Eccentricity �; 

• Length � of the nexor. 

 

Note that the engagement length � is an output in this model. The algorithm of this approach is 

written in Grasshopper [10] and can be found in Appendix B, Paragraph B.1. Figure 3-3 shows an 

example of a 4-nexor fan in Rhinoceros [11]. 

 

 
Figure 3-3: Model of the leftward 4-nexor fan with up end disposition 

 

3.2 Constructing	a	4-nexor	fan	with	variable	engagement	

length		
 

In the model described in the Paragraph 3.1, the length of a nexor �, the length of the eccentricity �, 

and the base angle 	 are the variable parameters. By means of vector-calculation, the direction of 

the eccentricity ���� is determined by the cross product of the vectors belonging to two neighboring 

nexors which are given by 	, see equation 3-1 to 3-4. Therefore, the conclusion can be made that 

there is a direct relation between ���� and 	. 
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In the previous approach, the engagement length � was an output parameter, thus a new approach 

was tried in which the � is variable. If	� can be made variable, one can gain more insight in the 

geometrical background of the structural system. In addition, if a model is constructed with a 

variable �, then it might be possible to design a system that adjust its general shape (adaptable). 

Since ���� depends on 	, a definition of 	 must be found with the help of variables �, �, and �. The 

following definition of 	 was used: 

 

Starting point:  	 = 0 

    � = �� 	!�"#� 

 

The angle $, used as input for 	, is assumed to be in the same plane as 	, thus in the plane of the 

nexor, see Figure 3-4: 

 
%
& = tan$ 	→ 			$ = tan+� ,%&- 							./0ℎ		 = $	      (3-5) 

 

 
Figure 3-4: Variables of a nexor 

 

The result of this model shows that the principle works. However, the Z-coordinate of the supporting 

points are not the same, see Figure 3-5 and Figure 3-6. 

 
Figure 3-5: Perspective (left) and frontal view (right) of the model with a set of eccentricities 

 

    
Figure 3-6: Perspective (left) and top view (right) of the model with a set of engagement lengths 
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These geometrical errors related to the eccentricity � or engagement length � are: 

• If � is increased, then the difference in Z-coordinate of the supports increases, see Table 3-1 

and Figure 3-7. The following is found: the value for the Z-coordinate multiplies with the 

number of nexors, thus the shift vertically stacks linearly. However, the difference between 

the consecutive Z-coordinates is decreasing the higher � becomes. 

• If � is decreased, then the difference in Z-coordinates of the supports increases, see Table 

3-2 and Figure 3-8. This change in Z-coordinate is not linearly but more exponentially. Note 

that the difference in Z-coordinate is lower when � is decreased then when � is increased. 

 
Table 3-1: Differences in z-coordinate of a set of eccentricities (in mm) 

 e Support 1 Support 2 Support 3 Support 4 (X+1) - X e2 - e1 

1 200 0 -0.977929 -1.955859 -2.933788 -0.977929 - 

2 250 0 -1.886487 -3.772974 -5.659462 -1.886487 -0.908558 

3 300 0 -3.211313 -6.422626 -9.633939 -3.211313 -1.324826 

4 350 0 -5.010877 -10.021754 -15.032630 -5.010877 -1.799564 

5 400 0 -7.332091 -14.664182 -21.996272 -7.332091 -2.321214 

6 450 0 -10.209801 -20.419601 -30.629402 -10.209801 -2.877710 

7 500 0 -13.666729 -27.333459 -41.000188 -13.666729 -3.456928 

8 550 0 -17.713832 -35.427665 -53.141497 -17.713832 -4.047103 
  

With: 23 4 15 6 3 The difference in z-coordinate of the consecutive supports 

    (for example: 23 4 15 = support 2 and 3 = support 1) 

  �2 6 �1  The difference between the z-coordinates 

    (for example: �2 (250) = -51.123084   and  �1 (200) = -0.977929) 

 

 

 
Figure 3-7: Differences in z-coordinate of a set of eccentricities in mm 
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Table 3-2: Differences in z-coordinate of a set of engagement lengths (in mm) 

  λ Support 1 Support 2 Support 3 Support 4 (X+1) - X λ2 - λ1 

1 1600 0 -0.683738 -1.367477 -2.051215 0.683738 - 

2 1800 0 -0.811322 -1.622643 -2.433965 0.811322 0.127584 

3 2000 0 -0.977929 -1.955859 -2.933788 0.977929 0.166607 

4 2200 0 -1.201079 -2.402158 -3.,603237 1.201079 0.223150 

5 2400 0 -1.509190 -3.018380 -4.527569 1.509189 0.308110 

6 2600 0 -1.950687 -3.901374 -5.852061 1.950687 0.441498 

7 2800 0 -2.613079 -5.226159 -7.839238 2.613079 0.662392 

8 3000 0 -3.666045 -7.332091 -10.998136 3.666045 1.052966 
  

With: 23 4 15 6 3 The difference in z-coordinate of the consecutive supports 

    (for example: 23 4 15 = support 2 and 3 = support 1) 

  �2 6 �1  The difference between the z-coordinates 

    (for example: �2 (250) = -51.123084   and  �1 (200) = -0.977929) 

 

 

 
Figure 3-8: Differences in z-coordinate of a set of engagement lengths (in mm) 

 

The geometrical errors are caused by defects within in the algorithm of the model. One of the defect 

is the definition of 	. The rotation of � is a 3D rotation (angle 7 in Figure 3-9), in other words, � 

rotates out of the plane of the nexor by an increasing 	. Therefore, the assumption that $ lays in the 

same plane as the nexor is incorrect. In addition, it was found that the projected angle (projected on 

the plane of the nexor) of ���� is equal to 	. This is only the case when the nexor plane is 

perpendicular to the base plane of the fan.  

 

 
Figure 3-9: 3D rotation of the eccentricity 
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Since the vector product is irreversible in vector calculation, angle 7 can only be found in a more 

geometrical way. This can be done as followed: 

• Compute two lines 8 and 9 on either the XZ plane or YZ plane under the base angle 	 with 

respect to the z-axis; 

• At height :, taken from the lower end of the eccentricity, a plane is constructed that 

intersects with the two lines; 

• At these intersecting points, two new lines ; and < are drawn in either X- or Y-direction, see 

Figure 3-10. To elaborate, the intersection point that lays, for example, in the YZ plane 

requires a line in the direction perpendicular to that plane, thus X-direction; 

• The intersection of lines ; and < is a point that makes the angle 7 with the z-axis, a check 

shows that this method results the same direction of the eccentricity found by vector 

calculation. 

 

   
Figure 3-10: Alternative way to define the direction of the eccentricity 

 

The above described procedure to find the angle 7 also depends on 	. In addition, the location of 

the lower end of the eccentricity must be defined and the eccentricity is defined indirectly by means 

of this height :. In other words, when the eccentricity � is an input parameter, the definition of : 

follows because these parameters are dependable. Since 	 is an input variable as well, the 

engagement length � is again an output.  

 

Even though the approach is different, the control of the variables and the dependency is the same. 

Another defect follows from the way the model is constructed. The elements are stacked by starting 

a new definition at an endpoint of the connecting eccentricity or nexor. Therefore, the error that is 

related to 	 stacks continuously which results in one eccentricity with a different length and a 

difference in Z-coordinate of the support points. 

 

Constructing a fan by means of vector-calculation, results in a set of restrictions geometrically. Since 

direction of the eccentricity ���� depends on the direction of the nexor, thus 	, the following can be 

stated with help of the theory of Pythagoras: 

 

sin	 = ?@
% 			→ 			� = ?@

ABCD	        (3-6) 

 

With: 

	  base angle 

 ℎ�  height, difference in Z-coordinate of � 

 �  engagement length 

 

A B 

z 

C 

D 



Progressive Collapse in Reciprocal Frame Structures   Graduation thesis 

 

TU/e 25 L. van der Molen 

If � has a defined and fixed length (diameter of the nexor), ℎ� changes only due to a change in ����, 
and therefore 	. The relation in equation 3-7 shows that if � is set to be a variable, either ℎ� or 	 

should be fixed or both can be variable but must be independent. However, both ℎ� and 	 are 

geometrically dependent. When 	 increases, ℎ� decreases and sin 	 runs from 0 to 1. The relation 

described above gives always a decreasing � under these changes. So, the conclusion can be drawn 

that it is not possible to have a variable � while using the vector-calculation to compose a model. 

 

3.3 Constructing	4-nexor	fan	with	different	input	variables	
 

The previous two approaches of constructing a 4-nexor fan, described in Paragraph 3.1 and 3.2, 

relied on the geometrical parameters �, �, 	, or � as input. The following approach is entirely 

different as it uses polygons to construct a fan, resulting in the geometrical parameters as output. In 

this approach, the following parameters are input parameters, see Figure 3-11: 

• Radius E of the square which influences the nexor length �; 

• The offset distance F�GG which defines the in-plane angle $ and engagement length �; 

• Side angle � = 90�; 

• Variable : which represents a vertical translation over the z-axis and is applied to one end of 

the nexor (the end-point which is not located on the larger base square). This translation 

results in a changing base angle 	, and thus a 3D 4-nexor fan. 

 

 
Figure 3-11: Top view model based on polygons 

 

Again, the direction of the eccentricity ���� is determined with vector calculation. In this procedure, 

the location of the eccentricity � between two nexors is unknown. The algorithm written in 

Grasshopper[10] and can be found in Appendix B, Paragraph B.2. Here, the procedure to define the 

exact location of the eccentricity element is described in short: 

• The higher end of the nexor is connected to its neighboring nexor through a vertical line 

parallel to the z-axis; 

• ���� is the input of a line that starts at the higher temporary end of the nexor; 

• A plane is defined between the neighboring nexor and the vertical line (z-axis); 

• The line that follows ���� is projected onto the nexor plane; 

• An intersection on the neighboring nexor was found, this is the lower end �; 

• Another line that follows ���� is drawn from the lower end of the eccentricity. This line 

intersects with the nexor, resulting in finding the higher end of the eccentricity (see Figure 

3-12). 

� 

$ 

F�GG 

E 
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Figure 3-12: Determining the exact location and size of the eccentricity 

 

A downside of this approach is that the user loses all control of the geometrical parameters �, �, 	, 

and � that define a fan. These parameters are obtained indirectly through other adjustments that 

makes it rather complex to create a design with the desired dimensions.  

 

3.4 Leftward	3-nexor	fan	with	up	end	disposition	
 

For a 3-nexor fan with up end disposition, the same procedure is applied as for a 4-nexor fan with up 

end disposition as described in Paragraph 3.1. The main difference is, of course, that the valancy is 

lower, namely 3, and the side angle � larger, namely 120 degrees. Therefore, less components are 

presence in the Grasshopper algorithm. In the case of an up end disposition, the eccentricities are 

defined as follows: 

 

 ���������� = ���2�������������� ∗ ���1�����������        (3-7) 

 ���������� = ���3�������������� ∗ ���2�����������        (3-8) 

 ���������� = ���1�������������� ∗ ���3�����������        (3-9) 

 

 
Figure 3-13: Elementary drawing of the fan (red arrow addresses the direction of the nexor from low to high) 

 

De algorithm written in Grasshopper[10] can be found in Appendix B, Paragraph B.3. Figure 3-14 

shows an example of a 3-nexor fan in Rhinoceros [11]. 

projected ���� 

vertical line 

(z-axis) 

eccentricity � 

nexor 

neighboring nexor 
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Figure 3-14: Model of the left ward 3-nexor fan with up end disposition in Rhinoceros 
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4 STRUCTURAL	ANALYSIS:	FAN	
 

This chapter is dedicated to the structural analysis of a fan. First, a geometrical study is done into the 

relations between parameters. The goal is not to define parameters in mathematical equations, but 

to understand how a parametric variety results into geometrical changes. In addition, a theoretical 

study was done to predict the force transfer in a nexor, followed by a numerical analysis to gain 

more insight in the structural behavior of a fan. 

 

4.1 Relations	between	parameters	in	a	fan	
 

A 2D representation of a nexor in a fan can help clarify relations between parameters, see Figure 

4-1. Below the figure, the parameters are defined. 

 

 
Figure 4-1: Structural schematization of a nexor in the fan 

 

H  point load, represent the load of the intersecting neighboring nexor 

�  length of the nexor 

�  engagement length 

I  horizontal length of the nexor, I = I� 4 I� 

I�, I�  horizontal length, depending on the location of the intersecting neighboring nexors 

ℎ height of the nexor (between the two endpoints), ℎ = ℎ� 4 ℎ� 

ℎ�, ℎ� height, depending on the location of the intersecting neighboring nexors 

	 angle between the base plane and nexor 

 

In the previous chapter, some relations between parameters were found while modeling a 

parametric fan. In summary: 

• The direction of the eccentricity ����, can only be found by multiplying neighboring vectors 

that represent the nexor (Paragraph 3.1, Equation 3-1 to 3-4); 

• ���� is related to the base angle 	, since the eccentricity � results in a height difference in Z-

direction that can be used to determine 	, for a known � (paragraph 3.2, Equation 3-7); 

• If the eccentricity � is a variable, the engagement length � is an output. In other words, both 

the eccentricity and engagement length cannot be variable due to a dependency. 

 

Note that the relations mentioned above and those described in this paragraph are used to show the 

dependency between parameters, but are not directly applied in the model that is used for the 

structural analysis. 
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The relation between the eccentricity � and the engagement length � can be shown in a different 

way as well. With the cosine and sine rule in combination with the theory of Pythagoras, the 

following can be found: 

 

 sin	 = ?@
%    and   cos	 = LM

%         (4-1) 

  sin	� 4 cos	� = 1	 → ,?@% -
� 4	,LM% -

� = 1	 → 	�� = ℎ�� 4 I��    (4-2) 

 tan	 = ?@
LM         (4-3) 

 

The set of equations above show also that all four parameters 	, ℎ�, I�, and � are related to each 

other. As a result, only one of these parameters can be used as input parameter in a model. The 

direction of the eccentricity ���� can also be defined as a 3D angle relative to a vector in z-direction. 

This angle 7 (also mentioned in Paragraph 3.2), can be defined as follows: 

 

cos 7 = ?@
& 	→ 		ℎ� = � ∙ cos 7       (4-4) 

 

Inserting the result for ℎ� into Equation 4-4 provides a relation between 	 and 7: 

 

tan	 = ?@
LM =

&∙OPAQ
LM         (4-5) 

 

With: 

ℎ� height, difference in z-coordinate of � 

 � eccentricity 

 I� horizontal length of the engagement length 

 

4.1.1 From 2D to 3D 

 

In a 2D system, both the eccentricity � and base angle 	 equal zero. To create a 3D system, either 

one or both parameters should become larger than zero. There are two possible ways to achieve 

this. First, using a value � > 0 will result in one end of the nexor to be lifted up under a certain angle 

	. In other words, it is not possible to have any value for � while keeping 	 = 0. If 	 > 0 is a fixed 

input value, changing � will result in an increasing or decreasing engagement length �. Second, it is 

also possible to rotate elements under 	 > 0 to create a 3D system while keeping � = 0. In this 

case, the center lines of the system intersect and the nexors are not resting on each other. However, 

if � > 0 was used and this is a fixed value, then changing 	 leads to an increasing or decreasing �. 

 

4.2 Structural	analysis:	2D	
 

The first step is to take one nexor as part of a fan and simplify this into a structural scheme. In this 

case, the lower end is a hinged support and the higher end is simplified as a rolling hinged support. It 

is important to realize that this theoretical analysis is a simplification, and therefore the results 

shows an upper limit, in other words: it shows an extreme situation. 
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Situation 1: 	 = 0 and � = 0, the beam is horizontal and the fan lays completely in one plane. 

The point load H has horizontal and vertical component, this results in the schematization shown in 

Figure 4-2. 

 

 
Figure 4-2: Horizontal schematization of a nexor, with 	 = 0 and � = 0 

 

Equilibrium: 

∑T = 0 	→ 		EU − HU = 0 →			 HU = EU      (4-6) 

∑� = 0 	→ 		EV 4 EW − HX = 0 →			 HX = EV 4 EW     (4-7) 

∑YZ[\?	]&^_&`\	\�	V = 0 		→ 		 HXI� − EV2I� 4 I�5 = 0		 → 			 EV = abLM
L@cLM   (4-8) 

∑YZ[\?	]&^_&`\	\�	W = 0 		→ 		 HXI� − EW2I� 4 I�5 = 0		 → 			 EW = abL@
L@cLM   (4-9) 

 

Check: 

  
abLM
L@cLM 4

abL@
L@cLM = HX 	→ 			 HXI� 4 HXI� = HX2I� 4 I�5 		→ 			d. f.    (4-10) 

 

Force equilibrium shows that the axial force is only located in the part of the beam that is 

represented by I�. Therefore, the part of the beam subjected to axial forces depends on the point of 

application of the force, see Figure 4-3. 

 

For shear, the following can be concluded: 

I� < I� 		→ 		EV > EW (see Figure 4-3, left) 

I� = I� 	→ 		EV = EW  (see Figure 4-3, middle) 

I� > I� 	→ 		EV < EW (see Figure 4-3, right) 

 

The shear force in the beam depends on the point of application of the force as well. When I� = I�, 

then the reaction forces in both supports are equal. If the force is located closer to a support point, 

that part of the beam is subjected to a higher shear force. 

 

The definition of the maximum bending moment should include both I� and I�. The summation of 

these lengths results in the nexor length �. The following is found for the maximum bending 

moment: 

 

I� 4 I� = �         (4-11) 

YhiL = EVI� = EWI� = abL@LM
L@cLM =	 abL@LMj      (4-12) 

 

The length � of a nexor remains the same while I� and I� can change, thus the denominator does 

not change. However, the numerator of the maximum bending moment does. This results in a 

maximum bending moment when I� = I� which reduces when the acting force is located closer to 

either support, see Figure 4-3. 
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Figure 4-3: Axial (upper), shear (middle), and moment (lower) diagrams  for different points of application of the force 

 

Situation 2: 	 ≠ 0 and � ≠ 0, the nexor does not lay in one plane horizontally. 

This situation is obtained by adding an eccentricity �, resulting in the nexor lifted under an angle 	. A 

similar situation appears as in Figure 4-1. In case of a vertical point load, this point load has a 

horizontal and vertical component in which the angle of the nexor is included. Once these are 

computed, equilibrium follows in a similar way as shown in ‘Situation 1’. 

 

H? = H cos	 and 	HX = H sin	 ;       (4-13) 

H = lH?� 4 HX�         (4-14) 

 

4.3 Structural	analysis:	3D	
 

The model used for this structural analysis is described in Paragraph 3.1. The first step is to translate 

the elementary configuration in a physical model. Therefore, the following characteristics must be 

defined: the material, cross section of the nexor, cross section of the eccentricity element, and the 

geometrical shape (nodes and beams). In Grasshopper [10], a link is made with Oasys GSA [12] in 

order to make a structural analysis, more information can be found in Appendix B, Paragraph B.4. 

 

The following set of input data is used for the structural analysis: 

Material  Steel (pre-defined), S235 

Nexor length �  4000 mm 

Cross section  CHS 50x2.9 mm (for both the eccentricity element and nexors) 

Eccentricity  50 mm 

Base angle 	  1, 2, 3, 4, 5, 10, and 15 degrees 

 

   
Figure 4-4: Structural system in steel hollow sections 
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The chosen set of input data is assumed and based on practical dimensions of circular hollow section 

(CHS) [13]. The general goal of this analysis is to gain insight in how different structural boundary 

conditions influence the structural behavior of a fan. Therefore, the system will not be checked with 

the Eurocode. A static analysis is done for a 3-nexor fan and a 4-nexor fan. Figure 4-4 shows the 

physical model of a 4-nexor fan. 

 

The base angle 	 is the only varying parameter of the input data set. Including this in the study 

provides the opportunity to analyze the impact of geometrical changes on the structural behavior. 

The first visible change is that the structure becomes higher for an increasing 	. In addition, the span 

of the fan increases until a certain point, then it decreases slightly. This is shown in Figure 4-5. 

 

 
Figure 4-5: Geometrical changes for a varying base angle 	 

 

As expected, based on the relation found in equation 4-5 (Paragraph 4.1), the direction of the 

eccentricity also changes. The greater 	 becomes, the more the direction of the eccentricity deviates 

from the z-axis. The (projected) angle of the eccentricity on the XZ-plane is shown in Figure 4-6. 

 

     
Figure 4-6: Change of direction of the eccentricity in XZ-plane (left) and YZ-plane (right) 

	 = 1� 
	 = 2� 
	 = 3� 

	 = 5� 

	 = 10� 

	 = 15� 

	 = 25� 

	 = 4� 

	 = 1� 	 = 2� 	 = 3� 	 = 4� 	 = 5� 
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	 = 15� 

	 = 1� 	 = 2� 	 = 3� 	 = 4� 	 = 5� 

	 = 10� 

	 = 15� 
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In addition to varying 	, two other structural variations are made, namely: two connection principles 

and two different support systems. The two connection principles considered are a welded 

connection and a connection with scaffolding couplers. Both are common in steel structures with 

CHS. For the welded connection, the eccentricity element is fixed to the nexors, see Figure 4-7. The 

connection with scaffolding couplers is modeled slightly different. First, the eccentricity element is 

divided in two equal parts, see Figure 4-8. For one part of the eccentricity element, the rotation 

around the x-axis of the eccentricity is released. 

 

    
Figure 4-7: Welded connection and its simplification in Oasys GSA 

 

    
Figure 4-8: Connection with scaffolding couplers [2] and its simplification in Oasys GSA 

At the lower end of the eccentricity element, the vertical concentrated loads are applied. The load 

applied on the 3-nexor fan and the 4-nexor fan is equal, resulting in 1.0 kN per connection for the 4-

nexor fan and 1.333 kN in case of a 3-nexor fan.  

 

The two support systems considered are either fully pinned supported or partly released. By partly 

releasing the supports, a simplified progressive collapse can be analyzed. Figure 4-9 and Figure 4-10 

show the structural system considered in case of pinned supports with the concentrated loads. 

 

 
Figure 4-9: Structural system of a 4-nexor fan for the analysis is GSA Oasys (for example 	 = 2�) 
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Figure 4-10: Structural system of a 3-nexor fan for the analysis is GSA Oasys (for example 	 = 2�) 

 

In case of the partly released support system, one support remains pinned, one support is restrained 

in YZ-direction, and the remaining supports only restrained in the Z-direction (see Figure 4-11 and 

Figure 4-12). The additional restraint of one support in the Y-direction is necessary for stability 

reasons, otherwise the system can rotate around one point. When the connection with the 

scaffolding couplers is considered, the previous described partly released support system does not 

hold for the 4-nexor fan. When the local x-axis of the eccentricity is released, the system becomes 

unstable since a square is an unstable geometrical shape. Therefore, the two opposite supports have 

both either an XZ-restrain or YZ-restrain (see Figure 4-13). 

 

 

 
Figure 4-11: 4-nexor fan with partly released supports 
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Figure 4-12: 3-nexor fan with partly released supports 

 

 
Figure 4-13: 4-nexor fan with released connection and partly released supports 

 

In summary, the following models are used for the structural analysis of a 3-nexor and 4-nexor fan: 

• Pinned supports and fixed connection; 

• Pinned supports and rotation free x-axis connection; 

• Released supports and fixed connection; 

• Released supports and rotation free x-axis connection. 

 

The previous described structural variations are made for the following three analyses: 

 

• Analysis 1: 3-nexor fan versus 4-nexor fan. 

Up until now, two different fans are considered. The goal of this analysis is to learn which fan shows 

the lowest result for axial force HL, bending moments Ynn and Yoo, and displacement |q|. The axial 

force and bending moments are chosen for the comparison, because a reciprocal frame structure is 

mostly subjected to both compared to shear force and torsional moments. 
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• Analysis 2: Fixed connection versus rotation free x-axis connection. 

The two connections considered are two basic connections for a reciprocal frame structure. The goal 

of this analysis is to analyze the change in structural behavior due to the application of a different 

connection and to learn which connection shows the lowest result for axial force HL, bending 

moments Ynn and Yoo, and displacement|q|. 
 

• Analysis 3: Pinned supports versus partly released supports. 

By implementing a partly released support system, it is possible to simulate progressive collapse in a 

simplified manner (an extreme). The goal of this analysis is to analyze the impact on structural 

behavior generally and analyze the impact on structural behavior in the connection. 

 

The results of all the models for different values of 	 can be found in Appendix C. 

 

4.3.1 Analysis 1: 3-nexor versus 4-nexor fan 

 

In order to be able to compare a 3-nexor fan and a 4-nexor fan, the applied load must be equal for 

both systems. In addition, it must be checked whether the engagement ratio is equal for both 

systems [3]. This ratio is found by dividing the engagement length � by the nexor length �. The 

parameters are shown in Figure 4-14. 

 

 
Figure 4-14: Parameters that define the engagement ratio �/� 

 

The engagement length � is extracted from the Grasshopper [10] model and given in Table 4-1. 

Figure 4-15 shows the graphical representation of the ratios found in the 3-nexor fans and 4-nexor 

fans. The difference between the ratios are minimal, and therefore the ratios are assumed to be 

equal. Thus, a comparison between a 3-nexor fan and a 4-nexor is allowed. 

 
Table 4-1: The engagement ratio of a 3-nexor and 4-nexor fan 

  α 1 2 3 4 5 10 15 

3-nexor fan λ 2863.19 1429.20 950.16 709.87 565.10 271.55 170.28 

  λ/L 0.7158 0.3573 0.2375 0.1775 0.1413 0.0679 0.0426 

4-nexor fan λ 2864.06 1430.94 952.75 713.30 569.34 279.38 180.65 

 λ/L 0.7160 0.3577 0.2382 0.1783 0.1423 0.0698 0.0452 
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Figure 4-15: Graphical representation of the engagement ratios 

 

For this analysis, both systems have pinned supports and the fixed connection is considered (Figure 

4-7, Figure 4-9, and Figure 4-10). The results of this analysis can be found in Appendix C, Paragraph 

C.1 and C.10.3. All results are presented in tables and plotted in graphs to show differences more 

clearly. In addition, a distinction is made between two nexor parts L1 or L2 with end (1) or end (2) 

which is shown in Figure 4-16. 

 

 
Figure 4-16: Definitions of the nexor parts in the results 

 

The first result found is that the maximum displacement |q| of a 3-nexor fan is higher up until a base 

angle 	 of 3 degrees. For a higher value of 	, the 3-nexor fan shows a lower displacement. This 

shows that the system behaves stiffer when the engagement length � becomes smaller and the 

slope of the nexor becomes higher. 

 

The axial force in a 3-nexor fan is for any value of 	 higher than a 4-nexor fan. The same applies for 

the bending moment Yoo. For the bending moment Ynn, the structural behavior is different. A 3-

nexor fan shows a higher result than the 4-nexor fan up until a value of 	 of approximately 3.1 

degrees for part L1 end (2). At the other side of the connection, thus part L2 end (1), the system 

shows a higher Ynn up until a value of 	 of approximately 2.5 degrees. For the other end of the 

nexor, part L2 end (2), the 3-nexor fan shows either a higher or equal Ynn than the 4-nexor fan. 

 

Based on the found results, it can be concluded that for smaller values of base angle 	, the axial 

force and bending moments are higher in a 3-nexor fan than a 4-nexor fan. However, this is not the 

case for larger values of 	. It can be said that the performance of the system (lower axial forces, 

bending moments, and displacements are preferred) depends on the base angle 	, and therefore it 

is not possible to choose either a 3-nexor fan or a 4-nexor fan with this analysis.  
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4.3.2 Analysis 2: Fixed connection versus rotation free x-axis 

connection 

 

The first analysis did not result into a choice between a 3-nexor fan and 4-nexor fan. Therefore, the 

second analysis is done for both fans as well. In the second analysis, both fans are pinned supported 

(Figure 4-9 and Figure 4-10) with either the fixed connection (Figure 4-7) or the rotation free x-axis 

connection (Figure 4-8). 

 

The results of the first analysis (Appendix C, Paragraph C.10.3) show that the behavior of a 4-nexor 

fan is rather similar to the behavior of a 3-nexor fan. This is confirmed by the results of the second 

analysis that can be found in Appendix C, Paragraph C.10.4 and C.10.5. Therefore, the findings 

discussed here apply for both the 3-nexor fan and 4-nexor fan. Note that the values of the internal 

forces and moments differ for both systems. 

 

For the 3-nexor fan, the axial force HL and shear forces Hn and Ho of the rotation free x-axis 

connection are lower or equal to the results found with a fixed connection. This is not the case for 

the torsional moment YLL, which is higher when the rotation free x-axis connection is applied. The 

bending moment Ynn shows a different result for each nexor part. At the connection, part L1 end 

(2), Ynn is higher for the rotation free x-axis connection. On the other side of the connection, part L2 

end (1), Ynn is either equal or lower. At the other end of the nexor, part L2 end (2), Ynn is higher for 

a base angle 	 up until a value of approximately 5 degrees when the rotation free x-axis connection 

is applied. 

 

The afore discussed internal forces and moments are also presented in axial, shear, and moment 

diagrams for 	 = 1� and 	 = 2� in Appendix C, Paragraph C.4 and C.5. The shape of the axial, shear, 

and moment diagrams are the same for both connections with the bending moment Yoo as an 

exception. When the rotation free x-axis connection is applied in the system, Yoo approaches zero at 

the other end of the nexor, part L2 end (2). This can be explained by the fact that the direction of the 

eccentricity ���� approaches the direction of the local z-axis of both connecting nexors. In other words, 

releasing the rotation around x-axis of the eccentricity element allows more rotation of the nexor 

end, part L2 end (2), as the resistance is reduced and this lowers the Yoo at that nexor end. In 

addition, releasing the rotation around the x-axis causes Yoo to increase at the connection side, part 

L2 end (1). These differences in moment diagram Yoo are shown Figure 4-17.  

 

It was also found that the maximum value of Yoo is lower for a 3-nexor fan with a rotation free x-axis 

connection. Even though Yoo for part L2 end (1) is higher, it is still lower than the bending moment 

found for part L1 end (2). 

 

              
Figure 4-17: Moment diagram Yoo of the fixed connection (left) and rotation free x-axis connection (right) 
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The final result to discuss is the maximum displacement |q|, for which a 3-nexor fan with the 

rotation free x-axis connection shows the lowest result of all four systems considered up until now. 

 

The goal of this analysis is to define which connection shows the lowest result for the axial force HL, 

bending moments Ynn and Yoo, and displacements. According to the results, this would be the 

rotation free x-axis connection.  

 

4.3.3 Analysis 3: Pinned supports versus partly released supports 

 

For the third analysis, the supports are partly released. Here, the conclusion of Analysis 2 is 

implemented. In order words, the rotation free x-axis connection is applied in this analysis. When 

the 3-nexor fan is considered, a comparison is made between the models shown in Figure 4-10 and 

Figure 4-12. In case of a 4-nexor fan, the models in Figure 4-9 and Figure 4-13 are compared. The 

results of Analysis 3 for the 3-nexor fan can be found in Appendix C, Paragraph C.10.6, and the 

results for the 4-nexor fan can be found in Appendix C, Paragraph C.10.7. 

 

For both the 3-nexor fan and 4-nexor fan, the axial force HL and shear force Ho increase continuously 

when the partly released supports are applied for an increasing base angle 	. Up until a base angle 	 

of 10 degrees, the pinned supports show a higher value for HL and Ho is higher for any value of 	. The 

shear force Hn becomes zero when the supports are partly released, which results into a change in 

the bending moment diagram Yoo. With pinned supports, the moment diagram is linear, but when 

the supports are released, it becomes constant, see Figure 4-18. In addition, Yoo increases 

continuously for an increasing 	, yet is lower than the results found with the pinned supports. The 

bending moment Ynn also increases continuously when partly released supports are applied and 

Ynn is higher than the results found in pinned supports. The torsional moment YLL is higher for any 

value of 	 when the partly released supports are applied. 

 

      
Figure 4-18: Moment diagram Yoo for pinned supports (left) and partly released supports (right) 

 

All internal forces and bending moments, with exception of shear force Hn, increase when the 

supports are partly released. The expectation is that when a connection fails, the system will have 

increased internal forces and bending moments. This means that the connections that do not fail 

must be able to sustain higher loadings. 
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4.4 Conclusions:	Fan	analyses	
 

2D vs 3D 

The greatest difference between the structural analysis with basic mechanics (Paragraph 4.2) and 

the 3D analysis of a fan with pinned supports is that the behavior of the connection is not included in 

the boundary conditions of nexor in the 2D analysis. The roller support, which is a simplified 

representation of the connection between to nexors, introduces a restraint towards vertical 

displacement of that nexor end, while a neighboring nexor in a fan provides some resistance yet not 

fully restrained in vertical direction. 

 

3D analyses 

The three analyses done resulted the following conclusions: 

• Analysis 1: Based upon the results found, the internal forces and moments are higher in a 3-

nexor fan than in a 4-nexor fan for small values of base angle 	; 

• Analysis 2: The local released x-axis connection shows lower values for the axial force HL, 

bending moments Ynn and Yoo, and the displacement |q|; 
• Analysis 3: The expectation is that when an connection fails, the internal forces become 

larger with exception of shear force Hn; 

 

Based on these conclusions, it is not possible to say that either a 3-nexor fan or a 4-nexor fan 

structurally performs better. Choosing between the two basic connections is possible, since the 

rotation free x-axis connection shows the lowest values for internal forces. However, for the 

reciprocal frame structure, it is important to check whether the structural behavior of the fan is in 

line with the behavior within the reciprocal frame structure. 
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5 PARAMETRIC MODEL: RECIPROCAL FRAME 

STRUCTURE 
 

This chapter will describe how a reciprocal frame structure can be modelled. Paragraph 5.1 and 5.2 

describe how it was tried to obtain a non-black box model. In other words, to compute a model with 

an open parametric character in which one can easily understand the impact of changing input 

parameters. The final solution for achieving a design of a reciprocal frame structure suitable for 

further analysis is described in Paragraph 5.3. 

 

5.1 Continuously stacking regular fans 
 

In this procedure, the fan described in Paragraph 3.1 was used to make a reciprocal frame structure, 

see Figure 5-1. This fan is a regular fan, thus all geometric parameters are equal throughout the 

whole fan and the nexor length � is divided in two parts, namely the engagement length � and a rest 

length ��. 

 

 �� = � − �         (5-1)  

 

 
Figure 5-1: The 4-nexor fan of Paragraph 3.1 

 

In order to be able to combine multiple fans, the nexor length must be divided in three parts instead 

of two, namely two engagement lengths �� and �� and a rest length ��, defined as follows: 

 

  �� = � − 2�� 4 ��5 = � − 2�       (5-2)  

 

This definition results in an additional point on the nexor was created that will be used to add other 

fans, see Figure 5-2. 

 

� 

� 

�� 
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Figure 5-2: First change resulting in a new definition of the rest length �� 

 

In order to add a second fan with the same principle, a plane under the base angle 	 must be 

defined. This is done by rotating the vector that represents the direction of the nexor ���3����������� over the 

base angle 	, so that it lays in the base plane of the fan. In addition, a local z-axis is defined 

perpendicular to the base plane. Now, it is possible to describe a plane that defines the lower ends 

of the eccentricities in that fan. This results in a reciprocal frame structure consisting out of two fans, 

see Figure 5-3. The principle of this approach is in line with the bottom-up approach mentioned in 

Paragraph 1.1.2. 

 

 
Figure 5-3: A reciprocal frame structure consisting out of two fans 

 

The third fan is added in a similar way. As Figure 5-4 shows, the three fans are combined but the two 

nexors are part of the fourth fan are too far apart. In other words, the fourth fan cannot be made 

due to the lack of a closed circuit, thus this approach is not suitable for creating a reciprocal frame 

structure. 

 

�� 

�� 
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Figure 5-4: Three fans combined and the not closed circuit of the fourth fan 

 

The algorithm, thus the model, shows a number of defects. The first defect is related to the ratio 

�/�. When � is made smaller while � remains the same, the nexors that should be connected in the 

fourth fan are closer together. In other words: the range of L is limited by �. In addition, the 

definition of the base plane might not be entirely accurate, because the base plane can rotate 

around the x-axis of a nexor ���3����������� while the angle between the nexor and base plane remains 	. If 

this rotation would be added as a new input parameter, it allows a new level of sculpting. One can 

then manually change the rotation to bring the two nexors closer together. However, a specific set 

of input parameters would be required in order to create a closed circuit for the fourth fan. Finding 

this set of input parameters is impossible manually. Applying a solver could assist in finding the 

required set of input parameters, but it will limit the input freedom due to the parametric 

dependency between the geometrical parameters �, �, 	, and � defined in Paragraph 4.1. 

 

5.2 Rotating	edges	of	a	platonic	solid	
 

Since manually combining fans did not lead to a model, a new approach was tried. This approach is 

based on Baverel’s method of rotation, which he applied to a dodecahedron to create a reciprocal 

frame composed of 3-nexor fans (Paragraph 3.12, [1]). This approach is in line with the bottom-up 

approach described in Paragraph 1.1.2.  

 

A dodecahedron is a platonic solid, which is a regular convex polyhedron. A convex polyhedron is 

constructed by congruent regular polygonal faces, thus identical in shape and size with equal angles 

and sides, with the same number of faces meeting at each vertex. There are five solids that meet this 

requirement [14]: 

 
Table 5-1: Platonic solids 

Tetrahedron Cube Octahedron Dodecahedron Icosahedron 

Four faces Six faces Eight faces Twelve faces Twenty faces 
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When a platonic solid is triangulated, its surface or plane polygon is divided in triangles. An example 

of a triangulated platonic solid is the geodesic dome, which is a close approximation to a sphere (or 

hemisphere) [15]. Note that a reciprocal frame structure constructed this way contains 3-nexor fans, 

because the surfaces of a geodesic dome are triangles. Choosing the geodesic dome as base 

geometry for this approach means that a reciprocal frame structure with 4-nexor fans cannot be 

constructed. 

 

The first step in creating this model is to define the size of the geodesic dome with a preset function 

in Grasshopper [10]. After that, the end points of the edges must be defined of the part of the 

geodesic dome that must become the reciprocal frame. The points are sorted, based on the value of 

the Z-coordinate, and combined in one list of points. 

 

The next step is to subtract each point and connect them to neighboring points, in order to define 

the vectors that represent the direction of the nexors. Accordingly, a rotation was added, see Figure 

5-5, after which the direction of the eccentricity can be determined. 

 

   
Figure 5-5: Method of rotation in Grasshopper algorithm 

 

After defining the eccentricity and the length of the nexors, it was found that these differ depending 

on the location. This means that the fan in the reciprocal frame is not constructed with regular fans. 

This can be explained by the triangulation of a platonic solid to obtain a geodesic dome. Dividing a 

plane in multiple triangles results, in this case, in the creation of triangles with different edge 

lengths. In other words, the distance between the higher end of a nexor under a fixed base angle 

with a plane increases when the length of the nexor becomes larger. 

 

A possible solution to obtain the correct rotation per nexor is adjusting this rotation relatively to the 

length of the nexor. This adjustment can be explained by means of an example and Figure 5-6. As an 

example, the following is stated: 

 

 �� < ��         (5-2) 

 

The correction factor on the angle is defined as the ratio between the different lengths in a triangle: 

 

  �ist = � ∙ �         (5-3) 

 

With: 

� angle, rotation around the nexor center 

�ist adjusted angle 

� correction factor, � = ��/�� 
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Figure 5-6: Triangle with two different lengths 

 

The correction, described with Equation 5-2 and 5-3, results in a smaller deviation between two 

eccentricities but the third eccentricity becomes larger. This means that either the definition of the 

correction is incorrect or the effect does not improve the situation. A defect in the definition can be 

that the plane, with respect to the sphere, in which the nexor rotation occurs is not taken into 

account. Another aspect that must be considered is that when � = 0�, the triangle has two equal 

sides which is not the case once a rotation is applied. 

 

Constructing a complex geometry with the method of rotation results in a complex Grasshopper [10] 

algorithm with a number of individual definitions belonging to a particular nexor. In addition, 

changing one input parameter or definition changes the whole system. This makes an non-black box 

model, in which parametric definitions are easy to understand, or a model that allows sculpting 

rather complex to nearly impossible. In this case, a model with a solver of any kind is more favorable, 

because a solver is able to optimize the structure in such a way that the eccentricities are equal to 

each other. 

 

5.3 Reciprocal	frame	structure	model	with	solver	
 

To keep the design of the reciprocal frame structure simple, an up end disposition was chosen. 

Therefore, a negative Gaussian curved surface is eliminated even though it shows the best structural 

result (as stated in Paragraph 1.2). A positive Gaussian curvature is suitable for a design with only up 

end dispositions. However, in the situation that the reciprocal frame structure is constructed with 4-

nexor fans, the pattern narrows down towards the top of the dome. This is not the case for a 

reciprocal frame consisting out of 3-nexor fans. When the above mentioned aspects are considered, 

only a zero Gaussian curvature is suitable for a reciprocal frame structure consisting out of 4-nexor 

fans. Note that this shape does require an additional supporting system for the curved edge.  

 

In conclusion, the following two shapes are possible: 

• 3-nexor fan pattern on a positive Gaussian curved surface (Figure 5-7, left); 

• 4-nexor fan pattern on a zero Gaussian curved surface (Figure 5-7, right). 

 

 
Figure 5-7: Surface with positive Gaussian curvature (left) and zero Gaussian curvature (right) 
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Due to the wish that the design is simple and self-supporting, a 3-nexor pattern on a dome shape 

will be the design to continue with. 

 

Now that the shape of the design is known, an algorithm with a solver to construct reciprocal frame 

structures was used to finalize the design. This tool is called the ‘Reciprocal Frame Designer’ and is 

created by Tom Godthelp [16]. Information on the use of the Reciprocal Frame Designer can be 

found in Appendix D. 

 

In the algorithm of Godthelp [16], a base geometry is necessary to make a reciprocal frame 

structure. Projecting the chosen pattern of Paragraph 2.3 on the dome did not lead to an evenly 

divided structure. Therefore, a base geometry was chosen which can provide a similar pattern, 

namely a geodesic dome (see Figure 5-8, left). This approach is based on the top-down approach 

described in Paragraph 1.1.2. 

 

     
Figure 5-8: Transformation of a geodesic dome to a reciprocal frame structure 

 

In the model, the following parameters can be changed: the radius of the dome E, the frequency, 

and the scale factor u�. Since the algorithm of Godthelp  constructs a model entirely different, a 

small study was done on the geometrical behavior of the model. The results can be found in 

Appendix D, these are the highlights: 

 

• Decreasing the radius E, with the same frequency and the scale factor u� resulted in a 

smaller eccentricity �, but an equal the engagement ratio �/�; 

• Increasing the frequency, with the same radius E  and scale factor u� resulted in a smaller 

eccentricity � and engagement ratio �/�; 

• Decreasing scale factor u�, with the same radius E and frequency resulted in a smaller 

eccentricity � and engagement ratio �/�; 

• Geometrically, a smaller eccentricity � results in a less curved dome and a smaller 

engagement ratio �/� results in a finer grid (the engagement window is smaller). 
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6 STRUCTURAL ANALYSIS: RECIPROCAL FRAME 

STRUCTURE 
 

Now that the design of the reciprocal structure is known (Paragraph 5.3), a structural analysis can be 

made. The Oasys GSA [12] link of the design can be found in Appendix D, Paragraph D.1. This chapter 

covers the design, the loading on the structure, the structural checks, and the structural analyses of 

a system without failure. 

 

6.1 Design characteristics 
 

In order to compute a model, a set of input data is assumed. In contrast to the structural analysis of 

a fan, standard dimensions for circular hollow sections are not taken into account, because the 

nexor length and the pre-optimized eccentricity are determined by the algorithm.  

 

The following set of input data is chosen: 

Pattern   3-nexor fan 

 Base geometry  Geodesic dome 

Radius   20 m 

Scale factor u�  0.5 (→ �/�	 = 0.427) 

Frequency  4 

Eccentricity �  0.15 m 

Material  Steel (pre-defined), S355 

Supports  Pinned 

 

The chosen profile for the design is a circular hollow section (CHS) with a diameter F of 250 

millimeter and a thickness 0 of 15 millimeter. Paragraph 6.2 describes the load on the system which 

is simplified, yet based on realistic loadings according to Eurocode 1 (NEN-EN 1991-1). In addition, 

the structure is checked with the requirements of Eurocode 3 (NEN-EN 1993-1), which is explained in 

Paragraph 6.3. 

  

  
Figure 6-1: Reciprocal frame structure in Oasys GSA (side view and top view) 
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6.2 Load	cases	
 

In the structural analysis of a fan, only one load case was considered: a concentrated vertical load (in 

Z-direction) of 1.0 kN was applied at each connection. For the structural analysis of the reciprocal 

frame structure, multiple loads will be applied namely the self weight of the nexors, the self weight 

of the facade, a snow load, and a wind load. With exception of the self weight of the nexors, the load 

will be applied as a concentrated load at the connections. This is done by applying a point load on a 

beam element. Since the eccentricity element exists out of two beam elements, the load is applied 

as two concentrated loads at the connection. See Figure 6-2 for an example. Using two beam loads 

makes it possible to divided the load equally over two nexors when failure is introduced in the 

connection (Chapter 8). 

 

 
Figure 6-2: Concentrated loads on the eccentricity elements 

 

In order to determine the concentrated loads, the facade surface of the structure must be known. 

Here, the input geometry was used to make a rough estimation. The geodesic dome has 160 

surfaces of each 15.40 m2 and each surface contains three connections. 

 

6.2.1 Self weight 

 

In Oasys GSA [12], a gravity load is applied that represents the self weight of the nexors, see Figure 

6-3. In practice, the structure will have a facade that can be, for example, a light-weight cladding 

with textile or a havier cladding with glass panes. For the self weight of the facade, the following is 

assumed: a glass cladding with two 8 millimeter panes that have a density of 2500 kg/m3. This 

results in the following load per square meter: 

 

2 ∙ 8 ∙ 2500 = 40	xy/z� = 0.39	x�/z�     (6-1) 

 
{.�|∙�}.�{

� = 2.0	x� (per connection)      (6-2) 

 

For the facade, a concentrated load of 2.0 kN must be applied on each connection. As mentioned in 

the introduction of Paragraph 6.2, each eccentricity element is split in two, thus two concentrated 

loads of 1.0 kN are applied on the connection instead, see Figure 6-3. 
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Figure 6-3: Self weight of the nexors (left) and the self weight of the facade (right) 

 

6.2.2 Snow load 

 

There are two snow load cases considered according to Eurocode 1 (NEN-EN 1991-1-3). The 

elaboration of these snow loads can be found in Appendix E, Paragraph E.1. For case (i), the 

following snow load is applied per connection: 

 

 case (i)  ~� = 0.56	x�/z2			 → 			 {.}�∙�}.�{� = 2.9	x�   (6-3) 

  

For case (ii), the snow load area is divided in six equal parts and the load per connection is given in 

Table 6-1. The snow load distribution on the structure is shown in Figure 6-4. 

 
Table 6-1: Load per connection for each snow load zone, case (ii) 

Zone factor Snow load ��  

(kN/m2) 

Number of connections Load per connection 

(kN) 

1 0.25�� 0.35 11 1.55 

2 0.5�� 0.70 16 2.14 

3 0.25�� 0.35 19 1.90 

4 0.5�� 0.70 16 2.14 

5 �� 1.40 13 5.26 

6 0.5�� 0.70 15 2.28 

 

 
Figure 6-4: Snow load case (i) (left) and case (ii) (right) 
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6.2.3 Wind load 

 

In accordance with Eurocode 1 (NEN-EN 1991-1-4), the wind load on the dome is determined for 

eight equal zones. The elaboration can be found in Appendix E, Paragraph E.2, and the resulting wind 

loads are given in Table 6-2. The wind load distribution is shown in Figure 6-5. 

 
Table 6-2: Load per connection for each wind load zone 

Zone 

 

Cpe 

 

Wex  

(kN/m2) 

Number of connections 

 

Load per connection 

(kN) 

1 0.8 0.8 34 7.39 

2 0.1 0.1 53 0.59 

3 -0.6 -0.6 60 -3.14 

4 -1.2 -1.2 68 -5.54 

5 -0.9 -0.9 69 -4.10 

6 -0.6 -0.6 68 -2.77 

7 -0.3 -0.3 69 -1.37 

8 0 0 58 0 

 

 
Figure 6-5: Wind load 

 

6.2.4 Load combinations 

 

According to NEN-EN 1990, the load combinations can be determined as follows, with the part 

between {. . } varying: 

 

∑��,^�^ 4 ���,G�G 4 ��,^,[�^,[ 4 ��,^,[[�^,[[ 4 ��,Z�Z�    (6-4) 

 

With: 

�^ Self weight structure 

�G Self weight facade 

�^,[ Snow load case (i) 

�^,[[ Snow load case (ii) 

�Z Wind load 

��,^ or ��,G  factor, either 1.35, 1.2, or 0.9 

��,^,[, ��,^,[[, or ��,Z factor, 1.5 
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The possible load case combinations with belonging factors are given in Table 6-3 for the service 

limit state (SLS) and in Table 6-4 for the ultimate limit state (ULS). 

 
Table 6-3: Load case combinations in SLS 

  1 2 3 4 5 6 7 

Self weight structure 1 1 1 1 1 1 1 

Self weight facade  1 1 1 1 1 1 

Snow load case (i)   1   1  

Snow load case (ii)    1   1 

Wind load     1 1 1 

 
Table 6-4: Load case combinations in ULS 

  8 9 10 11 12 13 14 15 16 17 

Self weight structure 1.35 1.35 1.2 1.2 1.2 0.9 1.2 1.2 0.9 0.9 

Self weight facade  1.35 1.2 1.2 1.2 0.9 1.2 1.2 0.9 0.9 

Snow load case (i)   1.5    1.5  1.5  

Snow load case (ii)    1.5    1.5  1.5 

Wind load     1.5 1.5 1.5 1.5 1.5 1.5 

 

In a statically analyzed structure, the relation between the applied forces and displacements are 

linear. In a non-linear analyzed structure, the relation between applied forces and displacements is a 

result of many different reasons, for example, due to material or geometric non-linearity of the 

structure. The nexors in the structure are rather slender, thus relatively long compared to the 

diameter, which might lead to large deformations or deflections. Therefore, the above load case 

combinations are used in a statically analyzed and non-linear analyzed structure. This gives a total of 

34 load cases that are considered of which A1 to A17 are statically analyzed and A18 to A34 non-

linear. 

 

6.3 Structural	check:	Eurocode	3	
 

Eurocode 3 (NEN-EN 1993-1) can be used to check the resistance of the structure. The cross section 

of the nexors must be checked for axial force (tension and compression), shear, bending moment, 

the combination of bending moment and shear, and the combination of bending moment and axial 

force. According to Eurocode 3, the checks that include torsion are not necessary, because 

distortional deformation may be neglected for circular hollow sections (CHS). The following checks 

are found in NEN-EN 1991-1-1, clause 6.2.3. to 6.2.8: 

 

 Tension:  
���
��,�� ≤ 1.0       (6-5) 

 Compression:  
���
��,�� ≤ 1.0      (6-6) 

 Bending moment: 
���
��,�� ≤ 1.0      (6-7) 

 Shear:   
���
��,�� ≤ 1.0      (6-8) 

 Bending + shear: 
���

��,�,�� ≤ 1.0      (6-9) 

 Bending + axial:  	 ���
��,�� ≤ 1.0      (6-10) 
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Here, values for the axial force ��s, shear force ��s, and bending moment Y�s can be extracted 

from the analyzed structure in Oasys GSA [12]. The design resistances of the cross section of the 

nexor can be found in Table 6-5. For a more detailed elaboration of the design resistance, see 

Appendix E, Paragraph E.3. 

 
Table 6-5: Design resistances of the nexors 

��,�� 

kN 

��,�� 

kN 

��,�� 

kNm 

 �,�� 

kN 

��,�,�� 

kNm 

��,�� 

kNm 

3931.31 3931.31 294.47 1444.96 294.47 290.77 

 

The Eurocode check will be done for both connections, thus for the rotation free x-axis connection 

and for the fixed connection. In Appendix F, Paragraph F.1 and F.2, the output summary tables can 

be found that are generated with Oasys GSA [12]. These output tables can be used to determine 

which load cases are most decisive, in other words, these tables show which load cases show a 

maximum or minimum value for the axial force HL, shear forces Hn and Ho, torsional moment YLL, 

and bending moments Ynn and Yoo. Generally, the non-linear analyzed (NLA) model shows higher 

internal forces, thus these results are considered in the Eurocode checks. The NLA results of the 

fixed connection can be found in Table 6-6 and the NLA results of the rotation free x-axis connection 

can be found in Table 6-7. Note that a positive value refers to tension and a negative value to 

compression. 

 
Table 6-6: Internal forces nexors for the fixed connection 

 �� 

kN 

�¡ 

kN 

�¢ 

kN 

��� 

kNm 

�¡¡ 

kNm 

�¢¢ 

kNm 

Load case A30 A31 A33 A34 A31 A31 

Maximum 135.4 115.7 25.18 11.24 41.07 76.87 

Load case A31 A33 A30 A31 A30 A31 

Minimum -167.4 -90.75 -26.36 -12.86 -48.62 -66.18 

 
Table 6-7: Internal forces nexors for the rotation free x-axis connection 

 �� 

kN 

�¡ 

kN 

�¢ 

kN 

��� 

kNm 

�¡¡ 

kNm 

�¢¢ 

kNm 

Load case A30 A31 A33 A34 A31 A31 

Maximum 137.0 118.7 26.78 11.41 41.25 78.32 

Load case A31 A33 A30 A31 A30 A31 

Minimum -169.8 -92.64 -27.91 -13.14 -52.07 -67.89 

 

The load cases found in the tables above are: 

• A30: Self weight (reduced) + Wind load; 

• A31: Self weight + Snow load case (i) + Wind load; 

• A33: Self weight (reduced)  + Snow load case (i) + Wind load; 

• A34: Self weight (reduced) + Snow load case (ii) + Wind load; 

 

In the Eurocode checks, the shear force ��s is a combined force of the shear in both Y-direction and 

Z-direction found in the models. The shear force ��s can be determined as follows: 

 

��s = lHn� 4 Ho�        (6-11) 

 

It is not possible to find the highest combined shear force with Oasys GSA [12], since the software 

provides only seperate results for Hn or Ho. Therefore, output summary tables are generated for the 
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above mentioned load cases. From these tables, the highest shear forces are taken and combined 

according to Equation 6-11 to ensure an over estimation. In Table 6-8, the highest shear forces of the 

fixed connection can be found and in Table 6-9 the highest shear forces for the rotation free x-axis 

connection. 

 
Table 6-8: Highest shear forces per load case for the fixed connection 

 A30 A31 A33 A34 

 max. min. max. min. max. min. max. min. 

Hn (in kN) 97.09 -89.83 115.7 -89.94 104.7 -90.75 102.3 -90.29 

Ho (in kN) 24.86 -26.36 24.23 -24.27 25.18 -25.76 25.04 -25.98 

��s (in kN) 100.22 93.62 118.21 93.16 107.68 94.34 105.32 93.95 

 
Table 6-9: Highest shear force per load case for the rotation free x-axis connection 

 A30 A31 A33 A34 

 max. min. max. min. max. min. max. min. 

Hn (in kN) 100.1 -90.79 118.7 -91.83 107.6 -92.64 105.2 -91.25 

Ho (in kN) 26.45 -27.91 25.83 -25.84 26.78 -27.32 26.63 -27.54 

��s (in kN) 103.54 94.98 121.48 95.39 110.88 96.58 108.52 95.31 

  

For the fixed connection, ��s	should be taken as 118.21 kN and for the rotation free x-axis 

connection 121.48 kN. 

 

Fixed connection with combined load 

  Tension:  ��s = 	135.4			 → 		 ���
��,�� =

��}.�
�|��.�� = 0.034  (6-12) 

 Compression:  ��s = 	167.4				 → 		 ���
��,�� =

��£.�
�|��.�� = 0.043  (6-13) 

 Bending moment: Y�s = 76.87				 → 		 ���
�¤¥,�� =

£�.¦£
�|�.�£ = 0.261  (6-14) 

 Shear:   ��s = 118.21			 → 		 ���
�¤¥,�� =

��¦.��
����.|� = 0.082  (6-15) 

 Bending + shear: ��s = 118.21 < 0.5�_§,�s = ����.|�
� = 722.48	x�					  

→ 	¨ = 0		 → 	Y`,^,�s = Y_§,�s = 76.87	x�z  (6-16) 

  Y�s = 76.87				 → 		 ���
��,�,�� =

£�.¦£
�|�.�£ = 0.261  (6-17) 

 

 Bending + axial:  ��s = 	167.4				 → 		Y�,�s = 294.47 ∙ ©1 − , ��£.�
�|��.��-

�.£ª 
        = 292.89	x�z  (6-18) 

    Y�s = 76.87				 → 		 ���
��,�� =

£�.¦£
�|�.¦| = 0.262  (6-19) 

 

Rotation free x-axis connection with combined load 

  Tension:  ��s = 	137.0				 → 		 ���
��,�� =

��£.{
�|��.�� = 0.035  (6-20) 

 Compression:  ��s = 169.8					 → 		 ���
��,�� =

��|.¦
�|��.�� = 0.043  (6-21) 

 Bending moment: Y�s = 78.32				 → 		 ���
�¤¥,�� =

£¦.��
�|�.�£ = 0.266  (6-22) 

 Shear:   ��s = 121.48			 → 		 ���
�¤¥,�� =

���.|�
����.|� = 0.084  (6-23) 

 Bending + shear: ��s = 121.48 < 0.5�_§,�s = ����.|�
� = 722.48	x�					  

→ 	¨ = 0		 → 	Y`,^,�s = Y_§,�s = 294.47	x�z (6-24) 

  Y�s = 78.32			 → 		 ���
��,�,�� =

£¦.��
�|�.�£ = 0.266  (6-25) 
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 Bending + axial:  ��s = 	169.8					 → 		Y�,�s = 294.47 ∙ ©1 − , ��|.¦
�|��.��-

�.£ª  

= 292.86	x�z  (6-26) 

    Y�s = 78.32						 → 		 ���
��,�� =

£¦.��
�|�.¦� = 0.267  (6-27) 

 

The CHS with a diameter F of 250 millimeter and a thickness 0 of 15 millimeter meets all unity 

checks of NEN-EN 1993-1-1, clause 6.2.3 to 6.2.8. All unity checks fall within in the range 0.034 and 

0.267, thus it can be said that the chosen CHS is over-dimensioned. This is beneficial for the analysis 

in which failure will be introduced as it eliminates the possibility that the element can fail. 

 

6.4 Structural	analysis:	Without	failure	
 

As explained in the conclusions of the structural analysis of the fan (Paragraph 4.4), a check must be 

done whether the behavior in the fan is similar to the behavior in the reciprocal frame structure. In 

addition, a connection principle must be chosen to continue the study into progressive collapse. This 

is done with the following two analyses: 

 

• Analysis 4: Comparison in behavior 

In this analysis, a comparison is made between the structural behavior of the reciprocal frame 

structure and the fan in a static analysis.  

 

• Analysis 5: Fixed connection versus rotation free x-axis connection; 

The goal of this analysis is equal to the goal set for the structural analysis of a fan in which two 

connections were considered (Paragraph 4.3.2). Here, a reciprocal frame structure with fixed 

connections and a reciprocal frame structure with rotation free x-axis connections are compared in 

order to choose the connection that shows lowest results for axial force HL, bending moment Ynn 

and Yoo, and displacement |q|. 
 

6.4.1 Analysis 4: Comparison in behavior 

 

In the first analysis, the structural behavior of the reciprocal frame structure is compared with the 

structural behavior of the 3-nexor fan. This comparison is done for both connections: the fixed 

connection and the rotation free x-axis connection, which is similar to the analysis described in 

Paragraph 4.3. The results of the 3-nexor fan can be found in Appendix C, Paragraph C.4 and C.5, and 

the results of the reciprocal frame structure can be found in Appendix F, Paragraph F.3 and F.4. The 

fan is statically analyzed with a vertical load of 1.0 kN, and therefore the reciprocal frame structure is 

also statically analyzed with a vertical load, namely the self weight of the structure (A2: self weight 

structure + self weight facade). In this analysis, two locations are considered, namely a part of the 

structure at the top of the dome and a part of the structure at the side of the dome, see Figure 6-6.  
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Figure 6-6: The locations considered for the comparison with the fan analysis 

 

When the top of the dome is considered, the force or moment diagrams of HL, Hn, and Yoo show a 

similar shape and thus a similar structural behavior. However, the values of the internal forces are 

different which is partly explained by the fact that a different load is applied on the reciprocal frame 

structure. 

 

The moment diagrams of YLL and Ynn and shear diagram Ho of a fan at the top of the reciprocal 

frame structure are different than those of a single fan. When one fan within the reciprocal frame is 

considered, nexor part B (see Figure 6-7) contains a torsional moment YLL, which is in the contrary 

to the results found in the fan analysis. This is shown in Figure 6-8, where the fixed connection is 

taken as an example.  

 

 
Figure 6-7: Multiple fans in a reciprocal frame structure with denotation of different parts 

 

 
Figure 6-8: Difference in torsional moment YLL diagram between a fan (left) and a reciprocal frame structure (right) for a 

fixed connection 

 

A 

B 

1. 

2. 
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For the bending moment Ynn, the moment diagram is entirely different for any part of the 

reciprocal frame structure, especially part B. Again, the fixed connection is taken as an example and 

the differences are shown in Figure 6-9.  

 

 
Figure 6-9: Difference in bending moment Ynn diagram between a fan (left) and a reciprocal frame structure (right) for a 

fixed connection 

 

For the shear force Ho, the force diagram of a fan as part of a reciprocal frame structure is linear, 

while a single fan shows a constant diagram. This is shown for the fixed connection in Figure 6-10. 

 

 
Figure 6-10: Difference in shear force Hoo diagram between a fan (left) and a reciprocal frame structure (right) for a fixed 

connection 

 

When a structure part at the side of the dome is considered, it was found that the shape and size of 

the axial, shear, and moment diagrams vary from the results found at the top of the dome.  

 

The differences between the diagrams of the fan analysis and of a fan within a reciprocal frame 

structure can be explained through multiple aspects, namely: 

• The boundary conditions of a pinned support are entirely different than the boundary 

conditions of a fan as part of a reciprocal frame structure. In case of a pinned support, 

translation of that nexor end is not possible and rotation is allowed. When the fans are 

connected halfway nexor part B, that point can translate and rotate as much as the other fan 

allows it. In other words, that point translates and rotates the same for both fans which 

means that they naturally restrain one another; 

• In the fan analysis, the base plane is perpendicular to the applied vertical loading. This is not 

the case for any fan within the reciprocal frame structure; 
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• Since multiple fans are connected to each other in a larger system, the internal loads are 

transferred between them after which the forces are transferred to the supports. Thus these 

internal forces influence the overall behavior. 

 

The above described findings apply for both the fixed connection and for the rotation free x-axis 

connection. In conclusion, it can be said that the behavior of a single fan is different than the 

behavior found in a fan that is part of a reciprocal frame structure. 

 

6.4.2 Analysis 5: Fixed connection versus rotation free x-axis 

connection 

 

In this analysis, the two connections described in Paragraph 4.3, and shown again in Figure 6-11, are 

compared to determine which connection principle structurally performs better. In other words, 

which connection results in a lower maximum displacement |q|, axial force HL, and bending 

moments Ynn and Yoo. The four load cases found in Paragraph 6.3, Table 6-7, that provide the 

maximum internal loads are considered for this analysis. The results can be found in Appendix F, 

Paragraph F.5 and F.6, and a summary is given in Appendix F, Paragraph F.7. 

 

 
Figure 6-11: The fixed connection (left) and the rotation free x-axis connection (right) 

 

The following internal forces and moments are found for the load case A30 Self weight (reduced) + 

Wind load: 

• The axial force HL is lower for the fixed connection. The difference is 53.29 kN for 

compression and 1.6 kN for tension; 

• The shear force Hn is lower for the fixed connection with a difference of 3.01 kN; 

• The shear force Ho is lower for the fixed connection with a difference of 1.55 kN; 

• The torsional moment YLL is lower for the fixed connection with a difference of 0.17 kNm; 

• The bending moment Ynn is lower for the fixed connection with a difference of 3.45 kNm; 

• The bending moment Yoo is lower for the fixed connection with a difference of 0.80 kNm; 

• The displacement |q| is 4.26 millimeter lower when the fixed connection is applied. 

 

The same comparison is made for the load case A31 Self weight + Snow load case (i) + Wind load: 

• The axial force HL is lower for the fixed connection. The difference is 2.40 kN for 

compression and 2.8 kN for tension; 

• The shear force Hn is lower for the fixed connection with a difference of 3.00 kN; 

• The shear force Ho is lower for the fixed connection with a difference of 1.57 kN; 

• The torsional moment YLL is lower for the fixed connection with a difference of 0.28 kNm; 

• The bending moment Ynn is lower for the fixed connection with a difference of 3.29 kNm; 

• The bending moment Yoo is lower for the fixed connection with a difference of 1.45 kNm; 

• The displacement |q| is 56.52 millimeter lower when the fixed connection is applied. 
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As well as for the load case A33 Self weight (reduced) + Snow load case (i) + Wind load: 

• The axial force HL is lower for the fixed connection. The difference is 5.10 kN for 

compression and 2.80 kN for tension; 

• The shear force Hn is lower for the fixed connection with a difference of 2.90 kN; 

• The shear force Ho is lower for the fixed connection with a difference of 1.56 kN; 

• The torsional moment YLL is lower for the fixed connection with a difference of 0.28 kNm; 

• The bending moment Ynn is lower for the fixed connection with a difference of 2.85 kNm; 

• The bending moment Yoo is lower for the fixed connection with a difference of 1.44 kNm; 

• The displacement |q| is 4.35 millimeter lower when the fixed connection is applied. 

 

Lastly, load case A34 Self weight (reduced) + Snow load case (ii) + Wind load: 

• The axial force HL is lower for the fixed connection for tension, the difference is 3.70 kN. In 

compression, the fixed connection shows a higher axial load with a difference of 1.0 kN; 

• The shear force Hn is higher for the fixed connection with a difference of 2.20 kN; 

• The shear force Ho is lower for the fixed connection with a difference of 1.93 kN; 

• The torsional moment YLL is lower for the fixed connection with a difference of 0.11 kNm; 

• The bending moment Ynn is lower for the fixed connection with a difference of 5.00 kNm; 

• The bending moment Yoo is higher for the fixed connection with a difference of 0.41 kNm; 

• The displacement |q| is 4.36 millimeter lower when the fixed connection is applied. 

 

Even though the fixed connection shows mostly lower internal forces in the load cases above, there 

is no singular conclusion that can be drawn based upon the found results as they vary for any 

considered load case. Therefore, the findings are inconclusive with respect to a connection choice. 

 

In practice, a fixed connection does not behave similar to its theoretical equivalent, thus it can be 

expected that it behaves less stiff. In addition, the expectation is that a fixed connection can provide 

a secondary load path when failure occurs in a connection due to the resistance towards rotation in 

the neighboring connections. Therefore, it is plausible that a reciprocal frame structure with fixed 

connections can solve most structural problems itself once failure occurs. This is not desired for the 

scope of this project, and therefore the rotation free x-axis connection is the chosen connection for 

further analyses. 

 

6.5 Torsion	stiff	versus	torsion	free	
 

A torsion stiff connection is designed differently than a connection with less resistances for torsion. 

Therefore, an analysis is done in which a torsion stiff reciprocal frame structure (� = 100%) is 

compared with a so-called torsion free structure (� = 0.01%). The goal of this analysis is to research 

the impact of the reduced torsional resistance on the behavior of the structure. Reducing the torsion 

constant � drastically results in a system with reduced torsional moments of approximately 98%. 

First, it was checked which load cases show the highest internal forces for a non-linear analyzed 

structure. The following load cases were found: 

• A27: Self weight + Snow load case (i); 

• A30: Self weight (reduced) + Wind load; 

• A31: Self weight + Snow load case (i) + Wind load. 

 

Two of the three load cases mentioned above were also considered in the previous two analyses, 

and therefore are chosen for this comparison. Based on the conclusions found in the previous two 

analyses, the rotation free x-axis connection is considered. The results of this analysis can be found 

in Appendix E, Paragraph F.6 and F.8, and a summary is given in Paragraph F.9. 
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The following is found for the load case A30 Self weight (reduced) + Wind load: 

• The axial force HL is lower for the torsion free structure. The difference is 4.10 kN for 

compression and 14.60 kN for tension; 

• The shear force Hn is lower for the torsion free structure with a difference of 1.35 kN; 

• The shear force Ho is higher for the torsion free structure with a difference of 12.43 kN; 

• The bending moment Ynn is 26.83 kNm higher for the torsion free structure; 

• The bending moment Yoo is 6.54 kNm lower for the torsion free structure; 

• The displacement |q| is 77.36 millimeter larger when the fixed connection is applied. 

 

For the other load case, A31 Self weight + Snow load case (i) + Wind load, the results are as follows: 

• The axial force HL is lower for the torsion free structure. The difference is 7.40 kN for 

compression and 18.70 kN for tension; 

• The shear force Hn is lower for the torsion free structure with a difference of 0.20 kN; 

• The shear force Ho is higher for the torsion free structure with a difference of 11.37 kN; 

• The bending moment Ynn is 20.57 kNm higher for the torsion free structure; 

• The bending moment Yoo is 6.33 kNm lower for the torsion free structure; 

• The displacement |q| is 99.81 millimeter larger for the torsion free structure. 

 

For these specific load cases, it can be said that once torsional stiffness � is reduced from 100% to 

0.01%, HL, Hn, and Yoo decrease while Ho and Ynn increase. The most drastically change is the 

displacement |q| which increases greatly for a reciprocal frame structure with reduced torsion 

stiffness.  

 

Note that other load cases can result in a different behavior as described above. To be able to draw 

a more singular conclusion, more research must be done. This, however, falls outside the scope of 

the project, and therefore will not be done. Based on the large difference found for the 

displacement |q| in both load cases, it is assumed that other load case will show a similar behavior. 

Therefore, further analysis will be done with a torsion stiff connection. 

 

6.6 Conclusions:	Reciprocal	frame	structure	
 

The two analyses done resulted in the following conclusions: 

• Analysis 4: The behavior of a single fan compared to the behavior of a fan as part of a 

reciprocal frame structure is entirely different. These differences can be explained through 

the differences in the definition of the boundary conditions (i.e. pinned support provides 

more restrained than a supporting nexor), the direction of the applied loading compared to 

the base plane, and the load transfer of internal loads through the structure to the supports. 

• Analysis 5: No singular conclusion could be drawn upon a connection choice. The rotation 

free x-axis connection is chosen, because a fixed connection in practice does not behave 

similar to its theoretical equivalent and the expectation is that a structure with a fixed 

connection can solve most problems as a result of failure due to the creation of a second 

load path. 

 

When torsion stiffness is considered, no singular conclusion is drawn because the results are 

situation. Thus for other load cases, other conclusions can be drawn. Purely based on the differences 

found in the displacement, which increases greatly for a torsion free structure (� = 0.01%), a torsion 

stiff structure (� = 100%) is chosen to continue with. 
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7 CONNECTIONS 
 

In this chapter, the rotation free x-axis connection will be discussed in further detail than the 

principle described in Paragraph 4.3. Paragraph 7.1 covers the design of the connection, followed by 

a small analysis into the behavior of the connection in Paragraph 7.2 and structural check in 

Paragraph Error! Reference source not found..  

 

7.1 Connection design 
 

When circular cross sections are stacked, as suggested by the principle connection described in 

Paragraph 4.3, the eccentricity is equal to the diameter of the element. In the design, the 

eccentricity is optimized to a length of 150 millimeter, but the diameter of the circular hollow 

section (CHS) of the nexor equals 250 millimeters. Therefore, either one or both nexors in the 

connection must be adjusted to meet the eccentricity length of 150 millimeters. From practical point 

of view, the structure is less complex to construct when only the end of the nexor is adjusted. This 

adjustment of the nexor end is obtained by pressing the CHS from 250 millimeters to 48 millimeters. 

Figure 7-1 shows the sections of the connection. 

 

 
Figure 7-1: Section of the connection design 

 

 

The nexors are connected through a single bolt. Applying a single bolt allows the nexors to rotate 

around the local x-axis of the bolt, thus this connection meets the rotation free x-axis connection 

principle. In Paragraph 6.5, a comparison was made between a torsion stiff and torsion free design 

and it was concluded to continue analyzing with a torsion stiff connection. The connection in Figure 

7-1 has a limited resistance towards torsional moments, which can be improved by, for example, 

applying a plate between the bolt head and the nexor end. Further research in the connection 

design concerning torsion and the impact of implementing cladding will not be done as it falls 

outside the project scope. 

 

In the connection, the nexors are not perpendicular to each other, see Figure 7-2. This requires an 

additional adjustment to the nexor end when in case it is required that it falls within the width of the 

continues nexor. 
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Figure 7-2: Top view (left) and bottom view (right) of the connection 

 

The connection design as described in this paragraph is not an universal solution for any reciprocal 

frame structure with CHS nexors. In addition, it is a simplified design based on the limits and choices 

made within this project scope, e.g. the rotation free x-axis connection principle and neglecting 

cladding in the connection design. 

 

7.2 Structural	analysis:	Connection	
 

Before the connection can be checked according to the requirements stated in Eurocode 3 (NEN-EN 

1993-1-8), the load in the bolt must be determined. In the current model, the connection is 

simplified, see Figure 7-3, thus the loads found in the eccentricity elements are not representative as 

the loads that can occur in a bolt. Therefore, a study is done into the behavior of the connection 

with focus on force transfer from nexor #1 to the eccentricity element. 

 

 
Figure 7-3: Simplified connection in the model of the reciprocal frame structure 

 

 

nexor #1 

nexor #2 eccentricity element 



Progressive Collapse in Reciprocal Frame Structures   Graduation thesis 

 

TU/e 62 L. van der Molen 

7.2.1 Connection model 

 

The adjusted connection will be explained with help of Figure 7-4. The first adjustment to the 

connection is that the introduced forces should split at the eccentricity element (1). This is 

accomplished by adding a vertical element with an extremely high stiffness. The same applies for 

nexor #2. However, the difference is that this element is continuous, which is modelled by adding a 

horizontal element to connect the two nexor parts directly (2). Note that this additional element is 

not connected to the eccentricity element. The eccentricity element represents the bolt in the 

connection, thus it should be able to rotate around its axis. This is accomplished by releasing the 

rotations at the nexor ends. In Figure 7-4, the released rotations are shown as follows: ‘xx’ 

represents the rotation of the x-axis of the nexor end, ‘yy’ represents the rotation of the y-axis of the 

nexor end, and ‘zz’ represents the rotation of the z-axis.  

 

 
Figure 7-4: The adjusted connection in Oasys GSA [12] 

 

In the reciprocal frame structure, the angle between two nexors in a connection can vary. Therefore, 

a variation was added to the models. In order to determine the range of angles between two nexors, 

a rough estimation was made with help of the internal angle of a polygon. In a geodesic dome, both 

pentagons and hexagons can be found. The internal angle of a regular polygon can be determined as 

follows, with � as the number of internal angles: 

 

	[ = 180� − ��{¬
         (7-1) 

 

For a pentagon, an internal angle of 	[ = 108� was found and a hexagon has an internal angle of 

	[ = 120�. The outer angles are respectively 	� = 60� and 	� = 72�. The range of chosen angles 

should cover the outer angles and is set to 55� ≤ 	 ≤ 75� with steps of 5�, see Figure 7-5. 

 

nexor #2 

nexor #1 

(1) 

(2) 

xx, yy, zz 

xx, yy 

xx, yy, zz (2x) 

xx, yy, zz (2x) 
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Figure 7-5: The chosen set of angles between nexor #1 and nexor #2 

 

Nexor #2 is supported with a pinned support and a roller restrained in YZ-direction. For nexor #1, a 

user defined axis was created in Oasys GSA [12]. A user defined axis can be constructed by choosing 

three nodes in the structure (1, 2, and 3), see Figure 7-6. This new axis can be used to define the 

support restrains of the nexor. For the definition of the support, it does not matter that the z-axis of 

the user defined axis is equal to the y-axis of nexor #1, because the roller is restained in YZ-direction. 

 

 
Figure 7-6: Definition of the user defined axis in Oasys GSA [12] 

 

The load applied on this smaller structure is extracted from a randomly chosen connection in the 

reciprocal frame structure, see Figure 7-7. Any load case would suffice for extracting the internal 

loads in the nexor, and therefore load case A31 Self weight + Snow load case (i) + Wind load is 

chosen. The following loads are applied (viasually shown in Appendix G, Paragraph G.1):  

• An axial force HL of -58.51 kN at the support of nexor #1; 

• A shear force Hn of 39.62 kN applied at the middle of nexor #1 so that 19.81 kN is transferred 

to the eccentricity element; 

• A shear force Ho of -1.0776 kN applied at the middle of nexor #1, so that 05388 kN is 

transferred to the eccentricity element; 

• A torsional moment of 1.415 kNm applied at the support of nexor #1; 

• A bending moment Ynn of -4.554 kNm applied at the connected end of nexor #1 in order to 

get a bending moment in tension near the connection; 

• A bending moment of 0.6027 kNm applied at the connected end of nexor #1 in order to get 

a bending moment in compression near the connection. 

55� 

60� 65� 70� 75� 

(1) 

(2) 

(3) 

nexor #2 

nexor #1 
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Figure 7-7: Chosen connection to extract the load in nexor #1 

 
Table 7-1: Load case combinations in the connection analysis 

  A1 A2 A3 A4 A5 A6 A7 

Axial force HL 1      1 

Shear force Hn  1     1 

Shear force Ho   1    1 

Torsional moment YLL    1   1 

Bending moment Ynn     1  1 

Bending moment Yoo      1 1 

 

For each applied load, an individual load case was made as well as a load case with all forces 

combined, see Table 7-1. To gain more insight in the behavior of the connection, the following two 

analyses are done: 

 

• Analysis 6: Simplified connection versus adjusted connection 

The earlier described model will be used to analyze the behavior of the connection under the 

applied loads. The goal of this analysis is to gain insight in the force transfer between a nexor and 

the bolt.  

 

• Analysis 7: One adjusted connection applied in the reciprocal frame structure 

This analysis will function as a check to determine the impact on the behavior of the structure due to 

the application of one adjusted connection. The adjusted connection will be applied at the location 

where the loads are extracted from in Analysis 6, see Figure 7-7. 

 

Once these analyses are done, a procedure will be defined to determine the loads in the bolt for any 

connection in the structure. 

 

7.2.2 Analysis 6: Simplified connection versus adjusted connection 

 

In this analysis, two comparisons are made, namely a comparison between the loads found in nexor 

#1 and a comparison between the loads found in the eccentricity element. The results of this 

analysis can be found in Appendix G, Paragraph G.3 and G.4. 
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Comparison between the loads in nexor #1 

The first conclusion that can be drawn in that other loads occur in nexor #1 in addition to the applied 

loads. Both the support choice and the way the simplified and adjusted connection are modelled can 

be the cause of the additional occurring loads in nexor #1. The following was found for each 

individual load case: 

• A1: In addition to HL,, a shear force Ho, and bending moment Ynn, was found; 

• A2: In addition to Hn,, a shear force Ho, and bending moment Ynn, was found; 

• A3: Only Ho, was found; 

• A4: In addition to YLL,, a shear force Ho, and bending moment Ynn, was found; 

• A5: In addition to Ynn,, a shear force Ho, was found; 

• A6: In addition to Yoo,, two shear forces Hn and Ho and bending moment Ynn, was found; 

• In the adjusted connection, a Yoo, was also found in load case A2 and a Ynn, in load case 

A3. 

 

It was also found that there is a relation between Ynn, and Ho,, as well as between Yoo, and Hn,: 

 

 Ynn, = Ho, ∙ �&L�]        (7-2) 

 Yoo, = Hn, ∙ �&L�]        (7-3) 

 

With: 

 �&L�]   Length of nexor #1, either �^ or �i 

 �^  1.50 m, length of nexor #1 in the simplified connection 

 �i  1.48 m, length of nexor #1 in the adjusted connection 

 

In load cases A1, A4, A5, and A6, Ho, is the same, but a smaller Ynn, was found. The relation 

described in Equation 7-2 shows that these differences in Ynn, is caused by the difference in nexor 

length. In other words, nexor #1 is smaller in the adjusted connection, and therefore a smaller Ynn, 

was found. The same reasoning applies for Yoo, in load case A6. 

 

In load case A2, a Yoo, of -0.3909 kNm was found in the adjusted connection. This bending moment 

is the results of the length difference: when Yoo, is divided by 0.02 meter, a shear force of -19.55 

kN was found, which is equal to the found Hn,. The same reasoning applies for Ynn, found in load 

case A3. 

 

Load case A2, A4, and A6 show a varying Ho, for each applied angle between the nexors. As a result, 

Ynn, varies as well in line with the relation of Equation 7-2. In addition, the adjusted connection 

shows a lower Ho, than the simplified connection, as well is Ynn,. This difference is also related to 

the nexor length of both connections. 

 

In load case A2, a maximum Yoo, was found at the middle of the nexor. The same was found for 

Ynn, in load case A3. These maximum bending moments occur in the middle due to the location of 

the applied shear forces. 

 

Table 7-2 shows the differences in nexor #1 of all internal loads combined. Based on the findings 

above, it can be said that the difference in internal loads in nexor #1 can be explained by the 

differences in nexor length. 
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Table 7-2: Differences in nexor #1 simplified connection and the adjusted connection 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 0.26 -0.0252 0 0.2309 0.3829 

60 0 0.26 -0.0231 0 0.2242 0.3829 

65 0 0.26 -0.0196 0 0.2175 0.3829 

70 0 0.26 -0.0168 0 0.2114 0.3829 

75 0 0.26 -0.0143 0 0.2055 0.3829 

 

Comparison between the loads in the eccentricity element 

Before the comparison can be made, a theoretical expectation of the load transfer between nexor 

#1 and the eccentricity element was made. This theoretical expectation only holds when the angle 

between nexor #1 and the eccentricity element is exactly 90 degrees. In addition, the local axes 

should be oriented such that they have a similar direction, in other words, the x-axis of nexor #1 is 

parallel to the y-axis of the eccentricity element, as is the y-axis of nexor #1 to the z-axis of the 

eccentricity element and the z-axis of nexor #1 to the x-axis of the eccentricity element. The 

following then applies: 

• HL, translates into Hn,&; 

• Hn, translates into Ho,&; 

• Ho, translates into HL,&; 

• YLL, = HL, ∙ �&L�] translates into Ynn,& = Ho,& ∙ �; 

• Ynn, = Ho, ∙ �&L�] translates into Yoo,& = Hn,& ∙ �; 

• Yoo, = Hn, ∙ �&L�] translates into YLL,& = HL,& ∙ � = 0. 

 

First, the results of the simplified connection are compared with the above theoretical expectation 

and the following was found: 

• For load case A1, A3, and A4 the expectation is correct; 

• A2: Ynn,& was found in addition to the expectation; 

• A5: Yoo,& should have been found according to the expectation, but is not there; 

• A6: Ynn,& was found in addition to the expectation. 

 

In load case A2, the Ynn,& found is equal to Ho,& multiplied with the eccentricity length � of 0.15 

meter. The same applies for the Ynn,& that is found in load case A6. 

 

In load case A1, HL, is in compression while Hn,& is in tension, the same applies for YLL, in load case 

A4 which is transferred into a Ynn,& in tension instead of compression.  

 

In load case A5, a Yoo,& should have been found equal to Ynn, if Ynn, would be directly translated 

to the nexor. However, the lack of Yoo,& suggests that Ynn, is transferred through Ho, into a HL,&. 

 

For the adjusted connection, results are extracted from two locations. Namely in the eccentricity 

element between the walls of the nexor (1) and in the eccentricity element between the nexors (2), 

see Figure 7-8. These two locations show different internal loads in the eccentricity element due to 

the fact that the applied load is mostly transferred through the connection over the shortest load 

path, see Figure 7-8. As a result, the loads are not equally divided over the split of nexor #1, which 

explains the difference found in location (1) and (2). 
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Figure 7-8: The two locations to extract results from (left) and the shortest load path (right) 

 

For location (2) in Figure 7-8, the comparison with the theoretical expectation shows the following 

differences: 

• A1: HL,& and Hn,& are as expected, but Yoo,& is lower than Ynn,; 

• A2: HL,& and Ho,& are as expected, but Ynn,& is higher than Yoo, and Yoo,& is higher than 

Ynn,; 

• A3: HL,& is as expected, Yoo,& should have been found; 

• A4: HL,& and Ynn,& are as expected, but Yoo,& is higher than Ynn,; 

• A5: HL,& is as expected, Ynn,& should have been found; 

• A6: HL,& and Ho,& are as expected, Ynn,& is much lower than Yoo, and Yoo,& is higher than 

Ynn,. 

 

The lack of Yoo,& in load case A3 can be explained by the fact that Ynn, was said to be a result of 

the shorter nexor length in the adjusted connection  compared to the simplified connection 

multiplied with Ho,. In other words, Ynn, occurred due to the introduced split in the adjusted 

connection, but is not transferred to the eccentricity element. The lack of Yoo,& in load case A5 can 

be explained with a similar reasoning, thus that Ynn, is transferred through Ho, into a HL,& and not 

as Ynn,. 

 

The differences found between the loads in nexor #1 and the loads in the eccentricity element for 

the other load cases can be caused by the redistribution of the loads due to the introduced split in 

the adjusted connection. 

 

 

 

 

 

(2) 

(1) 
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For location (1) in Figure 7-8, the results are slightly different, namely: 

• A1: HL,& is lower for location (1) than for (2), while Hn,& is much higher; 

• A2: HL,&, Ho,&, and Ynn,& are lower for location (1) than for (2) and an additional Hn,& was 

found; 

• A3: HL,& is lower for location (1) than for (2); 

• A4: HL,& is lower for location (1) than for (2) and an additional Hn,& and Ho,&  was found; 

• A5: HL,& is lower for location (1) than for (2); 

• A6: HL,& and Ho,& are lower for location (1) than for (2), while Ynn,& is higher. In addition, a 

Hn,& was found. 

 

The above findings show that the introduced split in nexor #1 causes a different load distribution in 

the eccentricity element. This aspect must be taken into account when the load in the bolt will be 

determined. 

 

Differences between the simplified and adjusted connection 

So far, only the load transfer from nexor #1 to the eccentricity element was considered. Through 

these analyses, it became clear that the difference in nexor length influences the size of the internal 

loads. In addition, the introduced split of nexor #1 in the adjusted connection results in a different 

load distribution in the eccentricity element. 

 

When location (2) in Figure 7-8 of the adjusted connection is compared with the results of the 

simplified connection, similar results are found, see Table 7-3. Note that this table shows the 

differences between the two connection for all internal loads combined. Most differences can be 

explained through the findings of the two comparisons, with exception of Hn. The difference in shear 

force Hn can be explained by a switch from tension to compression, where Hn,& is in tension in the 

simplified connection but in compression for the adjusted connection. 

 
Table 7-3: Differences in the eccentricity element of the simplified connection and the adjusted connection location (1) 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -0.0252 117.02 0.26 0 0.7125 1.316 

60 -0.0222 117.02 0.26 0 0.7125 1.311 

65 -0.0196 117.02 0.26 0 0.7125 1.307 

70 -0.0168 117.02 0.26 0 0.7125 1.303 

75 -0.0143 117.02 0.26 0 0.7125 1.299 

 

7.2.3 Analysis 7: One adjusted connection applied in the 

reciprocal frame structure 

 

In this comparison, two models will be used to study the impact of the adjusted connection in a 

larger structure: 

• Model A: This reciprocal frame structure only contains simplified connections; 

• Model B: This reciprocal frame structure has one adjusted connection at the location shown 

again below in Figure 7-9. 

 

This analysis will be done on multiple levels. First, the behavior of the entire structure will be 

analyzed, after which the elements directly near the connection will be studied, as well as the loads 

in the eccentricity element.  
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Figure 7-9: Location of the adjusted connection in the reciprocal frame structure 

 

General behavior 

For this analysis, load cases A30, A31, A33, and A34 are considered. These are the same load cases 

used in the analyses of Chapter 6 and these load cases show the largest internal loads. The results of 

Model A can be found in Appendix F, Paragraph F.6, and the results of Model B can be found in 

Appendix G, Paragraph G.5. In Appendix G, Paragraph G.8, a summary is given which also provides 

the differences in minimum and maximum loads in the nexors.  

 

When the displacement is considered, Model B shows a lower result with a difference varying 

between 0.07 and 0.12 millimeter, which is less than 1%. For the internal loads, the differences are 

also rather small, but it varies per load case and per type of internal load. In general, the results 

show that the behavior of the structure is rather similar in both models. 

 

Local behavior 

For this analysis, only one load case is considered, since the system shows generally a similar 

behavior with and without the adjusted connection. In Paragraph 7.2.1, load case A31 Self weight + 

Snow load case (i) + Wind load was used to extract the loads from for the smaller model, and 

therefore will be used to study the behavior locally. The results can be found in Appendix G, 

Paragraph G.6 and G.7. 

 

In Table 7-4, the internal loads of nexor #1 in the connection for both Model A and Model B and the 

difference between these loads are given. The differences in axial force and shear force are rather 

small while the moments differ more significantly. Compared to the differences found in Analysis 6, 

Table 7-2, it can be said that the behavior of the smaller model is different than a part in a larger 

model. The same was found in Analysis 4, Paragraph 6.4.1, namely due to different boundary 

conditions of the supports in a smaller structure compared to those in a larger structure. 

 
Table 7-4: Differences in internal load in nexor #1 near the connection 

 Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

A -58.51 19.81 -0.5388 1.415 4.554 0.60270 

B -58.49 20.17 -0.5281 1.031 2.796 0.04469 

difference -0.02 -0.36 -0.0107 0.384 1.758 0.55801 

 

In Table 7-5, the internal loads in the eccentricity element are given for both Model A and Model B. 

For Model B, location (2) of the eccentricity element was chosen, thus the part between the two 

nexors. The shear force Hn,& shows the same switch from tension to compression as the smaller 
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model of Analysis 6. The other loads show a more significant difference than what was found in 

Analysis 6, Table 7-3. This can be explained through multiple aspects: 

• The differences found in nexor #1, see Table 7-4, will result into different internal loads in 

the eccentricity element; 

• Again, the support system of the model in Analysis 6 can result in a different load 

distribution compared to a connection integrated in a larger system; 

• It was found that the angle between the nexor and eccentricity element in the reciprocal 

frame structure is not perfectly 90 degrees, resulting in a different load distribution than the 

stated theoretical expectation in Analysis 6. 

 
Table 7-5: Difference in internal load in the eccentricity element 

 Fx Fy Fz Myy Mzz 

  kN kN kN kNm kNm 

A -3.876 -6.132 48.16 48.29 -36.78 3.097 -2.492 3.676 -3.554 

B -2.961 -2.962 -58.32 -58.32 20.55 0.5803 0.3651 1.547 0.9359 

difference -0.915 -3.17 106.48 106.61 -57.33 2.5167 -2.8571 2.129 -4.4899 

 

When the internal load of nexor #2 is considered, the loads on the left side (1) of the connection is 

compared with the load found on the right side (2) of the connection, see Figure 7-10. In addition, 

the loads found at (1) in both models are compared, as well as the loads found in nexor part (2). The 

results can be found in Appendix G, Paragraph G.8.5.  

 

 
Figure 7-10: Left side (1) or right side (2) of nexor #2 in the connection 

 

For all internal loads, it was found that the difference between the internal loads found in (1) 

compared to (2) is different for Model A and Model B. It was also found that the loads in location (1) 

also differ for Model A and B, as well as the loads found in (2). Consider, for example, the axial force 

HL of which the results are shown in Table 7-6. The difference between (1) and (2) is -9.4 kN in Model 

A, but -9.7 kN in Model B. The gap between these differences is 0.3 kN. The same gap is found for 

the difference in Model A and Model B for location (1) and respectively (2). It is unclear why the 

differences are found and why the gap is the same, thus a more in-depth study is required. This 

study would have to focus on the load transfer from the eccentricity element to nexor #2 and the 

impact of the adjusted connection on the internal loads of nexor #2, but will not be done as it falls 

outside the project scope. 

 
Table 7-6: Differences in axial force HL  in nexor #2 near the connection 

  Fx  

  kN  

  (1) (2) difference 

A -131.7 -122.3 -9.4 

B -131.4 -121.7 -9.7 

difference -0.3 -0.6 0.3 

(1) 

(2) 
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The found conclusions with this analysis suggests that the results of Analysis 6 is not realistic 

towards the internal loads found in the eccentricity element due to different boundary conditions. 

On the other hand, a single adjusted connection on one location in the structure is not sufficient for 

a singular conclusion. This would require a more in depth study into the behavior of the adjusted 

connection in a larger system, which lays outside the project scope. 

 

7.2.4 Expected loads in the bolt 

 

Before the resistance of the connection can be checked with Eurocode 3 (NEN-EN 1993-1-8), the 

occurring load in the eccentricity element must be determined. Since the two analyses in Paragraph 

7.2.2 and 7.2.3 showed that the simplified connection behaves differently than the adjusted 

connection, the internal loads of the nexors will be multiplied with a multiplication factor 3 to find 

the occurring loads. This multiplication factor is the ratio between the internal load found in the 

eccentricity element of the adjusted connection and in nexor #1 of the simplified connection: 

  

3 = §�is	&``&\][`[\n	ist®^\&s	`�&`\[�
§�is		&L�]	#�	^[h_§[G[&s	`�&`\[�       (7-4) 

 

According to Eurocode 3, two internal forces are relevant for all checks, namely the axial force in 

tension H\,�s and the shear force HX,�s. In line with the theoretical expectation defined in Paragraph 

7.2.2, H\,�s can be determined with the highest shear force Ho, in nexor #1. Note that the angle 

between the nexor and the eccentricity element is again assumed to be perpendicular even though 

the larger structure shows otherwise. The shear force HX,�s is obtained by combining the shear 

forces in Y-direction and Z-direction found in the eccentricity element, see Equation 7-5. Here, Hn,& is 

defined through the axial force HL, and Ho,&  through shear force Hn,. 

 

HX,�s = lHn,&� 4 Ho,&�         (7-5) 

 

The analyses in Paragraph 7.2.2 and 7.2.3 also showed that the internal loads in the eccentricity 

element is different in the connection of the smaller structure compared to a connection as part of 

the larger structure. Therefore, the multiplication factor 3 will be determined for the connection in 

the smaller structure as well as for a connection in the larger structure. Equation 7-6 shows the 

factor for the axial force determined with the smaller structure and Equation 7-7 shows the factor 

for the larger structure: 

 

3iL[i§,° =	+�{.�{+�{.�� = 0.988       (7-6) 

3iL[i§,j =	+�£.|}+��.}� = 0.552       (7-7) 

 

For the shear force, two separate factors are determined for the Y-direction and Z-direction. 

Equation 7-8 and 7-9 provide the factors for the smaller structure and Equation 7-10 and 7-11 for 

the larger structure: 

 

3^?&i],n,° = �|�.�¦
+}¦.}� = −3.271       (7-8) 

3^?&i],o,° = +��.}|
�|.�� = −1.164       (7-9) 

3^?&i],n,j = +}¦.��
�¦.�� = −1.211       (7-10) 

3^?&i],o,j = +�{.}}
+�£.£¦ = −0.544       (7-11) 
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Equations 7-6 to 7-11 show that the multiplication factors defined with the smaller structure are 

higher than the factors determined with the larger structure. This suggest again that the results 

found in the smaller structure, and with that 3, might not be accurate for the larger structure. On 

the other hand, the definition of 3 for only one connection in the reciprocal frame structure might 

not be representative either for this comparison. In other words, a more in depth study must be 

done into the behavior of the connection in a larger structure to draw a proper conclusion. 

 

Since the multiplication factors for the smaller structure are higher, multiplying these with the 

internal loads found in the nexor will result in a higher expected load in the eccentricity element. 

 

From the results of Analysis 6, it was found that a Ho, in compression leads to an axial force in 

compression in the eccentricity element. In other words, the highest tension force in the bolt follows 

from a Ho, in tension. The highest Ho, in tension can be found in load case A33 Self weight (reduced) 

+ Snow load case (i) + Wind load. In Figure 7-11, the location of the connection is shown with 

expectedly the highest H\,�s equal to: 

 

H\,�s = 3iL[i§ ∙ Ho, = 0.9883 ∙ 26.78 = 26.47	x�    (7-12) 

 

 
Figure 7-11: The highest shear force Ho, in the reciprocal frame structure 

 

The highest values of HL, and Hn, can be found in load case A31 Self weight + Snow load case (i) + 

Wind load. For both loads, the highest internal loads are found in a supporting nexor thus a location 

is chosen with an as high as possible HL, or Hn,, see Figure 7-12 and Figure 7-13. Note that the 

connection with the highest H\,�s is a different connection then where the as high as possible HX,�s 

is found. This results into two different locations for which the combined shear force will be 

determined: 
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1) HL, = 148.2	x�	; 	Hn, = −4.322	x�  

 

HX,�s,� = l²3^?&i],n ∙ HL,³� 4 ²3^?&i],o ∙ Hn,³�  

´2−3.271 ∙ 148.25� 4 2−1.164 ∙ −4.3325� = 484.8	x�  (7-13) 

 

2) Hn, = 39.26	x�				 > 			 HL, = −27.24	x�  

 

HX,�s,� = l²3^?&i],n ∙ HL,³� 4 ²3^?&i],o ∙ Hn,³�  

´2−3.271 ∙ 39.265� 4 2−1.164 ∙ −27.245� = 132.3	x�  (7-14) 

 

Since the multiplication factor for HL, to obtain Hn,& is higher than the factor for Hn, to obtain Ho,&, 

the combined shear force with an as high as possible HL, is more decisive and will be used in the 

Eurocode check in Paragraph Error! Reference source not found.. 

 

 
Figure 7-12: The axial force HL, in the reciprocal frame structure 
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Figure 7-13: The shear force Hn, in the reciprocal frame structure 

 

7.3 Structural	check:	Eurocode	3	
 

Now that the design of the connection is known, the bolt must be checked with the Eurocode 3 

(NEN-EN 1993-1-8). The following assumptions are made: 

• The bolt belongs to bolt category A and is a shear connection; 

• The bolt is of bolt class 8.8; 

• Whether the bolt length has practical dimensions is neglected. 

 

The following checks can be found in NEN-EN 1993-1-8, clause 3.4.1 and 3.4.2: 

 

Shear:   
ab,��
ab,�� < 1.0      (7-15) 

Bearing:  
ab,��
aµ,�� < 1.0      (7-16) 

Tension:  
a�,��
a�,�� < 1.0      (7-17) 

Punching shear:  
a�,��
W¤,�� < 1.0      (7-18) 

Shear and tension: 
ab,��
ab,�� 4

a�,��
�,�a�,�� 	≤ 1.0     (7-19) 

 

Here, the values for the axial force in tension H0,¶F and for the shear force H!,¶F are determined 

from the results of the analyzed structure in Oasys GSA [12], as described in Paragraph 7.2.4, 

Equation 7-4 and 7-8, namely H\,�s = 26.47	x� and HX,�s = 484.80	x�. The design resistances of 

the cross section of the nexor can be found in Table 7-7. For a more detailed elaboration on the 

design resistance of the bolt, see Appendix E, Paragraph E.4. 
 



Progressive Collapse in Reciprocal Frame Structures   Graduation thesis 

 

TU/e 75 L. van der Molen 

Table 7-7: Design resistances of the bolt 

�·,�� 

kN 

�¸,�� 

kN 

��,�� 

kN 

¹º,�� 

kN 

313.73 550.80 470.59 634.48 

 

Shear:  HX,�s = 484.80  
ab,��
ab,�� =

�¦�.¦{
���.£� = 1.54 > 1.0  (7-20) 

Bearing: HX,�s = 484.80  
ab,��
aµ,�� =

�¦�.¦{
}}{.¦{ = 0.88 < 1.0  (7-21) 

Tension: H\,�s = 26.47  
a�,��
a�,�� =

��.�£
�£{.}| = 0.056 < 1.0  (7-22) 

Punching shear:  H\,�s = 26.47 
a�,��
W¤,�� =

��.�£
���.�¦ = 0.042 < 1.0  (7-23) 

Shear and tension: 
ab,��
ab,�� 4

a�,��
�,�a�,�� =

�¦�.¦{
���.£�4 ��.�£

�.�∙�£{.}| = 1.58 > 1.0  (7-24) 

 

According to the checks, the connection does not hold for shear and the combination of shear and 

tension. This means that a M36 bolt is not sufficient, thus either a larger bolt diameter or a different 

connection design would be necessary. On the other hand, if the multiplication factors found with 

the larger structure are applied, the M36 bolt would suffice: 

 

H\,�s = 3iL[i§ ∙ Ho, = 0.552 ∙ 26.78 = 14.78	x�    (7-25) 

HX,�s,� = l²3^?&i],n ∙ HL,³� 4 ²3^?&i],o ∙ Hn,³�  

´2−1.211 ∙ 148.25� 4 2−0.544 ∙ −4.3325� = 179.48	x�  (7-26) 

Shear:  HX,�s = 179.48  
ab,��
ab,�� =

�£|.�¦
���.£� = 0.603 < 1.0  (7-27) 

Shear and tension: 
ab,��
ab,�� 4

a�,��
�,�a�,�� =

�£|.�¦
���.£�4 ��.£¦

�.�∙�£{.}| = 0.625 < 1.0 (7-28) 

 

Apart from the fact that the behavior of a connection in a smaller structure might not be comparable 

with the behavior of a connection that is part of a larger structure, the following aspects influence 

the accuracy of the expected load as well: 

• The simplified connection transfers the internal loads found in the nexors differently than 

the adjusted connection. This influences the size of the internal loads found in the nexors; 

• The angle between the nexor and the eccentricity element is not taken into account; 

 

The impact of each of the above mentioned aspects are not studied as it lays outside the project 

scope. Therefore, the connection will remain the same for the analysis into progressive collapse. 
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8 PROGRESSIVE COLLAPSE 
 

This chapter is dedicated to progressive collapse in reciprocal frame structures. First, the procedure 

to introduce failure will be described in Paragraph 8.1, followed by multiple analyses in Paragraph 

8.2. After that, a small study will be done in the interception of progressive collapse. 

 

8.1 Procedure: introducing failure 
 

In Paragraph Error! Reference source not found., it was found that the connection fails for shear 

and the combination of shear and tension. The highest contributor for shear in the bolt is the axial 

force HL, found in the nexors due to the higher multiplication factor that is defined in Paragraph 

7.2.4. Therefore, HL, will be used to find connections in which failure will be introduced. If the effect 

of Hn, in Equation 7-13 is neglected, in other words, if HX,�s is the result of HL, only, the following 

maximum allowable axial force can be determined with help of the found resistance HX,�s of 313.73 

kN according to Eurocode 3: 

 

l²3^?&i],n ∙ HL,³� = 313.73	 → 		3^?&i],n ∙ HL, = −3.271 ∙ HL, = 313.73	x� (8-1) 

HL, = ���.£�
+�.£�� = 4/−84.30	x�        (8-2)  

 

The highest HL, occurs in load case A31 Self weight + Snow load case (i) + Wind load, thus this will 

be the load case used for the analyses. If the maximum allowable axial force is used as a limit, 

approximately half of the connections would fail, see the red and dark purple colored elements in 

Figure 8-1. The number of failing connections is too high to use the Eurocode 3 check as a guideline 

for introducing failure. 

 

 
Figure 8-1: The results of load case A31 limited by the maximum allowable axial force 



Progressive Collapse in Reciprocal Frame Structures   Graduation thesis 

 

TU/e 77 L. van der Molen 

 

An alternative is introducing failure in the connection where the highest axial force is found in the 

nexor, thus at the nexor ends for which the axial force exceeds either 169.8 kN or -169.8 kN. Once 

the first failure is introduced, HL, is again considered.  

 

The highest HL, occurs in a nexor near a support, see Figure 8-2. Introducing failure only in the 

supporting area, makes a study into the behavior after failure incomplete since it is also possible that 

failure occurs at other locations due to an extreme external load. Therefore, other locations are 

considered as well: a connection at the top of the dome and a connection at the side of the dome. 

The chosen locations at the top and side of the dome are chosen randomly within the area that 

shows the highest axial forces, see Figure 8-2. 

 

 
Figure 8-2: Axial forces in the nexors for a reciprocal frame structure without failure 

 

8.2 Structural	analysis:	Progressive	collapse	
 

As described in the previous paragraph, different procedures to introduce failure are be considered 

resulting in three analyses: 

• Analysis 8: failure at the highest HL,, near the supports; 

• Analysis 9: failure at the top of the dome; 

• Analysis 10: failure at the side of the dome. 

 

8.2.1 Analysis 8: failure at the highest ��,�, near the supports 

 

Area with the 

highest axial forces 
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The first location of failure is where the highest HL, occurs, see Figure 8-3. The results of the 

structure without failure can be found in Appendix F, Paragraph F.6.2 and the results of the structure 

with failure can be found in Appendix H, Paragraph H.1. 

 
Figure 8-3: Location of the highest axial force near the supports 

 

When the axial force in the nexors is considered again, the first introduced failure results in an 

increased maximum compressional force of -222.6 kN and an increased maximum tensional force of 

128.6 kN. Generally, the internal loads in the nexors increase throughout the entire structure. In 

addition, the internal loads are transferred differently through the structure. This is shown with, for 

example, Figure 8-4 and Figure 8-5 where the color coding is kept identical for the axial force in the 

structure before and after failure. In Figure 8-5, four locations are encircled that show a higher axial 

force. Two of these locations exceed the limit -169.8 kN and these are the new locations in which 

failure will be introduced as well. 

 

 
Figure 8-4: Axial force in the nexors in a reciprocal frame structure without failure 
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Figure 8-5: Nexors with a higher axial force due to one failure location 

 

When two additional connections fail, the internal loads increase even more, see Table 8-1 and 

Table 8-2. Figure 8-6 shows that the number of nexors that exceed the range of the structure 

without failure also increases. 

 
Table 8-1: Internal forces in the nexors for failure at highest HL, 

 Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.,80 118.70 -91.83 25.83 -25.84 

1st failure 128.60 -222.60 116.00 -93.81 28.57 -34.93 

2nd failure 170.60 -298.40 178.80 -125.00 49.27 -64.97 

 
Table 8-2: Internal moments in the nexors for failure at highest HL, 

 Mxx Myy Mzz 

  kNm kNm kNm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 

1st failure 10.92 -13.97 62.26 -49.09 103.30 -104.10 

2nd failure 36.72 -19.64 90.58 -63.85 119.40 -203.20 
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Figure 8-6: Nexors with a higher axial force due two multiple failure locations 

 

When the displacement is considered, the maximum displacement increases from 70.09 millimeter 

for a system without failure, to 419.1 millimeter when one connection fails, and to 1315 millimeter 

when three connections fail. In other words, failure results into an increasing displacement. For one 

failing connection, the structure displaces rather similar with local increments. For three failing 

connections, the dome shows buckling in the direction of the failing connection, see Figure 8-7 with 

the increasing white areas. Buckling is form of structural instability, in other words, the structure has 

failed. Therefore, this analysis will not be continued.   

 

 
Figure 8-7: Displacement in a structure without failure (left), with one failed connection (middle), and three failed 

connections (right) 

 

Based on this analysis, the following can be said about the sensitivity of the structure towards 

failure: 

• Failure leads to an increased internal load; 

• Failure leads to a different load distribution; 

• Failure results into large displacements locally and possible buckling of the entire structure. 
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8.2.2 Analysis 9: failure at the top of the dome 

 

For the second analysis in progressive collapse, Figure 8-8 shows the failing connection at the top of 

the dome. The results of this analysis can be found in Appendix H, Paragraph H.2. Again, the results 

show that the internal loads increase. However, the increments are smaller, see Table 8-3 and Table 

8-4. In addition, the displacement is smaller as well; locally only 78.03 millimeter instead of 419.2 

millimeter found in Analysis 8. This suggests that failure at the top of the dome has less impact than 

failure near the supports. 

 

 
Figure 8-8: First failing connection  at the top of the dome 

 
Table 8-3: Differences in internal forces for first failure at the top of the dome 

 Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

1st failure 130.30 -170.40 118.50 -94.29 25.99 -25.95 

difference 3.30 -0.60 -0.20 -2.46 0.16 -0.11 

 
Table 8-4: Differences in internal moments for first failure at the top of the dome 

 Mxx Myy Mzz 

  kNm kNm kNm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 

1st failure 11.46 -13.18 41.40 -46.17 78.78 -67.78 

difference 0.37 -0.04 0.15 -0.22 0.46 0.11 

 

In Figure 8-9, the locations are shown where HL, higher than the range 127.0 kN to -169.8 kN. First, 

a second failure is considered in the connections of the nexors that show an higher HL, than -169.8 

kN. It was found that the behavior of the structure is rather similar to the first failure in Analysis 8, 

Paragraph 8.2.1, since the second failure occurs at the same location. In addition, the differences 

between these cases, failure near a support without or with one failing connection at the top of the 

dome, is rather small, see Table 8-5 and Table 8-6. This suggests again that the failure at the top has 

a small impact. 
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Figure 8-9: Nexors with a higher axial force after first failure at the top of the dome 

 
Table 8-5: Differences in internal forces between failure near a support with or without one failing connection at the top of 

the dome 

 Fx Fy Fz 

  kN kN kN 

1st failure: support 128.60 -222.60 116.00 -93.81 28.57 -34.93 

2nd failure: top & support 131.80 -223.10 115.70 -94.02 28.68 -35.11 

difference 3.20 -0.50 -0.30 -0.21 0.11 -0.18 

 
Table 8-6: Differences in internal moments between failure near a support with or without one failing connection at the top 

of the dome 

 Mxx Myy Mzz 

  kNm kNm kNm 

1st failure support 10.92 -13.97 62.26 -49.09 103.30 -104.10 

2nd failure top & support 11.25 -14.08 62.72 -49.39 104.00 -104.10 

difference 0.33 -0.11 0.46 -0.30 0.70 0 

 

Since a single failing connection at the top of the dome shows less impact on internal loads and 

displacement than failure near the support, a study was done into multiple failures at the top of the 

dome. More specifically, multiple failing connections in the same engagement window to stimulate 

local instability of structural instability in the structure. The results of this analysis can be found in 

Appendix H, Paragraph H.4.1 and H.4.2. This study shows more clearly how the structure is able to 

transfer internal loads through a different load path, see Figure 8-10 for the load transfer of the axial 

force in the structure. 
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Figure 8-10: Axial load in the nexors without failure (1), with one failed connection (2), with two failed connections (3), and 

and three failed connections (4) 

 

When the displacement of the structure is considered, a failing engagement window at the top of 

the dome does not directly result in the entire structure to buckle, see Figure 8-11. The results also 

show that there is a larger jump in displacement after the second connection in the engagement 

window fails, in the element that is now fully disconnected. In addition, the internal loads increase 

when more connections fail with exception of axial force HL, and bending moment Ynn, for the 

third failing connection in the same engagement window, see Table 8-7 and Table 8-8. 

 
Table 8-7: Internal forces in the nexors for multiple failing connections at the top of the dome 

 Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

1st failure 130.30 -170.40 118.50 -94.29 25.99 -25.95 

2nd failure 131.90 -172.40 120.60 -94.35 26.43 -30.89 

3rd failure 134.70 -171.80 121.70 -95.89 29.64 -33.14 

 
Table 8-8: Internal moments and displacements in the nexors for multiple failing connections at the top of the dome 

 Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

1st failure 11.46 -13.18 41.40 -46.17 78.78 -67.78 78.03 

2nd failure 12.14 -14.23 47.44 -47.34 88.59 -75.45 304.30 

3rd failure 13.33 -15.70 53.05 -47.45 93.74 -70.90 359.90 

(1) (2) 

(4) (3) 
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Figure 8-11: Displacement in a structure without failure (1), with one failed connection (2), with two failed connections (3), 

and three failed connections (4) 

 

Note that the conclusions drawn in this analysis are based upon the location of the connections in 

the zone with higher axial forces. Therefore, it may not apply in other situations. 

 

8.2.3 Analysis 10: failure at the side of the dome 

 

For this analysis, a failing connection at the side of the dome is the starting point, see Figure 8-12. 

The results of this analysis can be found in Appendix H, Paragraph H.3. 

 

 
Figure 8-12: First failing connection at the side of the dome 

 

(1) (2) 

(4) (3) 
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These results also show increasing internal loads, but the increments are higher than the increments 

found for a failing connection at the top of the dome, see Table 8-9 and Table 8-10. Compared to a 

failing connection at the side of the dome, these increments are lower. In other words, the impact 

on internal loads of a failing connection at the side of the dome is lower than failure near the 

supports, but higher than failure at the top of the dome. 

 
Table 8-9: Differences in internal forces for first failure at the side of the dome 

  Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

1st failure 142.10 -176.40 118.00 -99.23 25.38 -25.88 

difference 15.10 -6.60 -0.70 -7.40 -0.45 -0,04 

 
Table 8-10: Differences in internal moments for first failure at the side of the dome 

  Mxx Myy Mzz 

  kNm kNm kNm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 

1st failure 12.09 -13.22 42.03 -44.03 78.85 -72.16 

difference 1.00 -0.08 0.78 1.92 0.53 -4.27 

 

When a connection fails at the side of the dome, the second failure would occur again in the same 

nexor near the support as found in Analysis 8 and Analysis 9. Again, the structure shows a similar 

behavior as found in Analysis 9, thus the same conclusions apply for this procedure. Note that the 

size of the internal loads are different, since impact of a failing connection at the side of the dome is 

higher compared to the impact of a failing connection at the top of the dome. 

 

 
Figure 8-13: Nexors with a higher axial force after first failure at the side of the dome 

 

Also for this location, a study was done into multiple failures at the side of the dome in the same 

engagement window. The results can be found in Appendix H, Paragraph H.4.3 and H.4.4. 
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When the displacement of the structure is considered, failure of an entire engagement window at 

the side of the dome does not lead into buckling of the entire structure, see Figure 8-14. Similar to 

the conclusion of Analysis 9, the results also show a larger jump in displacement after the second 

failure. The internal loads increase when the first failure is introduced, but decrease again for some 

cases when a second connection fails. When a third connection fails, all cases show an increased 

internal load again, see Table 8-11 and Table 8-12. 

 

 

 
Figure 8-14: Displacement in a structure without failure (1), with one failed connection (2), with two failed connections (3), 

and three failed connections (4) 

 
Table 8-11: Internal forces in the nexors for multiple failing connections at the side of the dome 

 Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

1st failure 142.10 -176.40 118.00 -99.23 25.38 -25.88 

2nd failure 137.00 -210.30 123.00 -90.37 34.04 -39.84 

3rd failure 137.90 -220.80 124.70 -94.91 38.58 -47.61 

 
Table 8-12: Internal moments and displacement in the nexors for multiple failing connections at the side of the dome 

 Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

1st failure 12.09 -13.22 42.03 -44.03 78.85 -72.16 69.63 

2nd failure 11.86 -17.67 70.80 -51.88 108.80 -78.74 399.80 

3rd failure 12.60 -19.02 86.81 -60.89 112.50 -90.35 454.30 

(1) (2) 

(4) (3) 
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8.3 Conclusions:	Progressive	collapse	
 

Based on the results found in the three analyses of Paragraph 8.2, the following can be said about 

the sensitivity towards of a reciprocal frame structure: 

 

• The structure is able to transfer internal loads over a different load path. As a result, the 

internal load increases in some parts of the structure but decreases in other parts; 

• Larger displacements are found, this can both be globally or locally at the nexor that was 

released due to failure. These increased displacements depend on the location of the 

introduced failure; 

• Failure at the top of the some shows smaller increments in internal loads compared to 

failure near the support, thus the impact is lower. The impact of failure at the side of the 

dome is higher than failure at the top of the dome, but lower for failure near the supports. 

• The entire structure can buckle as a result of failure. This highly depends on the amount of 

connections that fail and where the failing connections are located in the structure; 
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9 CONCLUDING	REMARKS:	INTERCEPTING	
PROGRESSIVE	COLLAPSE	

 

The assignment for this graduation project was: 

“Design a reciprocal frame structure and implement a structural solution within the reciprocal frame 

structure that can act as a secondary load path in the event of progressive collapse.” 

 

This research showed that a reciprocal frame structure contains secondary load paths. In other 

words, a structural solution does not have be implemented to create a secondary load path since the 

structure can provide those. However, this does not make reciprocal frame structure not sensible for 

progressive collapse. The following aspects show this sensibility: 

• Failure increases the internal loads in the nexors, and therefore also in the connection; 

• Depending on the location of the failure, large displacements can occur locally; 

• Depending on the location of the failure, large displacements can occur globally that 

eventually leads to structural instability (buckling). 

 

The above mentioned aspects show that structural sensibility towards progressive collapse can be 

reduced through two main solutions, namely by increasing the capacity of the connection or by 

decreasing the displacement. Structural instability, or buckling, occurs due to failure of multiple 

connections nearby. If the capacity of the connection would be increased, the connection might not 

fail and thus would structural instability be intercepted. Large displacements can cause great 

concerns by humans, but large displacement can also function as a warning that the structure is 

about to fail. For the latter, it is important that the structure is able to function for the amount of 

time that is required to bring the users of the building to safety. This can also be obtained by 

increasing the capacity of the connection while allowing displacement. Therefore, several solutions 

will be suggested to improve the connection capacity. 

 

1) Increase bolt diameter 

In the current connection design, a M36 bolt is applied in the connection. The capacity of the 

connection can be obtained by over dimensioning the connection and with that increasing the bolt 

diameter. This influences the external load minimally, since the self weight of the structure will 

increase slightly. The downside of this suggestion is that the bolt dimension will exceed practical bolt 

sizes. 

 

2) Increase the number of bolts 

The capacity of the connection can also be increased by a new connection design, for example, with 

multiple bolts. This change ensures that the diameter of the bolts remain within practical 

dimensions. On the other hand, the structural principle of the rotation free x-axis connection is 

removed, because multiple bolts introduce a restrained towards the rotation of the elements around 

the x-axis of the bolt. In other words, applying multiple bolts changes the structural behavior of the 

connection which can lead to a different behavior of the structure as well both with or without 

failure. Another downside is that an additional check must be done for bolt groups and tearing out 

of a bolt group. 

 

3) Decrease nexor size 

The nexors of the reciprocal frame structure are checked with Eurocode 3 (NEN-EN 1993-1-1) and it 

was found that the range of the unity checks equal 0.034 to 0.267. In other words, the nexors are 

over dimensioned. Therefore, it is possible to reduce the dimensions of the nexors, which 

automatically leads to reduced internal loads as result of a reduced self weight. When the diameter 
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of the nexor is reduced, the nexor end does not have to be reduced to 48 millimeter, thus a different 

load distribution on the bolt will be found. As a result of the above changes, the new connection 

design with a M36 bolt might have sufficient bolt capacity. A downside of this change is that it is now 

also possible for the nexor to fail. 

 

4) Flexible connection 

A complete different approach would be a connection design that is rather flexible. In other words, a 

connection design that allows a certain displacement which results into the reduction of the internal 

load in the connection. This principle is describes kinetic energy which equals load multiplied by 

displacement. When the displacement increases, the load decrease for the same amount of kinetic 

energy and vice versa. A downside of this principle is that large displacements can be visible, which 

might lead to concerns and perhaps an uncomfortable feeling by the users. 

 

Above, multiple structural solutions are proposed that could improve the sensibility of a reciprocal 

frame structure towards progressive collapse. In order to determine whether these proposals 

actually improve the sensibility, they must be elaborated in more detail and then researched to 

determine the effectiveness of the solution. This is not included in this graduation project. 
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10 RECOMMENDATIONS 
 

Throughout this this thesis, several points are addressed that require additional research. These are 

my recommendations for future work: 

 

1) The effect of torsional stiffness on the structural behavior 

A small study was done into the influence of torsional stiffness on structural behavior. It was found 

that different load cases can result in a different structural behavior. In order to be able to draw a 

more singular conclusion, a more in-depth study would be necessary that includes other load cases 

as well. 

 

2) Connection design 

In this research, nexors are joined together through a single bolted connection. This connection 

design meets the required connection principle used for the study, but does not take practical 

matters into account such as the facade or irregularities in the nexors due to the chosen 

construction method, initial deflection in the nexors, etc. In addition, the torsional stiffness of the 

design is not taken into account either, which is necessary as has quite an impact on the structural 

behavior. 

 

3) Structural behavior of the connection 

The analyses into the behavior of the connection showed that the a connection in a smaller model 

does not behave equal to a connection as part of a larger reciprocal structure. In addition, the found 

results might not be representative, which makes the determination of the load in the bolt incorrect 

and with that the conclusion that the connection does not meet  the requirements of Eurocode 3. 

Therefore, a study into the behavior of the connection at different locations in a larger structure 

could lead to more insight in load transfer through the connection. In addition, smaller structures 

could be used, if a study would be done into the definitions of the boundary conditions of the 

supports. 

 

4) Load transfer from eccentricity element to the continuous nexor 

A study was done into the load transfer of the upper nexor to the eccentricity element, to be able to 

determine the load in the bolt. Also, a small check was done into the loads found in the continuous 

nexor of which the results were unclear. If the load transfer study from the eccentricity element to 

the continuous nexor would be done, the findings could be elaborated. This step would be valuable 

for Recommendation 3 as well. 

 

5) Research improvements for structural sensitivity towards progressive collapse 

Now that the structural sensibility towards progressive collapse is known, it is possible to define 

solutions can be defined that improve the sensibility. Once these solutions are more elaborated, a 

study can follow into the effectiveness of these solutions. 
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APPENDIX A SCALE MODEL STUDY 

 

This appendix shows the photos of scale model study to determine the pattern. 

 

A.1 4-nexor fans 

 

The following 4-nexor fans are constructed: leftward fan with up end disposition, leftward fan with 

down end disposition, rightward fan with up end disposition, and rightward fan with down end 

disposition. 

 

 
Figure A-1:Top view: 4-nexor fan, leftward with up end disposition (left) and down end disposition (right) 

 

 
Figure A-2: Side view: 4-nexor fan, leftward with up end disposition 

 

 
Figure A-3: Side view: 4-nexor fan, leftward with down end disposition 
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Figure A-4: Top view: 4-nexor fan, rightward with down end disposition (left) and up end disposition (right) 

 

 
Figure A-5: Side view: 4-nexor fan, rightward with down end disposition 

 

 
Figure A-6: Side view: 4-nexor fan, rightward with up end disposition 
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A.1.1 Pattern 1 

 

The first pattern is constructed with 4-nexors fans with the same style, thus either leftward or 

rightward. 

 

 
Figure A-7: Reciprocal frame pattern build up from leftward fans 

 

 
Figure A-8: Top view: pattern build up from leftward fans with up end disposition 
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Figure A-9: Side view: pattern build up from leftward fans with up end disposition 

 

 
Figure A-10: Top view: pattern build up from leftward fans with down end disposition 

 

 
Figure A-11 Side view: pattern build up from leftward fans with down end disposition 
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Figure A-12: Reciprocal frame pattern build up from rightward fans 

 

 
Figure A-13:Top view: pattern build up from rightward fans with up end disposition 
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Figure A-14: Side view: pattern build up from rightward fans with up end disposition 

 

 
Figure A-15: Top view: pattern build up from rightward fans with down end disposition 

 

 
Figure A-16: Side view: pattern build up from rightward fans with down end disposition 
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A.1.2 Pattern 2 

 

The second pattern is constructed with 4-nexors fans with different styles, thus both leftward or 

rightward. 

 

 
Figure A-17: Reciprocal frame pattern build up from leftward and rightward fans 

 

 
Figure A-18: Top view: leftward and rightward fan with up end disposition 
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Figure A-19: Side view: leftward and rightward fans with up end disposition 

 

 
Figure A-20: Top view: leftward and rightward fan with down end disposition 

 

 
Figure A-21: Side view: leftward and rightward fan with down end disposition 
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A.2 3-nexor fans 

 

The following 3-nexor fans are constructed: leftward fan with up end disposition, leftward fan with 

down end disposition, rightward fan with up end disposition, and rightward fan with down end 

disposition. 

 

 
Figure A-22: Top view: 3-nexor fan, leftward with up end dispositions (left) and down end dispositions (right) 

 

 
Figure A-23: Side view: 3-nexor fan, leftward with up end disposition 

 

 
Figure A-24: Side view: 3-nexor fan, leftward with down end disposition 
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Figure A-25: Top view: 3-nexor fan, rightward with down end disposition (left) and up end disposition (right) 

 

 
Figure A-26: Side view: 3-nexor fan, rightward with down end disposition 

 

 
Figure A-27: Side view: 3-nexor fan with up end disposition 
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A.2.1 Pattern 1 

 

The first pattern is constructed with 3-nexors fans with the same style, thus either leftward or 

rightward. 

 

 
Figure A-28: Reciprocal frame  pattern build up from leftward fans 

 

 
Figure A-29: Top view: pattern build up from leftward fans with up end disposition 
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Figure A-30: Side view: pattern build up from leftward fans with up end disposition 

 

 
Figure A-31: Top view: pattern build up from leftward fans with down end disposition 

 

 
Figure A-32: Side view: pattern build up from leftward fans with down end disposition 
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Figure A-33: Reciprocal frame pattern build up from rightward fans 

 

 
Figure A-34: Top view: pattern build up from rightward fans with up end disposition 
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Figure A-35: Side view: pattern build up from rightward fans with up end disposition 

 

 
Figure A-36: Top view: pattern build up from rightward fans with down end disposition 

 

 
Figure A-37: Down view: pattern build up from rightward fans with down end disposition 
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A.2.2 Pattern 2 

 

The second pattern is constructed with 3-nexors fans with the same style, thus either leftward or 

rightward. Note that this pattern can also be constructed with 6-nexor fans. 

 

 
Figure A-38: Reciprocal frame pattern build up from leftward fans 

 

 
Figure A-39:Top view: repeating part of the pattern build up from leftward fans with up end disposition 
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Figure A-40: Side view: repeating part of the pattern build up from leftward fans with up end disposition 

 

 
Figure A-41: Top view: pattern build up from leftward fans with up end disposition 

 

 
Figure A-42: Side view: pattern build up from leftward fans with up end disposition 
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A.2.3 Pattern 3 

 

The third pattern is constructed with 3-nexors fans with the same style, thus either leftward or 

rightward. Note that this pattern can also be constructed with 6-nexor fans and 4-nexor fans with 

varying side angles �. 

 

 
Figure A-43: Reciprocal frame pattern build up from leftward fans 

 

 
Figure A-44: Top view: pattern build up from leftward fans with up end disposition 
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Figure A-45: Side view: pattern build up from leftward fans with up end disposition 

 

 

A.2.4 Pattern 4 

 

The fourth pattern is constructed with 3-nexors fans with the same style, thus either leftward or 

rightward. 

 

 

 
Figure A-46: Reciprocal frame pattern build up from leftward fans 
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Figure A-47: Top view: pattern build up from leftward fans with up end disposition 

 

 
Figure A-48: Side view: pattern build up from leftward fans with up end disposition 
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A.2.5 Pattern 5 

 

The fifth pattern is constructed with 3-nexors fans with the same style, thus either leftward or 

rightward. Note that this pattern can also be constructed with 6-nexor fans. 

 

 
Figure A-49: Reciprocal frame pattern build up from leftward fans 

 

 
Figure A-50: Top view: repeating part of the pattern build up from leftward fans with up end disposition 

 



‘Progressive collapse in Reciprocal Frame Structures’  Appendix A 

 

TU/e 27 L. van der Molen 

 
Figure A-51: Side view: repeating part of the pattern build up from leftward fans with up end disposition 

 

 
Figure A-52: Top view: pattern build up from leftward fans with up end disposition 

 

 
Figure A-53: Side view: pattern build up from leftward fans with up end disposition 
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A.2.6 Pattern 6 

 

The sixth pattern is constructed with 3-nexors fans with the same style, thus either leftward or 

rightward. Note that this pattern can also be constructed with two different 6-nexor fans or a 

combination of 6-nexor fans and 4-nexor fans with different side angles �. 

 

 
Figure A-54: Reciprocal frame pattern build up from leftward fans 

 

 
Figure A-55: Top view: pattern build up from leftward fans with up end disposition 

 



‘Progressive collapse in Reciprocal Frame Structures’  Appendix A 

 

TU/e 29 L. van der Molen 

 
Figure A-56: Side  view: pattern build up from leftward fans with up end disposition 

 

A.2.7  Pattern 7 

 

The seventh pattern is constructed with 3-nexors fans with the same style, thus either leftward or 

rightward. 

 

 
Figure A-57: Reciprocal frame pattern build up from leftward fans 
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Figure A-58: Top view: pattern build up from leftward fans with up end disposition 

 

 
Figure A-59: Side view: pattern build up from leftward fans with up end disposition 
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A.2.8 Pattern 8 

 

The eight pattern is constructed with 3-nexors fans with different styles, thus both leftward or 

rightward. 

 

 
Figure A-60: Reciprocal frame pattern build up from leftward and rightward fans 

 

 
Figure A-61: Top view: leftward and rightward fan with up end disposition 
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Figure A-62: Side view: leftward and rightward fans with up end disposition 

 

 

A.2.9 Pattern 9 

 

The ninth pattern is constructed with 3-nexors fans with different styles, thus both leftward or 

rightward. 

 

 
Figure A-63: Reciprocal frame pattern build up from leftward and rightward fans 
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Figure A-64: Top view: leftward and rightward fan with up end disposition 

 

 
Figure A-65: Side view: leftward and rightward fan with up end disposition 
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A.2.10 Pattern 10 

 

The tenth pattern is constructed with 3-nexors fans with different styles, thus both leftward or 

rightward. 

 

 
Figure A-66: Reciprocal frame pattern build up from leftward and rightward fans 

 

 
Figure A-67: Top view: leftward and rightward fan with up end disposition 
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Figure A-68: Side view: leftward and rightward fans with up end disposition 

 

 

A.2.11 Pattern 11 

 

The eleventh pattern is constructed with 3-nexors fans with different styles, thus both leftward or 

rightward. 

 

 
Figure A-69: Reciprocal frame pattern build up from leftward and rightward fans 
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Figure A-70: Top view: leftward and rightward fan with up end disposition 

 

 
Figure A-71: Side view: leftward and rightward fans with up end disposition 
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A.2.12 Pattern 12 

 

The twelfth pattern is constructed with 3-nexors fans with different styles, thus both leftward or 

rightward. 

 

 
Figure A-72: Reciprocal frame pattern build up from leftward and rightward fans 

 

 
Figure A-73: Top view: leftward and rightward fan with up end disposition 

 



‘Progressive collapse in Reciprocal Frame Structures’  Appendix A 

 

TU/e 38 L. van der Molen 

 

 
Figure A-74: Side view: leftward and rightward fans with up end disposition 
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APPENDIX B GRASSHOPPER ALGORITHMS 
 

This appendix describes the method behind different algorithms in Grasshopper. 

 

B.1 Algorithm belonging to Paragraph 3.1 
 

Baverel defined the direction of the eccentricity between two elements (Paragraph 3.1 [1]). This 

definition is used in the Grasshopper algorithm as well. The elementary drawing of the fan is shown 

in Figure B-1. The nexors are numbered, to simplify the explanation of the system in Grasshopper. 

The eccentricity ��� is the line perpendicular to element � and �. 

 

 
Figure B-1: Elementary drawing of the fan (red arrow addresses the direction of the nexor from low to high) 

 

The red arrow shows the direction of the vectors. The direction of vector 1, denoted by ���1										
, is 

defined as followed: a vector parallel to the x-axis is rotated in the x,z-plane (around y-axis) by 

means of an angle, which is the base angle �. A so-called ‘Control Knob’ is used in order to vary � 

and ranges from 0 to -90 degrees, because the rotation from x to z in XZ-plane is regarded as a 

negative rotation. The other three vectors (���2										
, ���3										
, and ���4										
) are defined by a rotation around 

the z-axis. This is shown with the components in Figure B-2. Vectors ���1										
 to ���4										
 are unit vectors. 

They have a norm equal to 1 and are mainly used to define a direction. 

 

In line with Baverel’s theory, the correct direction is obtained by multiplying vectors with the same 

starting point. This results into the use of vectors with opposite sense (reversed), denoted with ����									
 
and shown Figure B-2 by the component named ‘Rev’: 

 

 ���						
 = ���2�												
 ∗ ���1										
        (B-1) 

 ���						
 = ���3�												
 ∗ ���2										
        (B-2) 

 ���						
 = ���4�												
 ∗ ���3										
        (B-3) 

 ���						
 = ���1�												
 ∗ ���4										
        (B-4) 
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Figure B-2:Definition of base angle α in Grasshopper 

 

The point (0,0,0) is taken as a starting point, which is the lower point of eccentricity ���. Changing 

these coordinates results in translation of the fan in space. The XY-plane is defined with its origin 

equal to the starting point, this is shown in Figure B-3. 

 

 
Figure B-3: Starting point and XY plane in Grasshopper 

 

At the higher end of the eccentricity ���, a line is drawn over ���2										
. This line will intersect with the 

XY-plane, defining a new lower point for eccentricity ��� (component PLX). The following group of 

components, shown in Figure B-4, is used four times for each eccentricity.  

 

 
Figure B-4: Component group that defines the location of neighboring eccentricity 
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When the location of the fourth eccentricity is found, a panel is added at the intersecting point 

between the line and plane. This panel shows the coordinates of this point and functions as a check 

to see if this point is equal to the starting point. 

 

 
Figure B-5: Check starting point 

 

The final step of the geometry made in Grasshopper defines the centroid axis of the nexor that is 

split in two parts. The first part is the engagement length �, which is the line drawn between the 

higher point of one eccentricity and the lower point of the neighboring eccentricity, for example 

higher point of ��� and lower point of ���. The second part is rest of the nexor length, which is 

defined with the following equation: 

 

  � = �� + �	 → 			 �� = � − �       (B-5) 

	
With: 

� Length of the nexor 

� Engagement length 

�� The rest of the nexor length 

 

This equation allows the nexor length to be changed. Both parts are shown in Figure B-6. 

 

 
Figure B-6: Group of components that draws the centroid axes 

 

After defining the geometry of the fan, the next step is the link with a structural analysis software. 

Chosen is the software Oasys GSA. With help of the plugin Geometry Gym, the model is translated in 

a structural system with loading cases. 
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Figure B-7: The Grasshopper algorithm for the geometry of a leftward 4-nexor fan with up end disposition 



‘Progressive collapse in Reciprocal Frame Structures’  Appendix B 

 

TU/e 45 L. van der Molen 

B.2 Algorithm	belonging	to	Paragraph	3.3	
 

In case of a 4-nexor fan, the base polygon is a square with the radius   as input variable, in which   

is the distance between the center point and corner of the polygon. This polygon is divided in eight 

equal parts to define the corners and midpoint of the edges of the polygon. An offset was made, 

divided in four parts to define the corners of the offset polygon, with the offset distance !"## as 

input variable.   and !"## are independent and can vary without influencing each other. Of course, 

!"## can be any value in domain that is defined as the distance between the center of the polygon 

perpendicular to the edge of the polygon. The midpoint of the polygon is connected to a corner 

point of the offset polygon, resulting in a 2D fan in XY-plane, see Figure B-8. 

 

   
Figure B-8: 2D configuration of a fan with polygons and the grasshopper algorithm 

 

Changing !"## (or   relative to the offset polygon) results in a change in the in-plane angle at the 

support point of the nexor, in this paragraph denoted with $. One should note that the side angle % 

between two neighboring nexors remains the same, namely 90o. The vectors that represent the 

nexors are changed into lines to find an intersecting point. This point in the base plane in used as 

starting point and can be translated over the z-axis. This variable & is an additional input parameter 

and results in a 3D fan: changing & results in changing base angle � (see Figure B-9).  

 

 
Figure B-9: Grasshopper algorithm for base plane and z-direction 

 

The intersection between the nexor and the line that represents the z-direction is the temporary end 

point. The line that represent the z-direction is not equal to the direction of eccentricity �		
, since the 

eccentricity must be perpendicular to both nexors. Again, �		
 is determined with vector calculation.  

 



‘Progressive collapse in Reciprocal Frame Structures’  Appendix B 

 

TU/e 46 L. van der Molen 

The final step is to determine the exact location of the eccentricity on the nexors. This is done as 

follows: 

• The higher end of the nexor is connected to its neighboring nexor through a vertical line 

parallel to the z-axis; 

• �		
 is the input of a line that starts at the higher temporary end of the nexor; 

• A plane is defined between the neighboring nexor and the vertical line (z-axis); 

• The line that follows �		
 is projected onto the nexor plane; 

• An intersection on the neighboring nexor was found, this is the lower end �; 

• Another line that follows �		
 is drawn from the lower end of the eccentricity. This line 

intersects with the nexor, resulting in finding the higher end of the eccentricity (see Figure 

B-10). 

 

With this procedure, the location of the eccentricity is found. In addition, the values for the nexor 

length � and the engagement length � are found as well. 

 

   
Figure B-10: Determining the exact location of the eccentricity with its belonging grasshopper algorithm 

 

A downside of this model is that the user loses all control of the geometrical parameters (�, �, �, or 

�). The most important parameter one would like to have control over is the eccentricity �, since it is 

linked to the diameter of the nexor. 
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Figure B-11: The grasshopper model for a 4-nexor fan with the geometrical parameters as output 
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B.3 Algorithm	belonging	to	Paragraph	3.4	
 

 
Figure B-12: The Grasshopper algorithm for the geometry of a leftward 3-nexor fan with up end disposition 
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B.4 Oasys	GSA	Link	(fan)	
 

The model must be able to be used for four different structural analysis. This makes the Oasys GSA 

link definition in Grasshopper slightly more complex. In this paragraph, an elaboration will be given. 

The following options must be available for the structural analysis: 

- Two different support systems: pinned supports or combination of a pinned support, 2 roller 

supports, and 1 support restrained in YZ direction. 

- Two different connections: fixed connection that represents a welded connection and a 

connection in which the local x-axis is released that represents a connection with scaffolding 

couplers. 

 

An adjustment in the definition of the supports can be made by linking either the pinned support 

attribute, the roller support attribute, or the support fixed in YZ direction to a GSA node (ggNode), 

see Figure B-13. The support node list is divided such that still one support can be pinned in case the 

structure with roller supports must be made. 

 

 
Figure B-13: The different support definitions 
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The same principle is used for the eccentricity. For both connection types, the eccentricity element is 

split in two equal parts (Figure B-14). The beams that represent the eccentricity are defined by 

connecting the related nodes of one the eccentricity element. One part of the eccentricity element 

has a beam attribute. This attribute contains the definition to release the rotation around the local x-

axis of that part. When all toggles are set on “False” the connection is fixed, when the toggle of the 

rotation around the x-axis is set on “True”, the connection contains its local x-axis release (see Figure 

B-15).  

 

 
Figure B-14: Splitting the eccentricity elements 

 

 
Figure B-15: Beam release definition within the eccentricity element 

 

The last step is the definition of the nexors. Again, beams are defined between the GSA nodes and a 

material properties equal to the eccentricity properties are linked to these beam elements, see 

Figure B-16. 
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Figure B-16: Oasys GSA link of the beams 

 

The structure should also be subjected to a loading, and therefore a load case is implemented. The 

first load case contains a point load at each intersecting point (the lower node of the eccentricity) in 

negative z-direction. This to reduce the impact of the eccentricity element on the structural behavior 

of the overall system. In order to compare a 4-nexor fan with a 3-nexor fan, an equal point load is 

added. In other words, the total amount of point loads on a 4-nexor fan is 4x1.0 kN, thus the 3-nexor 

fan is loaded with 3x1.333 kN. A second load case is the self-weight of the system.  

 

      
Figure B-17: Load case 1 (left) and load case 2 (right) in Grasshopper 

 

The final components added in the Grasshopper algorithm define the type of structural analysis and 

for which loading combinations the analysis will be done. This is shown in Figure B-18. A static 

analysis is implemented for load case 1, load case 2, and the combination of load cases 1 and 2. 

 

 
Figure B-18: Structural Analysis components 
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In order to export the structural system to Oasys GSA, a bake button must be present, see Figure 

B-19. By running this button, the structure will be exported. It is important that Oasys GSA runs in 

the background while pressing the ‘bake’ button. 

 

 
Figure B-19: The button that exports the geometry to Oasys GSA 

 

Below, the complete Oasys GSA link in Grasshopper is shown. 

 

 
Figure B-20: The complete Oasys GSA link of a fan in Grasshopper 
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APPENDIX C RESULTS STRUCTURAL ANALYSIS 

FAN 
 

For all models in this appendix, the following data applies: 

- Length � 4000 mm 

- Eccentricity � 50 mm 

- Thickness � 2.9 mm 

 

C.1 Displacement 
 
Table C-1: Displacement |�| of both fans with pinned supports 

α 1 2 3 4 5 10 15 

4-nexor fan 

fixed connection 90,65 351,30 424,70 369,80 265,70 42,20 15,87 

rotation free x-axis connection 91,10 354,60 435,20 385,70 280,00 43,21 15,95 

3-nexor fan 

fixed connection 116,10 429,60 432,50 290,90 171,10 28,25 12,62 

rotation free x-axis connection 49,20 184,40 190,80 130,30 76,28 28,71 5,30 

 

 
Figure C-1: Maximum displacement|�| for both connections with pinned supports 
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Situation 1: Pin support, fixed connection (in-plane) 

 

 
 

4-nexor fan 

 
 

3-nexor fan 
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Situation 2: Pin support, rotation free x-axis connection (in-plane) 

 

 
 

4-nexor fan 

 
 

3-nexor fan 
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C.2 4-nexor	fan:	Pinned	supports,	fixed	connection	
 

Model 001: � = �										; � = ���. ��	��								; �/� = �. ���� 
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Model 002: � = 										; � = ����. ��	��								; �/� = �. ���� 
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C.3 4-nexor	fan:	Pinned	supports,	rotation	free	x-axis	

connection	
 

Model 008: � = �										; � = ���. ��	��								; �/� = �. ���� 
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Model 009: � = 										; � = ����. ��	��								; �/� = �. ���� 
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C.4 3-nexor	fan:	Pinned	supports,	fixed	connection		
 

Model 015: � = �										; � = ���. ��	��								; �/� = �. ���� 
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Model 016: � = 										; � = ���. �	��								; �/� = �. ���� 
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C.5 3-nexor	fan:	Pinned	supports,	rotation	free	x-axis	

connection	
 

Model 022: � = �										; � = ���. ��	��								; �/� = �. ���� 
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Model 023: � = 										; � = ���. �	��								; �/� = �. ���� 
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C.6 4-nexor	fan:	Released	supports,	fixed	connection	
 

Model 030: � = �										; � = ���. ��	��								; �/� = �. ���� 
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Model 031: � = 										; � = ����. ��	��								; �/� = �. ���� 
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C.7 4-nexor	fan:	Released	supports,	rotation	free	x-axis	

connection	
 

Model 030: � = �										; � = ���. ��	��								; �/� = �. ���� 
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Model 031: � = 										; � = ����. ��	��								; �/� = �. ���� 
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C.8 3-nexor	fan:	Released	supports,	fixed	connection	
 

Model 044: � = �										; � = ���. ��	��								; �/� = �. ���� 
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Model 045: � = 										; � = ���. �	��								; �/� = �. ���� 
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C.9 3-nexor	fan:	Released	supports,	rotation	free	x-axis	

connection	
 

Model 051: � = �										; � = ���. ��	��								; �/� = �. ���� 
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Model 052: � = 										; � = ���. �	��								; �/� = �. ���� 
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C.10 Summary	results	
 

Here, a summary follows from all results. Figure C-2 shows the notation of the different parts of a 

nexor-element that is used in the tables. When the moment is  considered in the tables, both ends 

of the element part is written down since the moment line is linear. 

 

 
Figure C-2: Definitions of the results in the table 

 

C.10.1 Pinned supports (tables) 

 

4-nexor fan: Pinned supports, fixed connection 

 
Table C-2: Axial and shear force in a 4-nexor fan with pinned supports and fixed connections 

Angle Length Ratio Axial Shear 

α L λ λ/L Fx Fy Fz 

      L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  mm mm   kN kN kN kN kN kN 

1 4000 2864,06 0,7160 -0,2539 -0,1787 0,1320 -0,0523 0,9987 -0,3183 

2 4000 1430,94 0,3577 -1,0750 -0,5852 0,2272 -0,4086 0,9631 -1,4030 

3 4000 952,75 0,2382 -2,9780 -1,5490 0,3982 -1,2660 0,8453 -2,2340 

4 4000 713,30 0,1783 -5,2030 -2,6590 0,5086 -2,3190 0,6386 -2,5020 

5 4000 569,34 0,1423 -6,6250 -3,3520 0,5106 -3,0260 0,4242 -2,2610 

10 4000 279,38 0,0698 -5,4790 -2,6960 0,2070 -2,5900 0,0494 -0,8203 

15 4000 180,65 0,0452 -3,8190 -1,8270 0,0974 -1,7940 0,0121 -0,4893 

 

 

 

 

 

L1 (� − �) 

L2 (�) 
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Table C-3: Torsion and bending moments in a 4-nexor fan with pinned supports and fixed connections 

Angle Torsion Moment 

α Mxx Myy Mzz 

 L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  kNm kNm kNm kNm kNm kNm 

1 0,0 0,1140 0,0 -0,1310 -1,0150 -0,1038 0,0 0,1499 0,0791 0,0706 

2 0,0 0,2460 0,0 -2,4740 -2,2150 -0,2072 0,0 0,5836 0,3145 -0,2673 

3 0,0 0,2572 0,0 -2,5760 -2,2790 -0,1505 0,0 1,2130 0,6585 -0,5473 

4 0,0 0,2146 0,0 -2,0990 -1,8130 -0,0286 0,0 1,6720 0,9153 -0,7385 

5 0,0 0,1557 0,0 -1,4550 -1,2070 0,0802 0,0 1,7520 0,9679 -0,7551 

10 0,0 0,0381 0,0 -0,1839 -0,0718 0,1574 0,0 0,7703 0,4412 -0,2823 

15 0,0 0,0159 0,0 -0,0415 0,0251 0,1135 0,0 0,3719 0,2160 -0,1081 

 

 

4-nexor fan: Pinned supports, rotation free x-axis connection 

 
Table C-4: Axial and shear force in a 4-nexor fan with pinned supports and rotation free x-axis connections 

Angle Length Ratio Axial Shear 

α L λ λ/L Fx Fy Fz 

      L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  mm mm   kN kN kN kN kN kN 

1 4000 2864,06 0,7160 -0,1329 -0,0823 0,0636 -0,0246 0,9978 -0,3634 

2 4000 1430,94 0,3577 -0,8373 -0,4407 0,1766 -0,3202 0,9715 -1,6000 

3 4000 952,75 0,2382 -2,5790 -1,3230 0,3439 -1,0930 0,8862 -2,2100 

4 4000 713,30 0,1783 -4,8020 -2,4440 0,4690 -2,1380 0,6666 -2,4170 

5 4000 569,34 0,1423 -6,3530 -3,2210 0,4893 -2,9000 0,4480 -2,0730 

10 4000 279,38 0,0698 -5,4660 -2,7090 0,2065 -2,6100 0,0517 -0,5709 

15 4000 180,65 0,0452 -3,8170 -1,9240 0,0973 -1,8210 0,0126 -0,2322 

 
Table C-5: Torsion and bending moments in a 4-nexor fan with pinned supports and rotation free x-axis connections 

Angle Torsion Moment 

α Mxx Myy Mzz 

 L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  kNm kNm kNm kNm kNm kNm 

1 0,0 0,0951 0,0 -1,1330 -1,0390 -0,0906 0,0 0,0780 0,0780 -0,0016 

2 0,0 0,2092 0,0 -2,4960 -2,2680 -0,1872 0,0 0,4523 0,4516 -0,0065 

3 0,0 0,2712 0,0 -2,6400 -2,3090 -0,2038 0,0 1,0480 1,0310 -0,0107 

4 0,0 0,2392 0,0 -2,1910 -1,8390 -0,1150 0,0 1,5410 1,5170 -0,0080 

5 0,0 0,1847 0,0 -1,5370 -1,2010 0,0210 0,0 1,6790 1,6490 -0,0018 

10 0,0 0,0417 0,0 -0,1924 -0,0222 0,1384 0,0 0,7687 0,7387 0,0172 

15 0,0 0,0201 0,0 -0,0482 0,0569 0,0987 0,0 0,3718 0,3493 0,0203 
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3-nexor fan: Pinned supports, fixed connection 

 
Table C-6: Axial and shear force in a 3-nexor fan with pinned supports and fixed connections 

Angle Length Ratio Axial Shear 

α L λ λ/L Fx Fy Fz 

      L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  mm mm   kN kN kN kN kN kN 

1 4000 2863,19 0,7158 -0,7897 -0,4493 0,2470 -0,0980 1,3200 -0,3069 

2 4000 1429,20 0,3573 -3,6930 -1,9120 0,4604 -0,8230 1,2050 -1,3100 

3 4000 950,16 0,2375 -8,7280 -4,4440 0,6821 -2,1620 0,8778 -1,7980 

4 4000 709,87 0,1775 -11,7800 -5,9540 0,6717 -3,0470 0,5126 -1,6370 

5 4000 565,10 0,1413 -12,1200 -6,0940 0,5450 -3,2060 0,2780 -1,2810 

10 4000 271,55 0,0679 -7,5250 -3,7180 0,1689 -2,0540 0,0270 -0,5181 

15 4000 170,28 0,0426 -5,1230 -2,4770 0,0800 -1,3880 0,0072 -0,4024 

 

 
Table C-7: Torsion and bending moments in a 3-nexor fan with pinned supports and fixed connections 

Angle Torsion Moment 

α Mxx Myy Mzz 

 L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  kNm kNm kNm kNm kNm kNm 

1 0,0 0,1856 0,0 -1,5000 -1,1770 -0,2980 0,0 0,2808 0,1472 -0,1328 

2 0,0 0,3787 0,0 -3,0980 -2,4240 -0,5526 0,0 1,8400 0,6303 -0,5459 

3 0,0 0,3364 0,0 -2,6770 -2,0490 -0,3401 0,0 2,0800 1,1150 -0,9389 

4 0,0 0,2275 0,0 -1,6870 -1,2300 -0,0680 0,0 2,2100 1,1930 -0,9698 

5 0,0 0,1443 0,0 -0,9550 -0,6402 0,0838 0,0 1,8720 1,0170 -0,7944 

10 0,0 0,0359 0,0 -0,1006 0,0006 0,1401 0,0 0,6298 0,3465 -0,2111 

15 0,0 0,0207 0,0 -0,0276 0,0298 0,0984 0,0 0,3063 0,1663 -0,0701 

 

 

3-nexor fan: Pinned supports, rotation free x-axis connection 

 
Table C-8: Axial and shear force in a 3-nexor fan with pinned supports and local x-axis released connections 

Angle Length Ratio Axial Shear 

α L λ λ/L Fx Fy Fz 

      L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  mm mm   kN kN kN kN kN kN 

1 4000 2863,19 0,7158 -0,4336 -0,2381 0,3122 -0,0524 1,3260 0,3041 

2 4000 1429,20 0,3573 -2,9250 -1,5020 0,3635 -0,6498 1,2320 -1,2720 

3 4000 950,16 0,2375 -7,8220 -3,9790 0,6107 -1,9360 0,9252 -1,6400 

4 4000 709,87 0,1775 -11,2500 -5,7050 0,6409 -2,9070 0,5501 -1,2160 

5 4000 565,10 0,1413 -11,8900 -6,0250 0,5343 -3,1430 0,2986 -0,6784 

10 4000 271,55 0,0679 -7,5150 -3,8320 0,1687 -2,0510 0,0289 0,1569 

15 4000 170,28 0,0426 -5,1240 -2,6240 0,0800 -1,3880 0,0075 0,1486 

 

 

 



‘Progressive collapse in Reciprocal Frame Structures’  Appendix C 

 

TU/e 93 L. van der Molen 

Table C-9: Torsion and bending moments in a 3-nexor fan with pinned supports and local x-axis released connections 

Angle Torsion Moment 

α Mxx Myy Mzz 

 L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  kNm kNm kNm kNm kNm kNm 

1 0,0 0,1859 0,0 -1,5507 -1,1820 -0,3115 0,0 0,1508 0,1405 -0,0094 

2 0,0 0,3947 0,0 -3,1670 -2,4450 -0,6265 0,0 0,9345 0,8908 -0,0377 

3 0,0 0,3814 0,0 -2,8220 -2,0490 -0,5151 0,0 1,8620 1,7920 -0,0467 

4 0,0 0,2852 0,0 -1,8100 -1,1510 -0,2877 0,0 2,1090 2,0290 -0,0348 

5 0,0 0,1984 0,0 -1,0260 -0,5090 -0,1256 0,0 1,8350 1,7570 -0,0190 

10 0,0 0,0587 0,0 -0,1077 0,0873 0,0447 0,0 0,6289 0,5703 0,0134 

15 0,0 0,0320 0,0 -0,0285 0,0761 0,0511 0,0 0,3062 0,2593 0,0229 

 

C.10.2 Partly released supports (tables) 

 

4-nexor fan: Partly released supports, fixed connection 

 
Table C-10: Axial and shear force in a 4-nexor fan with partly released supports and fixed connections 

Angle Length Ratio Axial Shear 

α L λ λ/L Fx Fy Fz 

      L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  mm mm   kN kN kN kN kN kN 

1 4000 2864,06 0,7160 -0,0175 0,0055 0,0 0,0 0,9998 0,3171 

2 4000 1430,94 0,3577 -0,0349 0,0502 0,0 0,0 0,9994 -1,4390 

3 4000 952,75 0,2382 -0,0523 0,1344 0,0 0,0 0,9986 -2,5630 

4 4000 713,30 0,1783 -0,0697 0,2578 0,0 0,0 0,9976 -3,6870 

5 4000 569,34 0,1423 -0,0871 0,4196 0,0 0,0 0,9962 -4,8020 

10 4000 279,38 0,0698 -0,1735 1,7920 0,0 0,0 0,9848 -10,1600 

15 4000 180,65 0,0452 -0,2586 3,9710 0,0 0,0 0,9659 -14,8300 

 

 
Table C-11: Torsion and bending moments in a 4-nexor fan with partly released supports and fixed connections 

Angle Torsion Moment 

α Mxx Myy Mzz  

 L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  kNm kNm kNm kNm kNm kNm 

1 0,0 0,1135 0,0 -1,1360 -1,0220 -0,1138 0,0 0,0025 

2 0,0 0,2518 0,0 -2,5870 -2,3130 -0,2545 0,0 0,0111 

3 0,0 0,2931 0,0 -3,0430 -2,7430 -0,3004 0,0 0,0192 

4 0,0 0,3105 0,0 -3,2790 -2,9540 -0,3245 0,0 0,0268 

5 0,0 0,3186 0,0 -3,4180 -3,0760 -0,3413 0,0 0,0340 

10 0,0 0,3185 0,0 -3,6640 -3,2510 -0,4131 0,0 0,6443 

15 0,0 0,3007 0,0 -3,6890 -3,1840 -0,5052 0,0 0,8628 
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4-nexor fan: Pinned supports, rotation free x-axis connection 

 
Table C-12: Axial and shear force in a 4-nexor fan with partly released supports and rotation free x-axis connections 

Angle Length Ratio Axial Shear 

α L λ λ/L Fx Fy Fz 

      L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  mm mm   kN kN kN kN kN kN 

1 4000 2864,06 0,7160 -0,0175 0,0055 0,0 0,0 0,9998 -0,3171 

2 4000 1430,94 0,3577 -0,0349 0,0503 0,0 0,0 0,9994 -1,4400 

3 4000 952,75 0,2382 -0,0523 0,1346 0,0 0,0 0,9986 -2,5690 

4 4000 713,30 0,1783 -0,0697 0,2588 0,0 0,0 0,9976 -3,7000 

5 4000 569,34 0,1423 -0,0872 0,4226 0,0 0,0 0,9962 -4,8300 

10 4000 279,38 0,0698 -0,1736 1,8250 0,0 0,0 0,9848 -10,3500 

15 4000 180,65 0,0452 -0,2587 4,1360 0,0 0,0 0,9659 -15,4400 

 

 
Table C-13: Torsion and bending moments in a 4-nexor fan with partly released supports and rotation free x-axis 

connections 

Angle Torsion Moment 

α Mxx Myy Mzz 

 L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  kNm kNm kNm kNm   kNm 

1 0,0 0,1135 0,0 -1,1360 -1,0220 -0,1137 0,0 -0,0020 

2 0,0 0,2515 0,0 -2,5670 -2,3140 -0,2535 0,0 -0,0088 

3 0,0 0,2924 0,0 -3,0430 -2,7430 -0,2979 0,0 -0,0156 

4 0,0 0,3093 0,0 -3,2790 -2,9590 -0,3199 0,0 -0,0223 

5 0,0 0,3166 0,0 -3,4180 -3,0840 -0,3340 0,0 -0,0291 

10 0,0 0,3120 0,0 -3,6640 -3,2790 -0,3856 0,0 -0,0670 

15 0,0 0,2894 0,0 -3,6890 -3,2390 -0,4497 0,0 -0,1164 

 

 

3-nexor fan: Pinned supports, fixed connection 

 
Table C-14: Axial and shear force in a 3-nexor fan with partly released supports and fixed connections 

Angle Length Ratio Axial Shear 

α L λ λ/L Fx Fy Fz 

      L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  mm mm   kN kN kN kN kN kN 

1 4000 2863,19 0,7158 -0,0233 0,0053 0,0 0,0 1,3330 -0,3056 

2 4000 1429,20 0,3573 -0,0465 0,0492 0,0 0,0 1,3330 -1,4080 

3 4000 950,16 0,2375 -0,0697 0,1335 0,0 0,0 1,3320 -2,5470 

4 4000 709,87 0,1775 -0,0929 0,2592 0,0 0,0 1,3300 -3,7130 

5 4000 565,10 0,1413 -0,1160 0,4284 0,0 0,0 1,3280 -4,9000 

10 4000 271,55 0,0679 -0,2313 1,9290 0,0 0,0 1,3130 -10,9200 

15 4000 170,28 0,0426 -0,3452 4,4210 0,0 0,0 1,2880 -16,5200 
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Table C-15: Torsion and bending moments in a 3-nexor fan with partly released supports and fixed connections 

Angle Torsion Moment 

α Mxx Myy Mzz 

 L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  kNm kNm kNm kNm   kNm 

1 0,0 0,1845 0,0 -1,5160 -1,1950 -0,3202 0,0 0,0041 

2 0,0 0,4045 0,0 -3,4260 -2,7190 -0,7064 0,0 0,0176 

3 0,0 0,4652 0,0 -4,0610 -3,2400 -0,8206 0,0 0,0298 

4 0,0 0,4859 0,0 -4,3760 -3,5060 -0,8703 0,0 0,0407 

5 0,0 0,4908 0,0 -4,5620 -3,6660 -0,8968 0,0 0,0503 

10 0,0 0,4432 0,0 -4,8960 -3,9310 -0,9650 0,0 0,0820 

15 0,0 0,3679 0,0 -4,9310 -3,9730 -1,0600 0,0 0,0894 

 

 

3-nexor fan: Pinned supports, rotation free x-axis connection 

 
Table C-16: Axial and shear force in a 3-nexor fan with partly released supports and rotation free x-axis connections 

Angle Length Ratio Axial Shear 

α L λ λ/L Fx Fy Fz 

      L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  mm mm   kN kN kN kN kN kN 

1 4000 2863,19 0,7158 -0,0233 0,0053 0,0 0,0 1,3330 -0,3062 

2 4000 1429,20 0,3573 -0,0465 0,0494 0,0 0,0 1,3330 -1,4170 

3 4000 950,16 0,2375 -0,0699 0,1355 0,0 0,0 1,3320 -2,5810 

4 4000 709,87 0,1775 -0,0931 0,2654 0,0 0,0 1,3300 -3,7960 

5 4000 565,10 0,1413 -0,1164 0,4430 0,0 0,0 1,3280 -5,0590 

10 4000 271,55 0,0679 -0,2316 2,1060 0,0 0,0 1,3130 -11,9400 

15 4000 170,28 0,0426 -0,3457 5,1510 0,0 0,0 1,2880 -19,2100 

 

 
Table C-17: Torsion and bending moments in a 3-nexor fan with partly released supports and rotation free x-axis 

connections 

Angle Torsion Moment 

α Mxx Myy Mzz 

 L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) L1 (L-λ) L2 (λ) 

  kNm kNm kNm kNm   kNm 

1 0,0 0,1843 0,0 -1,5160 -1,1960 -0,3195 0,0 0,0097 

2 0,0 0,4029 0,0 -3,4260 -2,7260 -0,6999 0,0 -0,0423 

3 0,0 0,4610 0,0 -4,0610 -3,2570 -0,8042 0,0 -0,0729 

4 0,0 0,4785 0,0 -4,3760 -3,5350 -0,8408 0,0 -0,1016 

5 0,0 0,4795 0,0 -4,5620 -3,7110 -0,8517 0,0 -0,1286 

10 0,0 0,4103 0,0 -4,8960 -4,0690 -0,8267 0,0 -0,2486 

15 0,0 0,3158 0,0 -4,9320 -4,1010 -0,8310 0,0 -0,3725 
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C.10.3 Analysis 1: 3-nexor fan vs. 4-nexor fan for a fixed 

connection (graphs) 

 

 
Figure C-3: Axial forces ��  for a pinned supported fan with fixed connections 

 

 
Figure C-4: Shear forces �  for a pinned supported fan with fixed connections 

 

 
Figure C-5: Shear forces �! for a pinned supported fan with fixed connections 
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Figure C-6: Torsional moments "�� for a pinned supported fan with fixed connections 

 

 
Figure C-7: Bending moment "   for a pinned supported fan with fixed connections 

 

 
Figure C-8: Bending moment "   for a pinned supported fan with fixed connections 
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Figure C-9: Bending moment "!! for a pinned supported fan with fixed connections 

 

 
Figure C-10: Bending moment "!! for a pinned supported fan with fixed connections 
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C.10.4 Analysis 2: Fixed connection vs. Rotation free x-axis 

connection for a 3-nexor fan (graphs) 

 

 
Figure C-11: Axial force ��  for a pinned supported 3-nexor fan with either connection 

 

 
Figure C-12: Shear force �  for a pinned supported 3-nexor fan with either connection 

 

 
Figure C-13: Shear force �! for a pinned supported 3-nexor fan with either connection 
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Figure C-14: Torsion moment "�� for a pinned supported 3-nexor fan with either connection 

 

 
Figure C-15: Bending moment "   for a pinned supported 3-nexor fan with either connection 

 

 
Figure C-16: Bending moment "   for a pinned supported 3-nexor fan with either connection 
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Figure C-17: Bending moment "!! for a pinned supported 3-nexor fan with either connection 

 

 
Figure C-18: Bending moment "!! for a pinned supported 3-nexor fan with either connection 
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C.10.5 Analysis 2: Fixed connection vs. Rotation free x-axis 

connection for a 4-nexor fan (graphs) 

 

 
Figure C-19: Axial force ��  for a pinned supported 4-nexor fan with either connection 

 

 
Figure C-20: Shear force �  for a pinned supported 4-nexor fan with either connection 

 

 
Figure C-21: Shear Force �! for a pinned supported 4-nexor fan with either connection 
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Figure C-22: Torsional moment "�� for a pinned supported 4-nexor fan with either connection 

 

 
Figure C-23: Bending moment "   for a pinned supported 4-nexor fan with either connection 

 

 
Figure C-24: Bending moment "   for a pinned supported 4-nexor fan with either connection 
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Figure C-25: Bending moment "!! for a pinned supported 4-nexor fan with either connection 

 

 
Figure C-26: Bending moment "!! for a pinned supported 4-nexor fan with either connection 
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C.10.6 Analysis 3: Pinned supports vs. Partly released supports for 

a rotation free x-axis connection and a 3-nexor fan (graphs) 

 

 
Figure C-27: Axial force ��  for a 3-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-28: Shear force �  for a 3-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-29: Shear force �! for a 3-nexor fan with rotation free x-axis connection and either support system 
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Figure C-30: Torsional moment "�� for a 3-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-31: Bending moment "   for a 3-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-32: Bending moment "   for a 3-nexor fan with rotation free x-axis connection and either support system 

0,00

0,10

0,20

0,30

0,40

0,50

0,60

1 2 3 4 5 10 15

M
xx

 (
in

 k
N

m
)

Base angle α (in degrees)

Torsional moment Mxx

3-nexor - Pinned (L1)

3-nexor - Pinned (L2)

3-nexor - Released (L1)

3-nexor - Released (L2)

-6,00

-5,00

-4,00

-3,00

-2,00

-1,00

0,00

1 2 3 4 5 10 15

M
y

y
 (

in
 k

N
m

)

Base angle α (in degrees)

Bending moment Myy (L1)

3-nexor - Pinned (1)

3-nexor - Pinned (2)

3-nexor - Released (1)

3-nexor - Released (2)

-4,50

-4,00

-3,50

-3,00

-2,50

-2,00

-1,50

-1,00

-0,50

0,00

0,50

1 2 3 4 5 10 15

M
y

y
 (

in
 k

N
m

)

Base angle α (in degrees)

Bending moment Myy (L2)

3-nexor - Pinned (1)

3-nexor - Pinned (2)

3-nexor - Released (1)

3-nexor - Released (2)



‘Progressive collapse in Reciprocal Frame Structures’  Appendix C 

 

TU/e 107 L. van der Molen 

 

 
Figure C-33: Bending moment "!! for a 3-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-34: Bending moment "!! for a 3-nexor fan with rotation free x-axis connection and either support system 
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C.10.7 Analysis 3: Pinned supports vs. Partly released supports for 

a rotation free x-axis connection and a 4-nexor fan (graphs) 

 

 
Figure C-35: Axial force ��  for a 4-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-36: Shear force �  for a 4-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-37: Shear force �! for a 4-nexor fan with rotation free x-axis connection and either support system 
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Figure C-38: Torsional moment "�� for a 4-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-39: Bending moment "   for a 4-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-40: Bending moment "   for a 4-nexor fan with rotation free x-axis connection and either support system 
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Figure C-41: Bending moment "!! for a 4-nexor fan with rotation free x-axis connection and either support system 

 

 
Figure C-42: Bending moment "!! for a 4-nexor fan with rotation free x-axis connection and either support system 
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APPENDIX D THE RECIPROCAL FRAME DESIGNER 

ALGORITHM 

 

In this Appendix, the parts of the algorithm that are important for constructing a structure will be 

discussed. More information on the algorithm itself can be found in the thesis of Tom Godthelp [17]. 

The following parts of the ‘Reciprocal Frame Designer’ are important: 

- Definition of the base geometry (the geodesic dome); 

- Main structure; 

- Eccentricity lines; 

- Eccentricity optimization. 

 

The first step in this algorithm is the definition of the base geometry, in this case, a geodesic dome 

(see Figure D-1). ‘Unit Z’ is a parameter which defines the vertical translation of the sphere globally. 

When Unit Z equals zero, half a sphere is used to compose a geodesic dome. The ‘radius’ defines the 

radius of the sphere and thus the size of the system. The ‘frequency’ of a geodesic dome is the 

number that represents the amount of triangles. In other words: the higher the frequency, the more 

triangles there are in the geodesic dome thus the more spherical it will be. 

 

 
Figure D-1: Definition of the base geometry 

 

After defining the base geometry, the fan valancy (3-nexor or 4-nexor fan) must be defined. This is 

shown in the block ‘RF type’. The ‘scale factor ��’ represents a ratio based on the surface 

percentage (see Figure D-2, as an example �� = 0.2 is taken). In other words, the smaller triangle is 

a percentage of the surface of the larger triangle. This scale is used to define the general shape of a 

fan, which is shown with the dotted lines. 

 

  
Figure D-2: Design and input panel of the main structure (left) and definition of �� = 0.2 (right) 

 

The following advices are given by Tom Godthelp in person: 

- ‘Planar Surface Panels’ and the Karamba machine must be disabled while defining the base 

geometry. Any small change results that the model must be recalculated, so this prevents 

the algorithm to crash during the search to the required surface (see Figure D-3); 
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Figure D-3: The algorithm with the Planar Surface Panels, New ECC, and Karamba Machine highlighted 
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- Use frequencies with even numbers (2, 4, 6 etc.), this results in a straight edge at � = 0. In 

other words, by choosing even numbers, the reciprocal frame structure will only contain 

complete fans; 

- After optimization, the engagement ratio �/
 cannot be extracted from the model due to 

the software plugin Karamba. The values that can be found beforehand are a rough 

approach. 

- The following checks must be done before optimization: check whether each nexor at � = 0 

has a support, is the model close to the requirements, and check whether there are 

eccentricities that equal 0. Note that if the eccentricities deviate too much from the pre-

optimized values, then the model will show issues as its deviates too much from the initial 

structure. Adjust ‘New EEC [m]’ to solve this problem. 

- Check whether the optimization is useful. When the eccentricity becomes really small (� <

0.05	��), the optimization gives then small deviations as well resulting in a miss-shaped 

optimized structure. 

- After optimization: draw lines between endpoints to produce a GSA model. 

- Note that the Karamba Machine is a solver. In other words, the output varies. This so-called 

‘drift’ is a result of the way the solver functions. 

 

In addition to the advises of Tom, a small study is done into the response of the model on certain 

changes. In other words, a study is done to gain more insight of the impact of a certain parametric 

change on the design. The following was compared: 

 

- Radius � and the scale factor �� are kept identical, the frequency was changed from 4 to 6 

(see Figure D-4): The span of the system remains the same, the eccentricity (thus element 

diameter) changes, the engagement ratio �/
 remains almost the same. 

 

    
Figure D-4: Frequency of 4 (left) and 6 (right) 

 

 

- Scale factor �� and frequency (in this case the value 4) are kept identical, the radius � 

changes from 20 meters to 10 meters (see Figure D-5): The span and the eccentricity 

changes, the engagement ratio �/
 remains almost the same. 
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Figure D-5: Radius of 20 meter (left) and 10 meter (right) 

 

- The frequency (in this case the value 4) and the radius � are kept identical, scale factor �� 

changes from 0.7 to 0.4 (see Figure D-6): The eccentricity and engagement ratio �/
 

changes, the span remains the same. 

 

 
Figure D-6: Scale factor of 0.4 (left) and 0.7 (right) 

 

- A key aspect in this model is that after the basic shape is chosen, a value for the eccentricity 

must be chosen to which the model will be optimized. In this situation, all input parameters 

(radius �, scale factor ��, and frequency) are kept the same, while the eccentricity is 

changed from 0.08 meters, to 0.15 meters, to 0.25 meters (see Figure D-7): The curvature of 

the system changes. 

 

 
Figure D-7: Eccentricity of 0.08 meter (left), 0.15 meter (middle), and 0.22 meter (right) 
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D.1 Oasys	GSA	link	of	a	reciprocal	frame	structure	
 

The Oasys GSA link of the reciprocal frame structure is comparable with the link for a fan, shown in 

Appendix B. There are some slightly differences which will be explained here. 

 

The optimization tool within the Reciprocal Frame Designer uses Karamba as plug-in. Karamba uses 

kilo newton and meters as units, while Oasys GSA uses newton and millimeters. Thus the design 

must be scaled in order to do a structural analysis. The definition of the supports are similar as 

described in Appendix B, Paragraph B.4, but the definition of the eccentricity elements and nexors 

are slightly different. In case of the eccentricity elements, the difference lies in the fact that with this 

model, progressive collapse will be studied. An additional set of nodes is defined that represents one 

eccentricity element. This set of nodes requires also a beam release that can either be fully fixed, 

released on the local x-axis, or fully released (a so-called ‘broken’ or failed connection), Figure D-8. 

 

 
Figure D-8: Scaling component and eccentricity element definition 

 



‘Progressive collapse in Reciprocal Frame Structures (Nexorades)’  Appendix D 

 

TU/e 118 L. van der Molen 

The material properties are also slightly different. Due to the optimization, the eccentricities vary a 

little relative to each other, thus an average eccentricity length determined and taken as diameter 

for the cross-section of both the nexors and eccentricity elements. The thickness of the cross-section 

can be chosen manually, based on structural requirements, see Figure D-9. 

 

 
Figure D-9: Oasys GSA link of the material properties 

 

The final step is the definition of the load cases and the type of structural analysis (static or non-

linear). At first, both a static analysis (SA) and a non-linear analysis (NLA) were added. However, the 

NLA did not link correctly with Oasys GSA, thus it was removed from the link. This means that the 

NLA must be added manually to the GSA files. 

 

 
Figure D-10: Load cases in Grasshopper 

 

 



‘Progressive collapse in Reciprocal Frame Structures (Nexorades)’  Appendix D 

 

TU/e 119 L. van der Molen 

 
Figure D-11: The complete Oasys GSA link of a reciprocal frame structure 
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APPENDIX E EUROCODE CALCULATIONS 

 

This appendix contains the elaborations of the Eurocode calculations for both loading on the 

structure (NEN-EN 1991-1-3 and NEN-EN 1991-1-4) and the structural check (NEN-EN 1993-1). 

 

E.1 Snow load 

 

According to Eurocode 1 NEN-EN 1991-1-3, clause 5.3.5, no snow load must be applied on surfaces 

with a slope � ≥ 60�. Therefore, an approximation is made to define the area on which snow load 

should be applied. First, the height is determined for which � = 60� (see Figure E-1).  

 

 
Figure E-1: Definition of height � for which � = 60� 

 

 � = cos�30 ∙ ℎ = cos�30 ∙ 20 = 17.3	�     (E-1) 

 

Now that the height � is, an approximated area of de dome is chosen in the model that contains 57 

connections. According to NEN-EN 1991-1-3, clause 5.3.5, there are two snow load scenarios that 

can be considered, see Figure E-2.  

 

 
Figure E-2: The two snow load cases according to NEN-EN 1991-1-3, clause 5.3.5 

 

The following snow loads apply for surfaces with � > 60�: 

 

 case (i)  �� = 0.8 ∙ �� ∙ �� ∙ �� = 0.8 ∙ 1.0 ∙ 1.0 ∙ 0.7 = 0.56	� /�2 (E-2) 

 case (ii)  �" = 0.5#$ ∙ �� ∙ �� ∙ �� = 0.5 ∙ %0.2 + 10 ∙ '() ∙ *� ∙ *� ∙ �� 

    = 0.5 ∙ 2.0 ∙ 1.0 ∙ 1.0 ∙ 0.7 = 0.7	� /�2  (E-3) 

    �$ = #$ ∙ *� ∙ *� ∙ �� = %0.2 + 10 ∙ '() ∙ *� ∙ *� ∙ �� 

= 2.0 ∙ 1.0 ∙ 1.0 ∙ 0.7 = 1.4	� /�2   (E-4) 
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Earlier, it was said that three connections are found in a surface of 15.40m2 surface. This results in 

the following snow load per connection for snow case (i): 

 

  
,.-.∙�-./,

$ = 2.9	�         (E-5) 

 

For case (ii), the snow load surface is divided in six equal zones (see Figure E-3), thus the surface of 

each zone is the same. In the model, each zone has a different number of connections over which 

the load is spread and the load distribution is simplified compared to the spread shown in Figure E-2. 

 

 
Figure E-3: Snow load area divided in six zones 

 

The total snow load surface equals: 

 

 
-1
$ ∙ 15.40 = 19 ∙ 15.40 = 292.5	�2		 → 	345�6 =	 "7".-. = 48.8	�2  (E-6) 

 

Table E-1 provides a summary of the factor that #$ should be multiplied with, the snow load �$ per 

zone, the number of connections in a zone, and the load per connection. The snow load is 

determined as follows: 

 

Zone 1 and 3:  �$ = 0.25#$ ∙ *� ∙ *� ∙ �� = %0.2 + 10 ∙ '() ∙ *� ∙ *� ∙ ��  (E-7) 

Zone 2, 4, and 6: �$ = 0.5#$ ∙ *� ∙ *� ∙ �� = %0.2 + 10 ∙ '() ∙ *� ∙ *� ∙ ��  (E-8) 

Zone 5:   �$ = #$ ∙ *� ∙ *� ∙ �� = %0.2 + 10 ∙ '() ∙ *� ∙ *� ∙ ��  (E-9) 

 

Once the number of connections is extracted from the model, the load per connection can be 

calculated: 

 

89:;	<=>	�9??=�@A9? = 4B∙CDEFG
5HI(�J	�K	L�55�L�M�54     (E-10) 

 
Table E-1: Load per connection for each snow load zone 

Zone factor Snow load NO  

(kN/m2) 

Number of connections Load per connection 

(kN) 

1 0.25#$ 0.35 11 1.55 

2 0.5#$ 0.70 16 2.14 

3 0.25#$ 0.35 19 1.90 

4 0.5#$ 0.70 16 2.14 

5 #$ 1.40 13 5.26 

6 0.5#$ 0.70 15 2.28 

 

The snow load applied on the structure is shown in Figure E-4. 
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Figure E-4: Snow load case (i) (left) and case (ii) (right) 

 

E.2 Wind	load	

 

Table NB.5 of the National Annex to Eurocode 1, NEN-EN 1991-1-4 clause 4.5, states that for a 

building with a height of 20 meter in the built environment and in wind area III the extreme peak 

velocity pressure PQ equals 0.74 kN/m2. For other wind areas, the peak velocity pressure can run up 

to 1.27 kN/m2 (wind area I, with no surrounding buildings). This results into an averaged PQ of 1.0 

kN/m2. In order to find the external wind pressure R�, the peak velocity pressure must be multiplied 

with an external pressure coefficient ��Q (see Figure E-5). 

 

 
Figure E-5: Recommended values of external pressure coefficients (NEN-EN 1991-1-4, clause 7.2.8) 

 

The diameter ; of the structure is 40 meter, the height S equals 20 meter, and the height ℎ is 0: 

 

ℎ = 0 → '
T = 0							:?;				S = ; → K

T = ",
/, = 0.5    (E-11) 
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The surface of the reciprocal frame structure is divided in eight zones (see Figure E-6) and for each 

zone, the value for �Q� is determined. In zone 1, the �Q� of location A in Figure E-5 is applied, thus 

�Q� = 0.8. In zone 4, the �Q� of location B is applied, thus �Q� = −1.2, and in zone 8 the �Q� of 

location C is applied, namely �Q� = 0. For all other zones, interpolation is applied. 

 

 
Figure E-6: Structure surface divided in eight zones for the wind load 

 

The external wind pressure R� can be determined as follows: 

 R� = PQ�V� ∙ �Q�        (E-12) 

 

The wind load will also be translated to a concentrated load on the connection, and therefore the 

number of connections per zone is determined. First, the total surface of the reciprocal frame 

structure and per zone must be calculated. The total surface equals approximately: 

 �
" ∙ 4 ∙ W ∙ X" = �

" ∙ 4 ∙ W ∙ 20" = 2513.3	�2     (E-13) 

 

Thus each zone has a surface of 314.2 m2. Table E-2 provides the values found for �Q� after 

interpolation, the external wind pressure R�Y  per zone, the number of connections, and the 

concentrated load per connection. 

 
Table E-2: Load per connection for each wind load zone 

Zone 

 

Cpe 

 

Wex  

(kN/m2) 

Number of connections 

 

Load per connection 

(kN) 

1 0.8 0.8 34 7.39 

2 0.1 0.1 53 0.59 

3 -0.6 -0.6 60 -3.14 

4 -1.2 -1.2 68 -5.54 

5 -0.9 -0.9 69 -4.10 

6 -0.6 -0.6 68 -2.77 

7 -0.3 -0.3 69 -1.37 

8 0 0 58 0 

 

The wind load applied on the structure is shown in Figure E-7. 
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Figure E-7: Wind load 

 

E.3 Structural	check:	nexors	

 

The resistance of the structure must be checked as well. This is done with Eurocode 3 (NEN-EN 1993-

1). For the nexors, a circular hollow section (CHS) with an outer diameter Z of 250 millimeter and a 

thickness @ of 15 millimeter is chosen. The following set of equations are used to determine the 

structural characteristics of the cross section, resulting in the values given in: 

 Z = ; + 2@         (E-14) 

3 = [\]^_T^`
/          (E-15) 

R�a = [\]b_Tb`
$"T          (E-16) 

RQa = ]B_TB
.          (E-17) 

cYde = [\]b_Tb`
./         (E-18) 

f = [\]b_Tb`
$"T          (E-19) 

 

With: 

 Z outer diameter of the CHS 

 ; inner diameter of the CHS 

 @ thickness 

 3 area of the CHS 

 R�a  elastic section modulus 

 RQa plastic section modulus 

 c second moment of inertia 

 f section modulus 

 
Table E-3: Structural characteristics of the cross section 

D t d A Wel Wpl Ix = Iy S 

mm mm mm mm2 mm3 mm3 mm4 mm3 

250.00 15.00 220.00 11074.11 614059.63 829500.00 191224916.01 614059.63 

 

The cross section will be classified as a cross section of class 1 (NEN-EN 1993-1 clause 5.5.2) and 

made of steel quality S355. The yield strength Se belonging to this steel quality equals 355 N/mm2. 

The requirement for the maximum width-to-thickness ratio for parts in compression or bending 

(buckling) can be found in Table 5.2 of NEN-EN 1993-1 and is as follows: 
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]
� ≤ 50h" = 50ij"$-Kk l

" 				→ 			 "-,�- = 14.0 ≤ 50mj"$-$--n
"
= 33.1				 → 	o. p. (6-17) 

 

The cross section must be checked for axial force (tension and compression), shear, bending 

moment, the combination of bending moment and shear, and the combination of bending moment 

and axial force. Checks that include torsion are not necessary, because distortional deformation may 

be neglected for CHS profiles. 

 

The following checks can be found in NEN-EN 1993-1-1, clause 6.2.3 to 6.2.8: 

 Tension:  
qrs
qt,vs ≤ 1.0       (E-18) 

 Compression:  
qrs
qw,vs ≤ 1.0      (E-19) 

 Bending moment: 
xrs
xw,vs ≤ 1.0      (E-20) 

 Shear:   
yrs
yw,vs ≤ 1.0      (E-21) 

 Bending + shear: 
xrs
xw,D,vs ≤ 1.0      (E-21) 

 Bending + axial:  	 xrsxz,vs ≤ 1.0      (E-22) 

 

Here, values for the axial force  {T, shear force |{T, and bending moment }{T can be extracted 

from the analyzed structure in Oasys GSA [13]. The resistance of the cross section is determined as 

follows: 

 

Tension:   �,~T =  Qa,~T = CKk
���     (E-23) 

Compression:   L,~T = CKk
���      (E-24) 

Bending moment: }L,~T = }Qa,~T = ���Kk
���     (E-25) 

Shear:   |L,~T = |Qa,~T = C�\Kk/√$`
���  with 3� = "C

[   (E-26) 

Bending + shear: }L,4,~T = �����_�Kk
���   with � = i "yrsy��,vs − 1l

"
 (E-27) 

Bending + axial:  }q,~T = }Qa,~T �1 − i qrs
q��,vsl

�.1�   (E-28) 

 

With: 

 Se 355 N/mm2, yield strength 

 �x, 1.0, partial factor 3� shear area 

 � reduction factor, � = 0 when |{T ≤ 0.5|Qa,~T 

 

The tension, compression, bending moment, and shear resistance are for all situations the same. 

This results in the following findings: 

 

 �,~T =  Qa,~T = CKk
��� = ��,1/.��∙$--

�., = 3931310.37	 = 3931.31	�   (E-29) 

 L,~T = CKk
��� = ��,1/.��∙$--

�., = 3931310.37	 = 3931.31	�    (E-30) 

 }L,~T = }Qa,~T = ���Kk
��� = �"7-,,∙$--

�., = 294472500	 �� = 294.47	� � (E-31) 

|L,~T = |Qa,~T = %^�� )\Kk/√$`��� = %^∙����b.��� )∙%B��√B )�., = 14449012	 = 1444.96	� 	 (E-32) 
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In Appendix F, Paragraph F.1 and F.2, the output summary tables can be found that are generated 

with Oasys GSA [13]. The checks will be done for both connections and can be found in the thesis 

itself. 

 

E.4 Structural	check:	connection	
 

The resistance of the bolt in the connection must be checked as well. This is done with Eurocode 3 

(NEN-EN 1993-1-8). The following assumptions are made: 

• The bolt belongs to bolt category A and is a shear connection; 

• The bolt is of bolt class 8.8; 

• Whether the bolt length has practical dimensions is neglected. 

 

The resistance of the bolt can be determined as follows: 

 

Shear resistance:  ��,~T = ��K��C
��^   (per shear plane)  (E-33) 

Bearing resistance:  �(,~T = ����K�T�
��^     (E-34) 

Tension resistance:  ��,~T = �^K��CD
��^      (E-35) 

Punching shear resistance: �Q,~T = ,..[T���K�
��^     (E-36) 

 

With: :� 0.5 or 0.6, factor  SH( tensile strength SH 510 N/mm2, ultimate tensile strength for S355 �x" 1.25, partial factor 3 gross cross section of the bolt; 3 = 34 when the shear plane passes through the 

threaded portion of the bolt 34 tensile stress area of the bolt ; bolt diameter @ 15 mm, plate thickness (CHS) 

 �( factor; the smallest of �T, 
K��
K� , or 1.0 

�T factor; 
��
$TF for end bolts or 

Q�
$T� − �

/ for inner bolts 

�� factor; the smallest of 
".��^
T� − 1.7 ,  

�./Q^
T� − 1.7 , or 2.5 for edge bolts  

     
�./Q^
T� − 1.7 or 2.5 for inner bolts 

 <�, <" spacing (see Figure E-8) =�, =" end distances (see Figure E-8) ;, hole diameter �" 0.9, factor; no countersunk bolts are applied ;I mean value of the across points and flats dimension of the bolt head or nut, 

whichever is smaller (equals � of Table E-5) @Q thickness of the plate under the bolt 
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Figure E-8: Symbols of spacing and end distances of bolts (NEN-EN 1993-1-8, clause 3.5) 

 

In Table E-4 and Table E-5, various parameters are provided that are necessary to determine the 

resistances in equation E-33 to E-36.  

 
Table E-4: The yield strength Se( , the ultimate tensile strength SH( , and the factor :� for each bolt class (NEN-EN 1993-1-8, 

clause 3.1.1) 

 Bolt class 

 

4.6 4.8 5.6 5.8 6.8 8.8 10.9 

Se( (N/mm2) 240 320 300 400 480 640 900 

SH( (N/mm2) 400 400 500 500 600 800 1000 

:�  0.6 0.5 0.6 0.5 0.5 0.6 0.5 

 
Table E-5: The gross cross section 3, the tensile stress area 34, normal hole diameters ;,, and mean value for bolt head 

diameter � for selected practical bolts [17][18] 

 
M24 M27 M30 M33 M36 M39 

; (mm) 24.0 27.0 30.0 33.0 36.0 39.0 

3	(mm2) 452.4 572.6 706.9 855.3 1017.9 1194.6 

34 (mm2) 353.0 459.0 561.0 694.0 817.0 976.0 

;, (mm) 26 - 33 - 39 - 

� (mm) 36 41 46 50 55 60 

 

Figure E-9 provides the end distances, namely =� equals 125 millimeters and =" equals 160 

millimeter. In this Eurocode check, it is neglected that the nexor end has been adjusted to fall within 

the width of the continuous nexor. 

 

 
Figure E-9: End distances in the connection 
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Figure E-10: Location of the shear plane (red line) 

 

The location of the shear plane is shown in Figure E-10. This shear plane runs through the threaded 

part of the bolt, thus 3 in equation E-33 must be taken as 34. For the check, the bolt M36 is chosen. 

The following resistances are found: 

 

��,~T = ��K��C
��^ = ,..∙�,,∙��1

�."- = 313.73	�        (7-10) 

�(,~T = ����K�T�
��^  with: 

�� = ��:88=�@	9S	 �".��^T� − 1.7 = ".�∙�.,
$7 − 1.7 = 11.48	; ?. :. ; 	2.5� = 2.5 (7-11) 

 �( = ��:88=�@	9S	 ��T = ��
$TF = �"-

$∙$7 = 1.07	; K��K� = �,,
-�, = 1.56	; 1.0� = 1.0 (7-12) 

→		�(,~T = ����K�T�
��^ = ".-∙�.,∙-�,∙$.∙�-

�."- = 550.80	�    (7-13) 

��,~T = �^K��CD
��^ = ,.7∙�,,∙��1

�."- = 470.59	�      (7-14) 

�Q,~T = ,..[T���K�
��^ = ,..[∙--∙�-∙-�,

�."- = 634.48	�     (7-15) 

 

The checks will be done for both connections and can be found in the thesis itself. 
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APPENDIX F RESULTS STRUCTURAL ANALYSES 

RECIPROCAL FRAME STRUCTURE 
 

This appendix provides the results relevant for the structural analyses of the reciprocal frame 

structure. 

 

F.1 Output summary tables for rotation free x-axis 

connection 
 

 
Figure F-1: Output summary table of load case A1 to A7 (SLS), statically analyzed 

 

 
Figure F-2: Output summary table of load case A8 to A17 (ULS), statically analyzed 
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Figure F-3: Output summary table load cases A18 to A24 (SLS), non-linear analyzed 

 

 
Figure F-4: Output summary table of load case A25 to A34 (ULS), non-linear analyzed,  
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F.1.1 Output summary tables of the most decisive load cases 

 

 
Figure F-5: Output summary table of load case A30 self weight (reduced) + Wind load 

 

 
Figure F-6: Output summary table of load case A31 Self weight + Snow load case (i)+ Wind load 
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Figure F-7: Output summary table of load case A33 Self weight (reduced) + Snow load case (i) + Wind load 

 

 
Figure F-8: Output summary table of load case A34 Self weight (reduced) + Snow load case (ii) + Wind load 
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F.2 Output summary tables for fixed connection 
 

 

 
Figure F-9: Output summary table of load case A1 to A7 (SLS), statically analyzed 

 

 
Figure F-10: Output summary table of load case A8 to A17 (ULS), statically analyzed 
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Figure F-11: Output summary table of load case A18 to A24 (SLS), non-linear analyzed 

 

 
Figure F-12: Output summary table of load case A25 to A34 (ULS), non-linear analyzed 
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F.2.1 Output summary table of the most decisive load cases 

 

 
Figure F-13: Output summary table of load case A30 Self weight (reduced) + Wind load 

 

 
Figure F-14: Output summary table of load case A31 Self weight + Snow load case (i) + Wind load 
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Figure F-15: Output summary table of load case A33 Self weight (reduced) + Snow load case (i) + Wind load 

 

 
Figure F-16: Output summary table of load case A34 Self weight (reduced) + Snow load case (ii) + Wind load 
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F.3 Rotation free x-axis connection: self weight structure 

+ self weight facade, statically analyzed 
 

Displacement 

 

 
 

 
Displacement |�| 
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Displacement ��  

 

 
Displacement �� 
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Internal forces 
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Axial, shear, and moment diagrams 
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F.4 Fixed	connection:	self	weight	structure	+	self	weight	

facade,	statically	analyzed	
 

Displacement 

 

 
 

 
Displacement |�| 
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Internal forces 
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Axial, shear, and moment diagrams 
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F.5 Fixed	connection,	Non-linear,	J=100%	
 

F.5.1 Load case A30 Self weight (reduced) + Wind load 

 

Displacement 

 

 
 

 
Displacement |�| 
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Internal forces 
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F.5.2 Load case A31 Self weight + Snow load case (i) + Wind load 

 

Displacement 

 

 
 

 
Displacement |�| 
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F.5.3 Load case A33 Self weight (reduced) + Snow load case (i) + 

Wind load 

 

Displacement 

 

 
 

 
Displacement |�| 
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F.5.4 Load case A34 Self weight (reduced) + Snow load case (ii) + 

Wind load 

 

Displacement 

 

 
 

 
Displacement |�| 
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Internal forces 
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F.6 Rotation	free	x-axis	connection,	Non-linear,	J=100%	
 

F.6.1 Load case A30 Self weight (reduced) + Wind load 

 

Displacement 

 

 
 

 
Displacement |�| 
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F.6.2 Load case A31 Self weight + Snow load case (i) + Wind load 
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F.6.3 Load case A33 Self weight (reduced) + Snow load case (i) + 

Wind load 
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F.6.4 Load case A34 Self weight (reduced) + Snow load case (ii) + 

Wind load 
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F.7 Summary	Analysis	5:	Fixed	connection	versus	

Rotation	free	x-axis	connection	
 
Table F-1: Differences in load case A30 Self weight (reduced) + Wind load 

  

�	,� 

kN 

�	,� 

kN 

� 

kN 

�� 

kN 

�		 

kNm 

� 

kNm 

��� 

kNm 

|�| 

mm 

Fixed 135.4 -89.83 97.09 -26.36 11.18 -48.62 63.2 79.88 

Released 137 -143.1 100.1 -27.91 11.35 -52.07 64 84.14 

Difference -1.6 53.27 -3.01 1.55 -0.17 3.45 -0.8 -4.26 

 

 
Table F-2: Differences in load case A31 Self weight + Snow load case (i) + Wind load 

  

�	,� 

kN 

�	,� 

kN 

� 

kN 

�� 

kN 

�		 

kNm 

� 

kNm 

��� 

kNm 

|�| 

mm 

Fixed 124.2 -167.4 115.7 -24.27 -12.86 -42.66 76.87 66.9 

Released 127 -169.8 118.7 -25.84 -13.14 -45.95 78.32 70.09 

Difference -2.8 2.4 -3 1.57 0.28 3.29 -1.45 -3.19 

 

 
Table F-3: Differences in load case A33 Self weight (reduced) + Snow load case (i) + Wind load 

  

�	,� 

kN 

�	,� 

kN 

� 

kN 

�� 

kN 

�		 

kNm 

� 

kNm 

��� 

kNm 

|�| 

mm 

Fixed 126 -146.8 104.7 -25.76 -11.37 -46.99 67.16 71.07 

Released 128.8 -151.9 107.6 -27.32 -11.65 -49.84 68.6 75.42 

Difference -2.8 5.1 -2.9 1.56 0.28 2.85 -1.44 -4.35 

 

 
Table F-4: Differences in load case A34 Self weight (reduced) + Snow load case (ii) + Wind load 

  

�	,� 

kN 

�	,� 

kN 

� 

kN 

�� 

kN 

�		 

kNm 

� 

kNm 

��� 

kNm 

|�| 

mm 

Fixed 133.3 -144.1 -102.3 -25.98 11.24 -47.07 64.41 74.12 

Released 137 -143.1 -100.1 -27.91 11.35 -52.07 64 78.48 

Difference -3.7 -1 -2.2 1.93 -0.11 5 0.41 -4.36 
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F.8 Rotation free x-axis connection, Non-linear, J=0.01% 
 

 
Figure F-17: Output summary table of load cases A25 to A34 (ULS), non-linear analyzed 

 

 
Figure F-18: Output summary table of load cases A30 and A31 (ULS), non-linear analyzed 
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F.8.1 Load case A30 Self weight (reduced) + Wind load 

 

Displacement 

 

 
 

 
Displacement |�| 
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Internal forces 
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F.8.2 Load case A31 Self weight + Snow load case (i) + Wind load 

 

Displacement 

 

 
 

 
Displacement |�| 
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Internal forces 
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F.9 Summary	rotation	free	x-axis	connection	J=100%	

versus	J=0.01%	
 
Table F-5: Differences in load case A30 Self weight (reduced) + Wind load 

  

�	,� 

kN 

�	,� 

kN 

� 

kN 

�� 

kN 

�		 

kNm 

� 

kNm 

��� 

kNm 

|�| 

mm 

J=100% 137 -143.1 100.1 -27.91 11.35 -52.07 64 84.14 

J=0.01% 122.4 -139 98.75 -40.34 0.1681 -78.9 57.46 161.5 

Difference 14.6 -4.1 1.35 12.43 11.1819 26.83 6.54 -77.36 

 

 
Table F-6: Differences in load case A31 Self weight + Snow load case (i) + Wind load 

  

�	,� 

kN 

�	,� 

kN 

� 

kN 

�� 

kN 

�		 

kNm 

� 

kNm 

��� 

kNm 

|�| 

mm 

J=100% 127 -169.8 118.7 -25.84 -13.14 -45.95 78.32 70.09 

J=0.01% 108.3 -162.4 118.5 -37.21 -0.1833 -66.52 71.99 169.9 

Difference 18,7 -7.4 0.2 11.37 -12.9567 20.57 6.33 -99.81 
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APPENDIX G RESULTS STRUCTURAL ANALYSES 

RECIPROCAL FRAME STRUCTURE 
 

This appendix provides the results relevant for the structural analyses of the connection in the 

reciprocal frame structure. 

 

G.1 Applied loads in the connection analysis 
 

 
Figure G-1: Location of the applied axial force ��  of -58.51 kN 

 

 
Figure G-2: Location of the applied shear force �� of 39.62 kN 
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Figure G-3: Location of the applied shear force �� of -1.0776 kN 

 

 
Figure G-4: Location of the applied torsional moment ��� of 1.415 kNm 
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Figure G-5: Location of the applied bending moment ��� of -4.554 kNm 

 

 
Figure G-6: Location of the applied bending moment ��� of 0.6027 kNm 
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G.2 Deformation of the connection 
 

 
Figure G-7: Deformation of the simplified (left) and adjusted (right) connection due to axial force ��  

 

 
Figure G-8: Deformation of the simplified (left) and adjusted (right) connection due to shear force �� 

 

 
Figure G-9: Deformation of the simplified (left) and adjusted (right) connection due to shear force �� 
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Figure G-10: Deformation of the simplified (left) and adjusted (right) connection due to torsional moment ��� 

 

 

 

 
Figure G-11: Deformation of the simplified (left) and adjusted (right) connection due to bending moment ��� 

 

 
Figure G-12: Deformation of the simplified (left) and adjusted (right) connection due to bending moment ��� 
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G.3 Results	of	the	simplified	connection	
 

G.3.1 Loads in nexor #1 

 
Table G-1: Internal loads in nexor #1 due to axial force ��  

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -58.51 0 -5.851 0 8.777 0 

60 -58.51 0 -5.851 0 8.777 0 

65 -58.51 0 -5.851 0 8.777 0 

70 -58.51 0 -5.851 0 8.777 0 

75 -58.51 0 -5.851 0 8.777 0 

 
Table G-2: Internal loads in nexor #1 due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 19.81 -1.387 0 2.081 0 

60 0 19.81 -1.144 0 1.716 0 

65 0 19.81 -0.924 0 1.386 0 

70 0 19.81 -0.721 0 1.082 0 

75 0 19.81 -0.531 0 0.796 0 

 
Table G-3: Internal loads in nexor #1 due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 0 -0.5388 0 0 0 

60 0 0 -0.5388 0 0 0 

65 0 0 -0.5388 0 0 0 

70 0 0 -0.5388 0 0 0 

75 0 0 -0.5388 0 0 0 

 
Table G-4: Internal loads in nexor #1 due to torsional moment��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 0 0.6605 1.415 -0.991 0 

60 0 0 0.5447 1.415 -0.817 0 

65 0 0 0.4399 1.415 -0.660 0 

70 0 0 0.3433 1.415 -0.515 0 

75 0 0 0.2528 1.415 -0.379 0 
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Table G-5: Internal loads in nexor #1 due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 0 -3.036 0 4.554 0 

60 0 0 -3.036 0 4.554 0 

65 0 0 -3.036 0 4.554 0 

70 0 0 -3.036 0 4.554 0 

75 0 0 -3.036 0 4.554 0 

 
Table G-6: Internal loads in nexor #1 due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 -0.4018 0.0281 0 -0.0422 -0.6027 

60 0 -0.4018 0.0232 0 -0.0348 -0.6027 

65 0 -0.4018 0.0187 0 -0.0281 -0.6027 

70 0 -0.4018 0.0146 0 -0.0219 -0.6027 

75 0 -0.4018 0.0108 0 -0.0162 -0.6027 

 
Table G-7: All internal forces combined in nexor #1 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -58.51 19.41 -10.12 1.415 14.38 -0.6027 

60 -58.51 19.41 -10.00 1.415 14.20 -0.6027 

65 -58.51 19.41 -9.89 1.415 14.03 -0.6027 

70 -58.51 19.41 -9.79 1.415 13.88 -0.6027 

75 -58.51 19.41 -9.69 1.415 13.73 -0.6027 

 

G.3.2 Loads in the eccentricity element 

 
Table G-8: Internal loads in the eccentricity element due to axial force ��  

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -5.851 56.51 0 0 0 8.777 

60 -5.851 56.,51 0 0 0 8.777 

65 -5.851 56.51 0 0 0 8.777 

70 -5.851 56.51 0 0 0 8.777 

75 -5.851 56.51 0 0 0 8.777 
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Table G-9: Internal load in the eccentricity element due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -1.387 0 19.81 0 2.971 2.081 

60 -1.144 0 19.81 0 2.971 1.716 

65 -0.924 0 19.,81 0 2.971 1.386 

70 -0.721 0 19.81 0 2.971 1.082 

75 -0.531 0 19.81 0 2.971 0.796 

 
Table G-10:Internal loads in the eccentricty element due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -0.539 0 0 0 0 0 

60 -0.539 0 0 0 0 0 

65 -0.539 0 0 0 0 0 

70 -0.539 0 0 0 0 0 

75 -0.539 0 0 0 0 0 

 
Table G-11: Internal loads in the eccentricity element due to torsional moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0.661 0 0 0 -1.415 -0.991 

60 0.545 0 0 0 -1.415 -0.817 

65 0.440 0 0 0 -1.415 -0.660 

70 0.343 0 0 0 -1.415 -0.515 

75 0.253 0 0 0 -1.415 -0.379 

 
Table G-12: Internal loads in the eccentricity element due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -3.036 0 0 0 0 0 

60 -3.036 0 0 0 0 0 

65 -3.036 0 0 0 0 0 

70 -3.036 0 0 0 0 0 

75 -3.036 0 0 0 0 0 

 
Table G-13: Internal loads in eccentricity element due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0.0281 0 -0.4018 0 -0.0603 -0.0422 

60 0,0232 0 -0.4018 0 -0.0603 -0.0348 

65 0.0187 0 -0.4018 0 -0.0603 -0.0281 

70 0.0146 0 -0.4018 0 -0.0603 -0.0219 

75 0.0108 0 -0.4018 0 -0.0603 -0.0162 
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Table G-14: All internal forces combined in the eccentricity element 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -10.124 58.51 19.41 0 1.496 9.825 

60 -10.002 58.51 19.41 0 1.496 9.641 

65 -9.891 58.51 19.41 0 1.496 9.475 

70 -9.789 58.51 19.41 0 1.496 9.322 

75 -9.693 58.51 19.41 0 1.496 9.178 

 

 

G.4 Results	of	the	adjusted	connection	
 

G.4.1 Loads in nexor #1 

 
Table G-15: Internal loads in nexor #1 due to axial force ��  

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -58.51 0 -5.851 0 8.659 0 

60 -58.51 0 -5.851 0 8.659 0 

65 -58.51 0 -5.851 0 8.659 0 

70 -58.51 0 -5.851 0 8.659 0 

75 -58.51 0 -5.851 0 8.659 0 

 
Table G-16: Internal loads in nexor #1 due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 19.55 -1.369 0 2.026 -0.3909 

60 0 19.55 -1.128 0 1.670 -0.3909 

65 0 19.55 -0.911 0 1.349 -0.3909 

70 0 19.55 -0.711 0 1.053 -0.3909 

75 0 19.55 -0.524 0 0.775 -0.3909 

 
Table G-17: Internal loads in nexor #1 due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 0 -0.5316 0 -0.01063 0 

60 0 0 -0.5316 0 -0.01063 0 

65 0 0 -0.5316 0 -0.01063 0 

70 0 0 -0.5316 0 -0.01063 0 

75 0 0 -0.5316 0 -0.01063 0 
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Table G-18: Internal loads in nexor #1 due to torsional moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 0 0.6605 1.415 -0.9776 0 

60 0 0 0.5446 1.415 -0.8061 0 

65 0 0 0.4399 1.415 -0.6510 0 

70 0 0 0.3433 1.415 -0.5081 0 

75 0 0 0.2528 1.415 -0.3741 0 

 
Table G-19: Internal loads in nexor #1 due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 0 -3.036 0 4.493 0 

60 0 0 -3.036 0 4.493 0 

65 0 0 -3.036 0 4.493 0 

70 0 0 -3.036 0 4.493 0 

75 0 0 -3.036 0 4.493 0 

 
Table G-20: Internal loads in nexor #1 due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0 -0.4018 0.02813 0 -0.0416 -0.5947 

60 0 -0.4018 0.0232 0 -0.0343 -0.5947 

65 0 -0.4018 0.01874 0 -0.0277 -0.5947 

70 0 -0.4018 0.01462 0 -0.0216 -0.5947 

75 0 -0.4018 0.01077 0 -0.0159 -0.5947 

 
Table G-21: All internal forces combined in nexor #1 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -58.51 19.15 -10.10 1.415 14.15 -0.9856 

60 -58.51 19.15 -9.98 1.415 13.97 -0.9856 

65 -58.51 19.15 -9.87 1.415 13.81 -0.9856 

70 -58.51 19.15 -9.77 1.415 13.66 -0.9856 

75 -58.51 19.15 -9.68 1.415 13.53 -0.9856 
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G.4.2 Loads in the eccentricity element, location (1) 

 

 
Figure G-13: Location (1) on the eccentricity element 

 
Table G-22: Internal loads in eccentricity element location (1) due to axial force ��  

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -0.2548 170.2 0 0 0 7.489 

60 -0.2548 170.2 0 0 0 7.489 

65 -0.2548 170.2 0 0 0 7.489 

70 -0.2548 170.2 0 0 0 7.489 

75 -0.2548 170.2 0 0 0 7.489 

 
Table G-23: Internal loads in eccentricity element location (1) due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -0.2553 44.66 9.773 0 -0.430 2.053 

60 -0.2105 38.47 9.773 0 -0.430 1.693 

65 -0.1700 31.07 9.773 0 -0.430 1.367 

70 -0.1327 18.78 9.773 0 -0.430 1.067 

75 -0.0977 17.85 9.773 0 -0.430 0.786 

 
Table G-24: Internal loads in eccentricity element location (1) due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -0.09917 0 0 0 0 0 

60 -0.09917 0 0 0 0 0 

65 -0.09917 0 0 0 0 0 

70 -0.09917 0 0 0 0 0 

75 -0.09917 0 0 0 0 0 

 

 

 

 

 

(1) 
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Table G-25: Internal loads in eccentricity element location (1) due to torsional moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0.1232 -22.52 -32.16 0 1.415 -0.991 

60 0.1016 -18.57 -32.16 0 1.415 -0.817 

65 0.0821 -15.00 -32.16 0 1.415 -0.660 

70 0.0641 -11.70 -32.16 0 1.415 -0.515 

75 0.0472 -8.617 -32.16 0 1.415 -0.379 

 
Table G-26: Internal loads in eccentricity element location (1) due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -0.5663 0 0 0 0 0 

60 -0.5663 0 0 0 0 0 

65 -0.5663 0 0 0 0 0 

70 -0.5663 0 0 0 0 0 

75 -0.5663 0 0 0 0 0 

 
Table G-27: Internal loads in eccentricity element location (1) due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0.00525 -0.9591 -0.2009 0 0.0088 -0.0422 

60 0.00433 -0.7908 -0.2009 0 0.0088 -0.0348 

65 0.00350 -0.6387 -0.2009 0 0.0088 -0.0281 

70 0.00273 -0.4986 -0.2009 0 0.0088 -0.0219 

75 0.00201 -0.3670 -0.2009 0 0.0088 -0.0162 

 
Table G-28: All internal loads combined in eccentricity element at location (1) 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -1.047 191.38 -22.59 0 0.9938 8.509 

60 -1.025 189.31 -22.59 0 0.9938 8.330 

65 -1.005 185.63 -22.59 0 0.9938 8.168 

70 -0.986 176.78 -22.59 0 0.9938 8.019 

75 -0.969 179.07 -22.59 0 0.9938 7.879 
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G.4.3 Loads in the eccentricity element, location (2) 

 

 
Figure G-14: Location (2) on the eccentricity element 

 

 
Table G-29: Internal loads in eccentricity element location (2) due to axial force ��  

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -5.851 -58.51 0 0 0 7.489 

60 -5.851 -58.51 0 0 0 7.489 

65 -5.851 -58.51 0 0 0 7.489 

70 -5.851 -58.51 0 0 0 7.489 

75 -5.851 -58.51 0 0 0 7.489 

 
Table G-30: Internal loads in eccentricity element location (2) due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -1.369 0 19.55 0 -0.645 2.053 

60 -1.129 0 19.55 0 -0.645 1.693 

65 -0.911 0 19.55 0 -0.645 1.367 

70 -0.711 0 19.55 0 -0.645 1.067 

75 -0.524 0 19.55 0 -0.645 0.786 

 
Table G-31: Internal loads in eccentricity element location (2) due to shear force �� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -0.5316 0 0 0 0 0 

60 -0.5316 0 0 0 0 0 

65 -0.5316 0 0 0 0 0 

70 -0.5316 0 0 0 0 0 

75 -0.5316 0 0 0 0 0 

 

 

 

 

(2) 
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Table G-32: Internal loads in eccentricity element location (2) due to torsional moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0.6605 0 0 0 1.415 -0.991 

60 0.5446 0 0 0 1.415 -0.817 

65 0.4399 0 0 0 1.415 -0.660 

70 0.3433 0 0 0 1.415 -0.515 

75 0.2528 0 0 0 1.415 -0.379 

 
Table G-33: Internal loads in eccentricity element location (2) due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -3.036 0 0 0 0 0 

60 -3.036 0 0 0 0 0 

65 -3.036 0 0 0 0 0 

70 -3.036 0 0 0 0 0 

75 -3.036 0 0 0 0 0 

 
Table G-34: Internal loads in eccentricity element location (2) due to bending moment ��� 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 0.02813 0 -0.4018 0 0.0133 -0.0422 

60 0.02320 0 -0.4018 0 0.0133 -0.0348 

65 0.01874 0 -0.4018 0 0.0133 -0.0281 

70 0.01462 0 -0.4018 0 0.0133 -0.0219 

75 0.01077 0 -0.4018 0 0.0133 -0.0162 

 
Table G-35: All internal loads combined in eccentricity element at location (2) 

angle Fx Fy Fz Mxx Myy Mzz 

  kN kN kN kNm kNm kNm 

55 -10.10 -58.51 19.15 0 0.7833 8.509 

60 -9.98 -58.51 19.15 0 0.7833 8.330 

65 -9.87 -58.51 19.15 0 0.7833 8.168 

70 -9.77 -58.51 19.15 0 0.7833 8.019 

75 -9.68 -58.51 19.15 0 0.7833 7.879 
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G.5 Adjusted	connection,	Non-linear,	J=100%	
 

G.5.1 Load case A30 Self weight (reduced) + Wind load 

 

Displacement 

 

 
 

  
Displacement |�| 

  



‘Progressive collapse in Reciprocal Frame Structures’  Appendix G 

 

TU/e 218 L. van der Molen 

Internal forces 
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G.5.2 Load case A31 Self weight + Snow load case (i) + Wind load 

 

Displacement 

 

 
 

 
Displacement |�| 
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Internal forces 
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G.5.3 Load case A33 Self weight (reduced) + Snow load case (i) + 

Wind load 
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G.5.4 Load case A34 Self weight (reduced) + Snow load case (ii) + 

Wind load 
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G.6 Internal	loads	in	the	nexors	
 

 
Figure G-15: Axial force ��,	 in the nexors near the simplified connection for load case A31 

 

 
Figure G-16: Axial force ��,	 in the nexors near the adjusted connection for load case A31 
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Figure G-17: Shear force ��,	 in the nexors near the simplified connection for load case A31 

 

 
Figure G-18: Shear force ��,	 in the nexors near the adjusted connection for load case A31 
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Figure G-19: Shear force ��,	 in the nexors near the simplified connection for load case A31 

 

 
Figure G-20: Shear force ��,	 in the nexors near the adjusted connection for load case A31 
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Figure G-21: Torsional moment ���,	 in the nexors near the simplified connection for load case A31 

 

 
Figure G-22: Torsional moment ���,	 in the nexors near the adjusted connection for load case A31 
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Figure G-23: Bending moment ���,	 in the nexors near the simplified connection for load case A31 

 

 
Figure G-24: Bending moment ���,	 in the nexors near the adjusted connection for load case A31 
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Figure G-25: Bending moment ���,	 in the nexors near the simplified connection for load case A31 

 

 
Figure G-26: Bending moment ���,	 in the nexors near the adjusted connection for load case A31 
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G.7 Internal	loads	in	the	eccentricity	element	
 

 
Figure G-27: Axial force ��,
 in the eccentricity element of the simplified connection for load case A31 

 

 
Figure G-28: Axial force ��,
 in the eccentricity element of the adjusted connection for load case A31 
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Figure G-29: Shear force ��,
 in the eccentricity element of the simplified connection for load case A31 

 

 
Figure G-30: Shear force ��,
 in the eccentricity element of the adjusted connection for load case A31 
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Figure G-31: Shear force ��,
 in the eccentricity element of the simplified connection for load case A31 

 

 
Figure G-32: Shear force ��,
 in the eccentricity element of the adjusted connection for load case A31 
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Figure G-33: Torsional moment ���,
 in the eccentricity element of the simplified connection for load case A31 

 

 
Figure G-34: Torsional moment ���,
 in the eccentricity element of the adjusted connection for load case A31 
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Figure G-35: Bending moment ���,
 in the eccentricity element of the simplified connection for load case A31 

 

 
Figure G-36: Bending moment ���,
 in the eccentricity element of the adjusted connection for load case A31 
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Figure G-37: Bending moment ���,
 in the eccentricity element of the simplified connection for load case A31 

 

 
Figure G-38: Bending moment ���,
 in the eccentricity element of the adjusted connection for load case A31 
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G.8 Summary results analysis 7 
 

Model A is the reciprocal frame structure with simplified connections only and Model B is the 

reciprocal frame structure with one adjusted connection. The results of Model A can be found in 

Appendix F, Paragraph F.6. 

 

G.8.1 Load case A30 Self weight (reduced) + Wind load 

 
Table G-36: Internal forces of load case A30 

 Fx Fy Fz 

  kN kN kN 

A 137.0 -143.1 100.1 -90.79 26.45 -27.91 

B 136.9 -143.5 100.2 -90.76 26.53 -27.95 

difference 0.10 0.40 -0.10 -0.03 -0.08 0.04 

 
Table G-37: Internal moments and displacement of load case A30 

 Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

A 11.35 -10.35 33.71 -52.07 64.00 -59.85 84.14 

B 11.35 -10.31 33.69 -52.19 63.99 -59.81 84.07 

difference 0 -0.04 0.02 0.12 0.01 -0.04 0.07 

 

 

G.8.2 Load case A31 Self weight + Snow load case (i) + Wind load 

 
Table G-38: Internal forces of load case A31 

 Fx Fy Fz 

  kN kN kN 

A 127.0 -169.8 118.7 -91.83 25.83 -25.84 

B 128.4 -169.9 118.9 -92.12 25.91 -25.88 

difference -1.40 0.1 -0.20 0.29 -0.08 0.04 

 
Table G-39: Internal moments and displacement of load case A31 

 Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

A 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

B 11.01 -13.09 41.22 -46.09 78.08 -67.98 69.97 

difference 0.08 -0.05 0.03 0.14 0.24 0.09 0.12 
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G.8.3 Load case A33 Self weight (reduced) + Snow load case (i) + 

Wind load 

 
Table G-40: Internal forces of load case A33 

 Fx Fy Fz 

  kN kN kN 

A 128.8 -151.9 107.6 -92.64 26.78 -27.32 

B 130.0 -152.1 107.8 -92.9 26.85 -27.36 

difference -1.20 0.20 -0.20 0.26 -0.07 0.04 

 
Table G-41: Internal moments and displacement of loade case A33 

 Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

A 11.19 -11.65 36.35 -49.84 68,60 -61.57 75.42 

B 11.13 -11.60 36.33 -49.94 68,38 -61.65 75.33 

difference 0.06 -0.05 0.02 0.10 0.22 0.08 0.09 

 

 

G.8.4 Load case A34 Self weight (reduced) + Snow load case (ii) + 

Wind load 

 
Table G-42: Internal forces of load case A34 

 Fx Fy Fz 

  kN kN kN 

A 135.0 -149.1 105.2 -91.25 26.63 -27.54 

B 135.0 -149.3 105.4 -91.25 26.71 -27.58 

difference 0 0.20 -0.20 0 -0.08 0.04 

 
Table G-43: Internal moments and displacement of load case A34 

 Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

A 11.41 -11.23 35.59 -50.53 65.85 -61.65 78.48 

B 11.42 -11.18 35.57 -50.64 65.84 -61.59 78.41 

difference -0.01 -0.05 0.02 0.11 0.01 -0.06 0.07 

 

G.8.5 Differences in nexor #2 

 
Table G-44: Axial force ��  found in nexor #2 and the differences 

  Fx  

  kN  

  (1) (2) difference 

A -131.7 -122.3 -9.4 

B -131.4 -121.7 -9.7 

difference -0.3 -0.6 0.3 
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Table G-45: Shear force �� found in nexor #2 and the differences 

  Fy  

  kN  

  (1) (2) difference 

A 44.32 -16.01 60.33 

B 45.22 -15.49 60.71 

difference -0.90 -0.52 -0.38 

 
Table G-46: Shear force �� found in nexor #2 and the differences 

 Fz  

 kN  

  (1) (2) difference 

A -5.127 -0.8009 -4,.3261 

B -6.415 -0.2265 -6,.1885 

difference 1.288 -0.5744 1.8624 

 
Table G-47: Bending moment ��� found in nexor #2 and the differences 

 Myy  

 kNm  

  (1) (2) difference 

A 13.06 14.46 -1.40 

B 16.14 17.11 -0.97 

difference -3.08 -2.65 -0.43 

 
Table G-48: Bending moment ��� found in nexor #2 and the differences 

 Mzz  

 kNm  

  (1) (2) difference 

A 31.85 31.09 0.76 

B 30.05 30.52 -0.47 

difference 1.80 0.57 1.23 

 

 

  



‘Progressive collapse in Reciprocal Frame Structures’  Appendix G 

 

TU/e 248 L. van der Molen 

 

 

 

 

 

 

 

 

 



 

APPENDIX H 
Results structural analyses progressive collapse 
 

CONTENTS 

APPENDIX H RESULTS SAPPENDIX H RESULTS SAPPENDIX H RESULTS SAPPENDIX H RESULTS STRUCTURAL ANALYSES PTRUCTURAL ANALYSES PTRUCTURAL ANALYSES PTRUCTURAL ANALYSES PROGRESSIVE COLLAPSEROGRESSIVE COLLAPSEROGRESSIVE COLLAPSEROGRESSIVE COLLAPSE    ................................................................................................................................    251251251251 

H.1 Failure at the highest ��, � ................................................................................................................... 251 

H.1.1 One failing connection .......................................................................................................................... 251 

H.1.2 Multiple failing connections ................................................................................................................. 256 

H.2 Failure at the top of the dome ............................................................................................................... 260 

H.2.1 One failing connection .......................................................................................................................... 260 

H.2.2 Multiple failing connections ................................................................................................................. 264 

H.3 Failure at the side of the dome .............................................................................................................. 268 

H.3.1 One failing connection .......................................................................................................................... 268 

H.3.2 Multiple failing connections ................................................................................................................. 272 

H.4 Failure in the same engagement window .............................................................................................. 276 

H.4.1 At the top of the dome: 2 failing connections ...................................................................................... 276 

H.4.2 At the top of the dome: 3 failing connections ...................................................................................... 280 

H.4.3 At the side of the dome: 2 failing connections ..................................................................................... 284 

H.4.4 At the side of the dome: 3 failing connections ..................................................................................... 288 

 

  



‘Progressive collapse in Reciprocal Frame Structures’  Appendix G 

 

TU/e 250 L. van der Molen 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

  



‘Progressive collapse in Reciprocal Frame Structures’  Appendix G 

 

TU/e 251 L. van der Molen 

APPENDIX H RESULTS STRUCTURAL ANALYSES 

PROGRESSIVE COLLAPSE 
 

This appendix provides the results relevant for the structural analyses into progressive collapse. 

 

H.1 Failure at the highest ��,� 

 

H.1.1 One failing connection 

 

Displacement 
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H.1.2 Multiple failing connections 
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H.2 Failure at the top of the dome 
 

H.2.1 One failing connection 
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Internal forces 
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H.2.2 Multiple failing connections 
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H.3 Failure	at	the	side	of	the	dome	
 

H.3.1 One failing connection 
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H.3.2 Multiple failing connections 
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H.4 Failure in the same engagement window 
 

H.4.1 At the top of the dome: 2 failing connections 
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H.4.2 At the top of the dome: 3 failing connections 
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H.4.3 At the side of the dome: 2 failing connections 
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H.4.4 At the side of the dome: 3 failing connections 
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H.5 Summary	of	all	results	
 

H.5.1 Analysis 1: failure at the highest ��,� 

 
Table H-1: Internal forces found in the structure due first failure in Analysis 1 

 Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

1st failure 128.60 -222.60 116.00 -93.81 28.57 -34.93 

difference 1.60 -52.,80 -2.70 -1.98 2.74 -9.09 

 
Table H-2: Internal moments and displacement found in the structure due to first failure in Analysis 1 

  Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

1st failure 10.92 -13.97 62.26 -49.09 103.30 -104.10 419.20 

difference -0.17 -0.83 21.01 -3.14 24.98 -36.21 349.11 

 
Table H-3: Internal forces found in the structure due to second failure in Analysis 1 

  Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

2nd failure 170.60 -298.40 178.80 -125.00 49.27 -64.97 

difference 43.60 -128.60 60.10 -33.17 23.44 -39.13 

 
Table H-4: Internal moments and displacement found in the structure due to second failure in Analysis 1 

  Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

2nd failure 36.72 -19.64 90.58 -63.85 119.40 -203.20 1315.00 

difference 25.63 -6.50 49.33 -17.90 41.08 -135.31 1244.91 

 

 

H.5.2 Analysis 2: failure at the top of the dome 

 
Table H-5: Internal forces found in the structure due to first failure in Analysis 2 

  Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

1st failure 130.30 -170.40 118.50 -94.29 25.99 -25.95 

difference 3.30 -0.60 -0.20 -2.46 0.16 -0.11 
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Table H-6: Internal moments and displacement found in the structure due to first failure in Analysis 2 

  Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

1st failure 11.46 -13.18 41.40 -46.17 78.78 -67.78 78.03 

difference 0.37 -0.04 0.15 -0.22 0.46 0.11 7.94 

 
Table H-7: Internal forces found in the structure due to second failure in Analysis 2 

  Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

2nd failure 131.80 -223.10 115.70 -94.02 28.68 -35.11 

difference 4.80 -53.30 -3.00 -2.19 2.85 -9.27 

 
Table H-8: Internal moments and displacement found in the structure due to second failure in Anlaysis 2 

  Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

2nd failure 11.25 -14.08 62.72 -49.39 104.00 -104.10 418.00 

difference 0.16 -0.94 21.47 -3.44 25.68 -36.21 347.91 

 
Table H-9: Internal forces found in the structure due to failure  in the same engagement window at the top of the dome 

  Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

1st failure 130.30 -170.40 118.50 -94.29 25.99 -25.95 

2nd failure 131.90 -172.40 120.60 -94.35 26.43 -30.89 

3rd failure 134.70 -171.80 121.70 -95.89 29.64 -33.14 

 
Table H-10: Internal moments and displacement found in the structure due to failure in the same engagement window at 

the top of the dome 

  Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

1st failure 11.46 -13.18 41.40 -46.17 78.78 -67.78 78.03 

2nd failure 12.14 -14.23 47.44 -47.34 88.59 -75.45 304.30 

3rd failure 13.33 -15.70 53.05 -47.45 93.74 -70.90 359.90 
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H.5.3 Analysis 3: failure at the side of the dome 

 
Table H-11: Internal forces found in the structure due to first failure in Analysis 3 

  Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

1st failure 142.10 -176.40 118.00 -99.23 25.38 -25.88 

difference 15.10 -6.60 -0.70 -7.40 -0.45 -0.04 

 
Table H-12: Internal moments and displacements found in the structure due to first failure in Analysis 3 

  Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

1st failure 12.09 -13.22 42.03 -44.03 78.85 -72.16 69.63 

difference 1.00 -0.08 0.78 1.92 0.53 -4.27 -0.46 

 
Table H-13: Internal forces found in the structure due to second failure in Analysis 3 

  Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

2nd failure 143.90 -229.50 115.20 -98.68 26.89 -34.97 

difference 16.90 -59.70 -3.50 -6.85 1.06 -9.13 

 
Table H-14: Internal moments and displacement found in the structure due to second failure in Analysis 3 

  Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

2nd failure 11.90 -14.03 62.27 -46.55 104.00 -104.30 418.70 

difference 0.81 -0.89 21.02 -0.60 25.68 -36.41 348.61 

 
Table H-15: Internal forces found in the structure due to failure in the same engagement window at the side of the dome 

  Fx Fy Fz 

  kN kN kN 

no failure 127.00 -169.80 118.70 -91.83 25.83 -25.84 

1st failure 142.10 -176.40 118.00 -99.23 25.38 -25.88 

2nd failure 137.00 -210.30 123.00 -90.37 34.04 -39.84 

3rd failure 137.90 -220.80 124.70 -94.91 38.58 -47.61 

 
Table H-16: Internal moments and displacement found in the structure due to failure in the same engagement window at 

the side of the dome 

  Mxx Myy Mzz |U| 

  kNm kNm kNm mm 

no failure 11.09 -13.14 41.25 -45.95 78.32 -67.89 70.09 

1st failure 12.09 -13.22 42.03 -44.03 78.85 -72.16 69.63 

2nd failure 11.86 -17.67 70.80 -51.88 108.80 -78.74 399.80 

3rd failure 12.60 -19.02 86.81 -60.89 112.50 -90.35 454.30 

 


