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I The stringer-panel method in parametric deep beams 

Preface 
 
Before you lies the thesis “The stringer-panel method in parametric deep beams”. The end result of the master 
Architecture, Building and Planning with specialization Structural Design at the Eindhoven University of 
Technology. I finish my master period with a research towards the stringer-panel method in deep beams, where 
a comparison is made with the strut-and-tie method. 
 
This thesis has been carried out under the supervision of my graduation supervision committee consisting of Prof. 
Dr. Ir. T.A.M. Salet; Dr. Dipl.-Ing. J. Beetz and Dr. Ir. F.P. Bos. I would like to thank them for their knowledge, 
support and feedback during the course of this research.   
 
I hope you enjoy reading 
 
 
Roman Tillmanns 
 
Eindhoven, November 2017 
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III The stringer-panel method in parametric deep beams 

Abstract 
 
 A large number of structural and civil engineering in the built environment are constructed using reinforced 
concrete due to the reason that concrete is cheap, it is available everywhere and it is fire resistant. Nowadays a 
large amount of these concrete structures are designed according to numerical tools. The most commonly used 
numerical tool is the finite element method, also known as FEM. The results from a FEM analysis provide 
engineers with useful data, which is a great feature of the FEM analysis. However a structural engineer wants in 
the first design stage to have insight in and understand the stress-distribution of the structure and according to 
that to provide an efficient reinforcement design.         
 
 Due to their behaviour, design tools which give this insight are especially needed in discontinuity regions. A 
design tool that provides insight in the stress-distribution of these structures and with which an efficient 
reinforcement design can be calculated is the strut-and-tie method which is also known as STM. Due to this, the 
STM is frequently used in the analysis of discontinuity regions such as deep beams and shear walls. In 1994 
Blaauwendraad expanded the STM into the stringer-panel method (SPM) [Blaauwendraad 1994]. The difference 
between these two methods is that in contrast to the STM, the SPM considers shear force into the calculation 
which due to the behaviour of deep beams and shear walls is logical.       
 
 The stringer-panel model is a schematization of a structural element where the geometry is divided into 
stringers and panels. In contrast to the STM, the SPM is rather easy to design since stringers are drawn at the 
position of supports, loads, mid-span and around holes. The panels are then simply drawn between the stringers, 
except for the position of a hole. Due to this a panel will always be surrounded by four stringers. In a reinforcement 
design the stringers represent the reinforcement bundles while the panels represent the mesh reinforcements at 
the surfaces. A design procedure to design structural concrete loaded in plane belonging to the stringer-panel 
method has been developed by Blaauwendraad and Hoogenboom [Hoogenboom2 1998]: 
 

1. Choose dimensions and shape using rules of thumb 
2. Establish the load cases and load combinations 
3. Perform a linear analysis for all load combinations 
4. Choose the reinforcement and improve the concrete dimensions of the stringers 
5. Perform a non-linear analysis of the load combination with non-yielding stringer reinforcement  
6. Improve the reinforcement 
7. Perform a simulation of the leading load combinations up to failure with accurate material behaviour  
8. Detail the reinforcement 

 
 As earlier indicated most structures contain the same structural elements. Since most of these elements have 
different geometry, loads or boundary conditions a new calculation has to be made while the calculation 
procedure is the same. With the development and the incorporation of a parametric model into the design and 
calculation process, the process to come to the final design will be made more efficient. The parametric deep 
beam is modelled in the 3D graphic program Rhinoceros 3D with plug-in Grasshopper. Due to the usage of 
multiple input parameters (length, width, position opening, etc.) in Grasshopper, it is possible to generate 
multiple different geometries in a short period of time. 
 
 To create the geometry, the programming language Python is used. With the available input parameters and 
multiple python scripts the geometry will be graphical visual on the Rhinoceros interface. With the knowledge 
that the stringers are drawn at the position of supports, loads and around holes and the usage of python scripts 
the geometry can be transferred into a stringer-panel model. For matters of simplicity the panels are schematized 
as diagonals. After performing a manual finite element calculation on a simple structure and a calculation in SCIA 
Engineer, it is verified that both calculations provide the same shear forces meaning that the panels can be 
schematized as diagonals. 
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 For the calculation of the stringer-panel model it is chosen to keep the calculation into the Rhinoceros 
interface and the Grasshopper interface rather than using an extern calculation program such as Wolfram 
Mathematica. The plug-in that is used to calculate the normal forces in the stringers and diagonals is the Karamba 
plug-in. Karamba is an structural engineering tool that carries out finite element calculation for trusses, frames, 
beams, etc. Karamba will only provide the acting normal forces in the stringers. To be able to come to the correct 
results, the normal forces in the diagonals are recalculated using python scripts into shear forces per panel. The 
stringer-panel model is graphical shown in the Rhinoceros interface where the results are divided in shear forces 
per panel and the tapered normal forces in the stringers.      
 
 From the literature two deep beams are calculated with on the one hand the stringer-panel method and on 
the other hand the strut-and-tie method. This is done in order to find out more about the difference in results of 
the two methods according to a linear elastic and non-linear elastic calculation. Example #1: Pile cap is a deep 
beam loaded by a line load and supported by two supports. For the elaboration of this example a simplified 
loading consisting of two point loads applied on loading plates is used. Example #2: Deep beam with hole is an 
example loaded by a single point load and is an example according to Schlaich [Schlaich et al, 1987].       
 

 
 

figure I – Example #1: Pile cap (left) and Example #2: Deep beam with hole (right) 
 
 The first example is elaborated according to both methods with a total load of 1000 𝑘𝑁. According to the STM 
the rebar will be equal to 532 𝑚𝑚². In comparison with the SPM (301 𝑚𝑚²) this is approximate 76% higher. 
When looking at the web reinforcement, the reinforcement according to the STM will be equal to a minimum 
required equivalent orthogonal grid (Eurocode 2). In the areas between the supports and the loads, a web 
reinforcement of 378 𝑚𝑚2/𝑚 will be required according to the SPM. In the area between the two loads, no 
shear force will occur and therefore the minimum required orthogonal grid will be provided. At this load the total 
weight of the reinforcements will for the STM lead to 16,32 𝑘𝑔 and for the SPM 22,42 𝑘𝑔. When different load 
magnitudes are used, the total weight of the SPM will for a total load of 500 𝑘𝑁 be smaller than the STM. If 
however a higher load is applied, the STM will be lighter. This can be explained when looking at the web 
reinforcement that for each load in the STM will be equal to the Eurocodes’ minimum and for the SPM will linearly 
increase.                   
 
 In order to perform the non-linear analysis in DIANA, the total strain based crack model is used (concrete 
smeared crack model). The total strain based crack model describes the tensile and compressive behaviour of a 
material with one stress-strain relationship [TNO DIANA, 2017]. Since a deep beam loaded in plane has a different 
stress behaviour than a slender beam, the model is benchmarked with a research based upon reinforced concrete 
deep beams. This is done in order to verify if the model shows the correct behaviour [Leonhardt, Walther, 1966]. 
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 From the occurring axial stresses in the elastic stadium, it can be concluded that the placement of the local 
reinforcement of both the STM and the SPM are in accordance with the acting tensile stresses. Looking at the 
distributed reinforcement, the SPM reinforcement design (“high” reinforcements at the ends and “low” 
reinforcements in the middle) is more in accordance with the elastic stresses. From the axial stresses prior to the 
yielding of the reinforcements bar, it can be concluded that the reinforcement design according to the SPM suits 
better than the STM.    
 
 For both reinforcement designs the load-displacement graphs are calculated. From these graphs it can be 
concluded that both graphs change at a load of 300 𝑘𝑁 due to the cracking of concrete. Furthermore the STM 
graphs changes again at 1080 𝑘𝑁 and the SPM graph at 1120 𝑘𝑁. At these loads the displacements will due to 
the yielding of the reinforcement bar increase significantly. The displacement at mid-span at a load of 1000 𝑘𝑁 
is for the STM equal to 0.669 𝑚𝑚 and for the SPM equal to 0.711 𝑚𝑚. When the two reinforcement designs are 
compared to each other, it can be concluded that both designs can be chosen as best reinforcement design. One 
may choose the SPM as best reinforcement design in order to obtain a higher failure load (1120 𝑘𝑁 versus 
1080 𝑘𝑁). With this choice a higher total weight of the reinforcement is accepted (22.42 𝑘𝑔 versus 16.32 𝑘𝑔). 
On the other hand one may choose the STM as best reinforcement design if the weight and the displacement has 
a higher value than the failure load.     
        
 The second example will be loaded with a load equal to 3000 𝑘𝑁. After the linear elastic calculation it’s 
noticeable that the STM applies approximate 47% of the total weight (691,76 𝑘𝑔) into the ties while the SPM 
applies approximate 34% of the total weight (630,23 𝑘𝑔) into the stringers. When looking at different load 
magnitudes it can be concluded that the local reinforcement according to the STM will for all loads be approximate 
25% higher than the local reinforcement of the SPM. In comparison with Example #1, the web reinforcement in 
the STM will not for all loads be equal to the Eurocodes’ minimum. This can be explained when looking at the 
compression strut where a bottle-shape will occur. This bottle-shape will due to transverse tensile stresses lead 
to the application of an equivalent orthogonal reinforcement grid.           
 
 In comparison with Example #1, the placement of most of the reinforcement bars in both the STM and the 
SPM are in accordance with the occurring tensile stresses in the elastic stadium. As a result of a tensile force that 
will occur between the middle lower section of the deep beam and the top right corner of the hole, the STM, 
which places a reinforcement bar in this area, suits the elastic stadium better than the SPM. According to the 
elastic analysis of the SPM and due to the occurring shear stresses, extra distributed web reinforcement in the 
corners of the deep beam is necessary. If however the axial stresses prior to the yielding of the reinforcement are 
investigated it can be concluded that in the largest parts of these corners, a much lower tensile force will occur 
meaning that these areas are oversized.  
 
 As a result of cracking of the concrete around the hole, both load-displacement graphs will change at a load 
equal to 780 𝑘𝑁. The concrete at mid-span, where the load-displacement is determined, cracks according to the 
STM at a load equal to 4500 𝑘𝑁 and equal to 3930 𝑘𝑁 in the SPM. Due to the cracking of concrete both 
displacements will increase approximate 0.4 𝑚𝑚. The displacement of both graphs will increase significantly 
when the reinforcements starts to yield. The load at which the reinforcements start to yield is equal to 4830 𝑘𝑁 
and 4890 𝑘𝑁 for the STM and the SPM respectively. These loads are also the loads in which the deep beam will 
fail, meaning that both designs can after the cracking of concrete and redistribution of forces carry approximate 
63% more loading. In comparison with the first example, Example #2 also both the STM and SPM can be chosen 
as best reinforcement design. One may choose the SPM as best reinforcement design in order to obtain a lower 
total weight of the reinforcement (651.24 𝑘𝑔 versus 691.76 𝑘𝑔) and a higher failure load (4920 𝑘𝑁 versus 
4860 𝑘𝑁). With this choice a higher displacement is accepted (3.363 𝑚𝑚 versus 2.947 𝑚𝑚).    
 
 From the analysis that have been carried out it can be concluded that the STM leads to a high percentage of 
local reinforcement and a low percentage of distributed reinforcement into the geometry. When the SPM is 
considered in the analysis, it can be concluded that the SPM works the other way around and places a high 
percentage of distributed reinforcement into the geometry while the local reinforcement is in a lesser percentage 
present in the geometry. Furthermore it can be concluded that the smaller the panels, the more efficient the 
geometry can be reinforced.  
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1 The stringer-panel method in parametric deep beams 

1. Introduction 
 
 A large number of structural and civil engineering in the built environment are constructed using reinforced 
concrete due to the reason that concrete is cheap, it is available everywhere and it is fire resistant. Nowadays a 
large amount of these concrete structures are designed according to numerical tools. The most commonly used 
numerical tool is the finite element method, also known as FEM. The results from a FEM analysis provide 
engineers with useful data, which is a great feature of the FEM analysis. However a structural engineer wants in 
the first design stage to have insight in and understand the stress-distribution of the structure and according to 
that to provide an efficient reinforcement design.         
 
 Due to their behaviour, design tools which give this insight are especially needed in discontinuity regions. A 
design tool that provides insight in the stress-distribution of these structures and with which an efficient 
reinforcement design can be calculated is the strut-and-tie method which is also known as STM. Due to this, the 
STM is frequently used in the analysis of discontinuity regions such as deep beams and shear walls. In 1994 
Blaauwendraad expanded the STM into the stringer-panel method (SPM) [Blaauwendraad 1994]. The difference 
between these two methods is that in contrast to the STM, the SPM considers shear force into the calculation 
which due to the behaviour of deep beams and shear walls is logical.       
 
1.1. Discontinuity region      
 
 The supporting structures of concrete buildings consist for the most part of the same structural elements. A 
distinction can be made between supporting elements (slender beams) and between transfer elements (deep 
beams and shear walls). Due to the following causes the behaviour of deep beams differ from slender beams: 
[Asin et al, 1995] 
 

1. Span to depth ratio 
2. Non-linear strain distribution over the depth 
3. Large stiffness make deep beams sensitive to unequal settlements 
4. Direct load transfer 

 
1. Span to depth ratio 
A structural element can be divided in two different regions, B-regions (B stands for Bernoulli) and D-regions (D 
stands for discontinuity). For B-regions the Euler-Bernoulli hypothesis satisfies, which states that after 
deformation plane sections remain plane [Yap, 2012], making B-regions suitable for the Euler-Bernoulli beam 
theory. As the name clarifies, D-regions arise at geometrical discontinuities, such as changes in cross-sections and 
opening, but also at static discontinuities such as supports and loads, making D-regions not suitable for the Euler-
Bernoulli beam theory.  

 
figure 1.1 – B- and D-regions (left) and Principle of St. Venant (right) [abt.eu] 

 
The dimensions of a D-region can easily be selected using the principle of Saint-Venant. The principle of St. Venant 
states that the localised effect of a disturbance, will become smaller or will die out by about the depth of the 
member from the point where the disturbance is located.         
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2. Non-linear strain distribution over the depth 
Since the Euler-Bernoulli beam theory isn’t applicable on discontinuity regions, the way the lever arm is  
determined asks for a different approach than in the determination of the lever arm in B-regions. The stress and 
strain distribution in a D-region depends on the force distribution and the ratio between the span and the depth 
of the D-region. In figure 1.2 the stress distribution in a deep beam is shown.  

 

 
figure 1.2 – Elastic stress distribution in deep beam [Braam, 2012] 

 
3. Large stiffness make deep beams sensitive to unequal settlements 
Due to the large stiffness of deep beams the reaction forces will, compared to slender beams, be divided 
differently. The boundary conditions for slender beams (rigid) and deep beams (spring) have a large impact on 
the reaction forces. These reaction forces have, in turn, influence on the acting moments. In figure 1.3 is shown 

that for a deep beam (spring supported) the three reaction forces are equal to each other (
2

3
𝑞𝑙). The stress 

distribution of a deep beam is therefore dependent on the spring stiffnesses of the boundary conditions [Braam, 
2012]. In order to minimize unequal settlements, deep beams are often constructed using prefabricated concrete 
which are created under perfect conditions. 
        

 
figure 1.3 – Stress distribution in rigid (left) and spring supported deep beams [Braam, 2012] 
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4. Direct load transfer 
A direct load transfer that will occur in a deep beam, will have an influence on the behaviour of a deep beam, and 
is therefore different from the behaviour of a slender beam. In 2006 and 2007 many research has been done 
towards the difference in behaviour of half joints with an indirect load transfer, further indicated as half joint (i) 
and half joints with a direct load transfer, further indicated as half joint (d) [Kleinman, 2006;2007].    
 

 
figure 1.4 – Test setup according to Kleinman [Kleinman, 2007] 

 
In figure 1.5 it is shown that the occurring shear stresses in a half joint (i) and a half joint (d) strongly differ from 
each other. It is shown that in case of a half joint (d), a load transfer will occur from the acting point load directly 
to the boundary condition (compression diagonal). When the half joint (i) is considered it is clear that the force 
distribution is indirect and the compression diagonal will occur in the beam. This compression diagonal will, in a 
half joint (i), be transferred to the top of the beam using suspension reinforcement.  
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 1.5 – Shear stresses in a half joint with direct load transfer (left) and in a half joint with                                              
indirect load transfer (right) [Keesom, 2009] 

 
Due to the direct load transfer in a half joint (d), the average shear stress will relatively be higher than the average 

shear stress in the half joint (i). As a result of the higher average shear stress (𝜏𝑧), the principle stresses (𝜎1,2) 

will be higher (see equation 1.1). The higher principle stresses in a half joint (d) will lead to a higher failure load 
compared to the failure load of the half joint (i).              
 

𝜎1,2 =
𝜎𝑥+𝜎𝑦

2
± √(

𝜎𝑥−𝜎𝑦

2
)2 + 𝜏𝑧

2                                                     (1.1) 
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1.2. The strut-and-tie method     
 
 For the calculation of discontinuity regions, the well-known and widely used strut-and-tie method can be used. 
The strut-and-tie method was firstly proposed by Schlaich and it describes the lower bound theorem of plasticity 
in which the force distribution in structural concrete is simulated using an intern truss model. The method 
schematises the stress distribution in discontinuity regions using a system of struts, ties and nodes. The strut-and-
tie method is so familiar that the calculation method of the struts, ties and nodes are included in the Eurocode 
[Schlaich et al 1987], [Eurocode 2, 2011].   

 
 

figure 1.6 – Geometry (left) and corresponding strut-and-tie model (right)  

 
 In figure 1.6 a geometry with the corresponding strut-and-tie model can be seen. It can be noticed that in the 
lower section a tension tie will occur and that three compression struts will occur. Compared to the stringer-panel 
model, no shear forces will occur in the strut-and-tie method.     
 
1.3. The stringer-panel method     
 
 A lesser known method which is developed to design structural concrete that is loaded in plane, is the stringer-
panel method. The method has been introduced by Blaauwendraad in 1994 and is still being used to design deep 
beams and shear walls [Blaauwendraad 1994]. A stringer-panel model is a schematisation of a structural concrete 
element and contains stringers and panels which together form the geometry of the structural element. The 
stringers in the model contain either a tensile force or a compression force while the panels contain shear forces.  
 

 
 

figure 1.7 – Beam (above) with the corresponding stringer-panel model (below)  [Blaauwendraad et al1, 1997] 

  
 Figure 1.7 shows the geometry of the beam with the corresponding stringer-panel model. It can be noticed 
that the lower stringers contain tensile forces (red highlighted) and the upper stringers compression forces (blue 
highlighted) which is logical. All the panels, with exception of the middle ones contain shear forces (green 
highlighted) which is logical when looking at the geometry and the acting forces.     
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 As earlier indicated the stringers contain normal forces while the panels contain shear forces. The connection 
between these consist of a constant shear force. Due to the connection of the stringer and the panel, the normal 
force in the stringer varies along the length (see figure 1.8).     
 

 
 

figure 1.8 – Shear and normal forces in stringers and panel  [Blaauwendraad et al2, 1997] 

 
1.3.1. The design procedure     

 
 To design structural concrete loaded in plane, Blaauwendraad and Hoogenboom developed a design 
procedure belonging to the stringer-panel method [Hoogenboom2 1998]. 
 

1. Choose dimensions and shape using rules of thumb 
2. Establish the load cases and load combinations 
3. Perform a linear analysis for all load combinations 
4. Choose the reinforcement and improve the concrete dimensions of the stringers 
5. Perform a non-linear analysis of the load combinations with non-yielding stringer 

reinforcement 
6. Improve the reinforcement 
7. Perform a simulation of the leading load combinations up to failure with accurate material 

behaviour 
8. Detail the reinforcement    

 
1. Choose dimensions and shape using rules of thumb 
 Before starting the analysis, the structure has to be transformed into a stringer-panel model. At first the 
stringers are drawn at the position of supports, loads, mid-span and around holes. The panels are then 
simply drawn between the stringers, except for the position of a hole where no panel will be drawn. By 
assigning dimensions to the stringers and panels, cracking of concrete is taken into account. The 
dimensions of stringers are estimated while the thickness of the panels are chosen equal to the thickness 
of the wall/beam.     
 

 
 

figure 1.9 – Deep beam (left)  [Despot, 1995] with corresponding stringer-panel model (right) 
[Blaauwendraad et al1, 1997] 
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2. Establish the load cases and load combinations 
After creating the stringer-panel model the load cases and load combinations are determined. Some load 
cases can’t occur at the same time, for instance snow load and heavy wind load. Therefore a distinction 
has to be made between load cases that can occur at the same time and load cases that can’t. The load 
combinations can be established using the building codes with the corresponding national annexes.    
 
3. Perform a linear analysis for all load combinations 
When the stringer-panel model and the load combinations are established, a linear analysis can be made. 
A computer program that is specially developed to calculate a stringer-panel model is called SPanCAD 
[Blaauwendraad et al3, 2002]. The program is capable of calculating linear elastic forces as a result of the 
occurring load combinations. The results from the analysis can be used to determine the reinforcements 
and to check the crack widths, ductility and the collapse load of the structure.  

 

 
 

figure 1.10 – Result from linear analysis is SPanCAD with tensile (red), compression (green) and shear forces                  
[Blaauwendraad et al1, 1997] 

 
4. Choose the reinforcement and improve the concrete dimensions of the stringers 
From the results that follow from step three, the reinforcement can be determined. The shear forces in 
the panels will lead to a reinforcement mesh while the tensile forces in the stringers lead to 
reinforcement bundles/bars. If a panel has a low shear force, the reinforcement mesh will be chosen 
based upon the minimum required reinforcement for crack control. In some designs it is therefore 
possible that the minimum reinforcement satisfies for all panels.      

 
figure 1.11 – Applied reinforcement as a result of the linear analysis. “A” refers to a double reinforcement mesh of 

Ø12-150 in both directions  [Blaauwendraad et al1, 1997] 

 
The concrete dimensions of the stringers that were chosen in step one are checked and if necessary 
adapted. Since the thickness of the stringers are in step one already chosen equal to the thickness of the 
wall/beam, the thickness can’t be improved. Therefore the widths of the stringers are improved 
depending on the effective area under tension and the available wall material. 
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5.  Perform a non-linear analysis of the load combinations with non-yielding stringer reinforcement 
The fifth step is to perform the non-linear analysis with non-yielding stringer reinforcement. The non-
linear analysis, were the panel reinforcement can in contrast to the stringer panel reinforcement yield, 
is performed in order to identify the influence of yielding panel reinforcement and cracked concrete as 
a result of redistributed forces. Since the reinforcement in the stringers can’t yield, the stringer 
reinforcement still behaves linear after reaching its yield strength. A difference between the linear and 
the non-linear analysis is that in a linear analysis panels only contain shear forces, while in a non-linear 
analysis they contain shear forces as well as normal forces.        
 

 
 

figure 1.12 – Stinger behaviour for initial design (left), improving design (middle) and final check (right) 
[Hoogenboom2, 1998] 

 
6. Improve the reinforcement 
From the non-linear analysis it can occur that after cracking of concrete and redistribution of forces more 
forces are carried by a panel. To ensure that the panel won’t fail, more reinforcement is necessary and 
therefore the reinforcement has to be improved. If the panel reinforcement isn’t improved and the panel 
starts to fail, the adjacent stringers will elongate. Due to the elongation of stringers the forces in the 
stringer will increase, whereupon the required reinforcement also has to be increased in order to prevent 
failure.   

 
7. Perform a simulation of the leading load combinations up to failure with accurate material behaviour 
The seventh step contains a simulation using full non-linear behaviour in which the load factor (𝜆) is 
increased from 0 until failure. The simulation results in the ultimate load factor, the deflection at failure 
and crack widths. It then can be checked if the crack widths are acceptable for the environmental 
conditions or if the reinforcement has to be enlarged.     

 
8. Detail the reinforcement 
In the final step of the procedure the reinforcement is detailed. The reinforcement has to be anchorage 
using sufficient anchorage length or using multiple inclined bars to transfer the forces. This last step is 
an essential step in the design procedure of the stringer-panel model in order to prevent premature 
failure of the structure.  

 
1.4. Problem definition and research goal     
 
 To give insight in the stress-distribution in a discontinuity region, the well-known strut-and-tie method or the 
lesser known stringer-panel method can be used. Both methods are accepted but differ a lot in calculation 
approach. In order to give a better insight in both methods, the differences between the methods in both the 
elastic and non-linear elastic stage have to be examined.   
 
 This graduation thesis aims to develop a parametric design tool for structures with discontinuity regions, in 
particular shear walls and deep beams with openings. Furthermore this thesis will show how to set up a 
parametric model, show the difference between the STM and the SPM and what the advantages and/or 
disadvantages of the SPM are. In order to examine what the differences between the two methods are and which 
as a result of that generates the most efficient reinforcement design the following hypothesis has been 
formulated: 
 

“The most efficient reinforcement design is generated from the stringer-panel method since this method 
takes shear stresses into account.” 
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1.5. Methodology     
 
 In order to achieve a model, in which many different designs can be modelled, the research will be divided in 
several components. Due to amount and complexity of some examples, firstly a parametric model will be drafted 
with the use of Rhinoceros and plug-in Grasshopper, where using multiple parameters different structures can be 
modelled. Secondly a python script will be written to transform the geometry into a stringer-panel model. The 
Karamba plug-in will be used in order to perform a linear elastic calculation of the stringer-panel model. Two deep 
beam designs which are calculated using the stringer-panel model will also be analysed using the strut-and-tie 
model, to where the two reinforcement designs are made. A non-linear elastic analysis will be carried out using 
the finite element program DIANA. Hereafter it will be analysed which reinforcement design, according to the 
stringer-panel model or the strut-and-tie method, will provide the most efficient reinforcement design. The 
schematisation of the research methodology is shown in figure 1.13. 

 
 

 
 

figure 1.13 – Research methodology 
 
1.6. Thesis outline     
 
 The research that is carried out in this thesis is divided into five chapters. In this chapter it has been  described 
why B-regions differ from D-regions. From this it will be clear why deep beams behave different than slender 
beams.  Further in this chapter a short description about the strut-and-tie method and the stringer-panel method 
is given. At last the problem definition, research goal, a hypothesis and the methodology are presented. 
 The second chapter contains the description of the parametric model and the computer model. It will be 
explained how the computer model is set up and why it is chosen to write the whole computer model into a 
python script. The result from the computer model will be shown with an example from the literature. 
 In the third chapter the stringer-panel model will be explained. It will be explained how to transfer a geometry 
into a stringer-panel model and why some considerations are made. The calculation method that the plug-in 
Karamba uses is explained and shows that the calculation made by Karamba can also be made by hand. 
 Chapter four contains the deep beam analysis where two typical deep beam designs from the literature are 
analysed according to the strut-and-tie method and the stringer-panel method. The reinforcement designs will 
be calculated according to the linear elastic approach. The reinforcement designs will subsequently by analysed 
in the finite element program DIANA in order to verify which method (strut-and-tie or stringer-panel) will provide 
the most efficient reinforcement design. The fourth chapter will also show the effect of the anchorage length on 
the total weight of the structure.  
 The last chapter contains the recommendations and the conclusions of this report.  
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2. Parametric wall design 
 
 Deep beams are due to their behaviour (small span to depth ratio) characterised as fully discontinuity regions. 
Due to this characterisation, deep beams differ from slender beams. Another reason why deep beams differ from 
slender beams is that in deep beams a non-linear strain distribution over the depth will arise and a direct load 
transfer will occur.        
 
 A parametric model can be used as a design tool for shear walls or deep beams and with the incorporation of 
the model into the design/calculation process,  the process it takes for different structural elements to come to 
the final design will be made more efficient. Using the parametric model, the design and calculation of a structural 
element can, using multiple parameters, be done and easily be adapted. With the model also complex cases such 
as openings can easily be modelled.    
 
2.1. Parametric model     
 
 With the creation of a parametric model, the design of a structural element will be made more accessible 
which for different variables, the corresponding designs can be shown. The structural element that is treated in 
this thesis is a deep beam (𝑙𝑒𝑓𝑓 ≤ 3ℎ) with a possible opening, which can be loaded by point loads and/or a 

distributed load in both vertical and horizontal direction. The deep beam will be supported by two to five 
supports, which can vary between roller supports and hinges.    
 
 A deep beam is known for its geometry that results in a discontinuity region throughout the whole beam. If 
the geometry of the deep beam is disturbed by an opening, the opening will cause a major impact on the stress 
distribution through the beam. By linking calculation software to the parametric model, it will be possible for 
different parameters to show the effect of the opening on the stress distribution. The parameters which relate to 
the design of the deep beam can be divided into parameters which refer to the beams geometry and parameters 
which refer to the geometry of the opening. Since the width and the height of the opening are often known, the 
definition of the midpoint is from practical view a good starting position. The parameters which apply to the 
geometry of the parametric model can be found in table 2.1. 
 
 

  Parameters Figure 

Geometry deep beam 

Width 

figure 2.1 (left) Height 

Thickness 

Midpoint opening 
Midpoint X-axis 

figure 2.1 (right) 
Midpoint Y-axis 

Geometry opening 
Width 

Height 
 

table 2.1 – Geometrical parameters 
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figure 2.1 – Deep beam geometry (left) and openings geometry (right) 

 
 
2.2. Computer model     
 
 The computer model consist of several parts that together form the complete approximation of the stringer-
panel model. The computer model is composed out of a parametrical model, a calculation and a graphical 
visualization. The foundation of the computer model is the 3D graphic program Rhinoceros 3D. Rhinoceros is an 
CAD-program (Computer Aided Design) which is often used for engineering due to the capability of modelling 
freeform surfaces. 
 
 The parametrical input for the stringer-panel model is obtained by the plug-in Grasshopper 3D. Grasshopper 
is a plug-in for Rhinoceros which can visualize a geometry in the Rhinoceros interface using numerical parameters. 
Due to the usage of multiple parameters (length, width, position opening) in Grasshopper, it is possible to 
generate different models in a short period of time.  
 
 The geometry of a structural element in Rhinoceros/Grasshopper can be created by the usage of components 
on the Grasshopper canvas. The parameters that belong to a structural element are connected to the components 
through wires, which are then again connected to other components (figure 2.2). A major disadvantage of this 
working process is the more components that are being used, the more complex the grasshopper structure will 
be and the possibility to lose the overview. 
 A solution to avoid a big web of components and wires is to rewrite the components in program language 
(scripting). An often used program language that is used for scripting and is also available in Grasshopper 3D is 
python. By creating a python script all the components are rewritten into a text file (.py), leaving only the 
parameters on the Grasshopper canvas. 

 
figure 2.2 – Connected components on Grasshopper canvas 
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 The calculation of the stringer-panel model can be done in different ways. First of all the calculation can be 
made in the Rhinoceros/Grasshopper interface or with an extern program such as Wolfram Mathematica or 
Matlab. Since there are several plug-ins to make calculations in the interface, it is wise to keep the complete 
computer model into the Rhinoceros/Grasshopper environment rather than using an extern calculation program. 
The calculation of the stringer-panel model will be done using the plug-in Karamba. 
 Karamba is an structural engineering tool that carries out finite element calculations for trusses, frames, 
beams, shells, etc. Since Karamba is a fully operating plug-in for Rhinoceros/Grasshopper, it is easy to use it for 
finite element analysis for parametric models.  
              

 
figure 2.3 – Scheme of computer model 

 
 
2.3. Deep beam design      
 
 As earlier indicated the stress-distribution in a deep beam or shear wall can be calculated using the strut-and-
tie method or the stringer-panel method. In order to verify the differences in approach and outcome in a later 
stage of this thesis, the stringer-panel method is compared to the strut-and-tie method. Since the main topic in 
this thesis is the stringer-panel model, two deep beam design which are analysed using the strut-and-tie method 
are chosen from the literature. 

One of the deep beams that in a later stage is analysed is a deep beam with a hole according to Schlaich. In 
1987 Schlaich performed a research towards the strut-and-tie method in a deep beam with a hole which 
contained several reinforcement calculations based upon this method [Schlaich et al 1987]. The deep beam design 
that will be used to examine the differences between the two methods is shown in figure 2.4. 

 

figure 2.4 – Deep beam design [Schlaich et al, 1987] 
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 The geometry of the deep beam design by Schlaich is modelled in Rhinoceros/Grasshopper using python 
scripts (annex D). The script allows the user to model a deep beam consisting of different boundary conditions 
(up to five fixed/free supports), different load cases (horizontal and vertical point/line loads) and the possibility 
to include or exclude an opening. Due to the python script, the Grasshopper canvas only contains the so-called 
‘number sliders’ which makes it easy to quickly change dimensions and the number of supports/load cases . As a 
result of scripting the geometry, a big web of components and wires is avoided.     
 

figure 2.5 – Geometry parameters in Grasshopper (left) and visualisation in Rhinoceros (right) 
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3. Stringer-Panel model 
 
 For every deep beam design a corresponding stringer-panel model can be found. In contrast to the strut-and-
tie model, the stringer-panel model is with some knowledge rather easy to determine. The calculation of the 
stringer-panel model can hereafter also easily be done using a hand calculation. This chapter will explain how a 
structure can be transformed into a stringer-panel model and why some changes in the model are made in order 
to calculate the resulting forces in the stringers and shear forces in the panels.  
 
3.1. Graphical visualisation      
 
 Before a deep beam can be analysed, the geometry of the deep beam has to be transformed into a stringer-
panel model. The model is rather easy to define since the stringers are drawn at the position of supports, loads 
and around holes. After defining the stringers, the panels are then simply drawn between the stringers. 
Depending on the geometry, no panels are drawn at the position of a potential hole. Since the panels are drawn 
between the stringers, a panel is always surrounded by four stringers. Figure 3.1 shows some deep beam designs 
which are transformed into a stringer-panel model.  
 

 
 

figure 3.1 – Deep beam designs (above) and corresponding stringer-panel models (beneath) 
  
 With some structural knowledge it can be determined that in the panels above and beneath the hole from the 
middle deep beam from figure 3.1, the total shear force will be equal to zero. In order to verify if no local shear 
force will occur, the panels can be divided in smaller panels. After calculation it appears that besides zero total 
shear force also no local shear force will occur in the panels above and beneath the hole (annex B). 
 
 The parametric model from chapter two is expanded with a python script to transform the geometry in a 
stringer-panel model (figure 3.2). It can be noticed that three vertical stringers are drawn at the location of the 
two supports and the load. The stringers around the hole, both vertical and horizontal, the upper and lower 
stringer are positioned at a distance equal to the concrete cover from the side.  
 The panels are drawn between the stringers and are for matters of simplicity schematized as diagonals. In the 
next paragraph it is verified that if the panels are schematized as diagonals, the same shear force will occur as 
when panels are considered. Since this satisfies, the stringer-panel model only contains line elements (stringers 
and panels in the form of diagonals). Due to this, the results of the Karamba plug-in will only contain normal 
forces. For the explanation of the calculation method see paragraph 3.2.      
 

 
figure 3.2 – Deep beam design (left) and corresponding stringer-panel model (right) 
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3.2. Calculation      
 
 The calculation of the stringer-panel model will be performed by the plug-in Karamba. Karamba is an structural 
engineering tool that carries out finite element calculations for trusses, frames, beams, shells, etc. Since the 
stringer-panel model only contains line elements, the Karamba tool works as a framework program. A framework 
program describes the relation between the acting forces and the occurring displacements using a system of 
equations: 
 

 
 

figure 3.3 – Element 
 
The normal force in an element of a framework (stringer/diagonal) follows from the constitutive equation: 
 

𝑁 =  𝜎 · 𝐴                                                                                (3.1) 
With: 

 𝜀 =
∆𝑙

𝑙
 The average strain of the element 

 𝐸  The Young’s modulus of the material 
 𝐴  The surface of the cross section 
 
 
Substituting  𝜎 =  𝐸 · 𝜀  in equation 3.1 gives: 
 

𝑁 =  𝐸 · 𝜀 · 𝐴                                                                              (3.2) 
   
 
From figure 3.3 and equation 3.2 the following equations can be derived: 
 

𝐹1 = −
𝐸𝐴

𝑙
· (𝑑2 − 𝑑1) 

(3.3) 

𝐹2 = +
𝐸𝐴

𝑙
· (𝑑2 − 𝑑1) 

 
Which can be written in matrix format: 
 

[
𝐹1

𝐹2
] = [

𝐸𝐴

𝑙
−

𝐸𝐴

𝑙

−
𝐸𝐴

𝑙

𝐸𝐴

𝑙

] [
𝑑1

𝑑2
]                                                                     (3.4) 

 
Or: 

[𝐹] =  [𝐾][𝑑]                                                                                (3.5) 
 
The force vector [𝐹] can now be calculated using the modified element stiffness matrix [𝐾𝑚𝑜𝑑] (figure 3.4) and 
using the Gauss-Jordan elimination. The modified element stiffness matrix is acquired by inputting the boundary 
conditions in the element stiffness matrix. Using the Gauss-Jordan elimination the displacement vector [𝑑] can 
be determined (figure 3.5). If the displacement vector is multiplied with the original element stiffness matrix [𝐾] 
the force vector can be calculated.          
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figure 3.4 – Element stiffness matrix (left) and modified element stiffness matrix (right) 
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figure 3.5 – Modified element stiffness matrix (left) and matrix in echelon form (right) 

 
3.2.1. Schematisation panels     

 
 Since the stringers in the parametric model consist of line elements, it is wise to schematize the 
panels as diagonals (line elements). This is done so that only normal forces appear in the structure. 
However it should first be analyzed if the diagonals produce the same shear forces as a panel. From 
annex B it can be concluded that after calculation the shear force in the panels are in accordance with 
the shear force that follow from the diagonals. 
 
 Due to the schematization of the panels to diagonals, only normal forces occur in the diagonals (which 
was also the reason for the schematization). In order to retrieve the shear forces from the diagonals, the 
forces have to be dissolved into a horizontal and vertical shear force. It is logical that the horizontal shear 
force per meter must be equal to the vertical shear force per meter.    
 
 The total horizontal shear force in the panel can be calculated as follows: 
 

cos𝛼 · 𝑁1 + cos𝛼 · 𝑁2                                                                     (3.6) 
   
  With: 
  𝛼  The angle between the horizontal stringer and diagonal 
  𝑁1  Absolute value of normal force in first diagonal 
  𝑁2  Absolute value of normal force in second diagonal 
 
 

The horizontal shear force per meter in the panel can be calculated as follows: 
 

cos𝛼·𝑁1+cos𝛼·𝑁2

𝑙𝑒𝑛𝑔𝑡ℎ ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟
                                                                     (3.7) 

 
 

 The total vertical shear force in the panel can be calculated as follows: 
 

sin 𝛼 · 𝑁1 + sin 𝛼 · 𝑁2                                                                     (3.8) 
 
 

 The vertical shear force per meter in the panel reads: 
 

sin𝛼·𝑁1+sin𝛼·𝑁2

𝑙𝑒𝑛𝑔𝑡ℎ 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟
                                                                     (3.9) 
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3.2.2. Verification     
 

 In order to verify if a calculation according to the equations shown in the first paragraph correspond 
with the Karamba plug-in, a simple structure is calculated which is shown in figure 3.6. Table 3.1 shows 
the results from the hand calculation (annex B). From this table it can be noticed that the results from 
the three calculation methods correspond with each other, meaning that every structure calculated with 
the Karamba plug-in can also be calculated by hand.   

 

 
figure 3.6 – Simple structure to verify hand calculation 

 
 

 Hand calculation [kN] Karamba [kN] SCIA Engineer [kN] 

Vertical #1 (V1) -22.22 -22.22 -22.22 

Vertical #2 (V2) -44.43 -44.43 -44.43 

Vertical #3 (V3) -22.22 -22.22 -22.22 

Horizontal #1 (H1) +46.31 +46.31 +46.31 

Horizontal #2 (H2) +46.31 +46.31 +46.31 

Horizontal #3 (H3) -37.03 -37.03 -37.03 

Horizontal #4 (H4) -37.03 -37.03 -37.03 

Diagonal #1 (D1) -54.00 -54.00 -54.00 

Diagonal #2 (D2) +43.18 +43.18 +43.18 

Diagonal #3 (D3) +43.18 +43.18 +43.18 

Diagonal #4 (D4) -54.00 -54.00 -54.00 
table 3.1 – Acting forces 

 
 Since the panels of the stringer-panel model are approached as diagonals, the normal forces in the 
vertical and horizontal stringers according to table 3.1 are not correct. The acting normal forces can be 
determined by dissolving the forces in the diagonals and adding up to or subtracting from the acting 
reaction forces. This method is processed into the parametric model using a python script. 
 
It should be noted that this approach, the schematisation of the panels as diagonals and the calculation 
of the shear forces with the 𝑠𝑖𝑛 and 𝑐𝑜𝑠 only satisfies when the panels are square or rectangular, in 
other words when the panels consist of 90 degrees angles. In this thesis only panels with 90 degrees are 
considered.   
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4. Deep beam analysis 
 
 In order to find out more about the differences between the strut-and-tie method and the stringer-panel 
method, it is interesting to analyse a deep beam according to, on the one hand the stringer-panel method and on 
the other hand the strut-and-tie method. This chapter will contain two deep beam designs from the literature 
which will be calculated using both methods and will be tested in a finite element program in order to verify the 
differences between the methods in a linear elastic design and a non-linear elastic design. 
 
 
4.1. Example #1: Pile Cap      
 
 In 1966 a research based upon concrete reinforced deep beams has been presented [Leonhardt, Walther, 
1966]. This research has been carried out in order to analyse the failure behaviour of several deep beams with 
different reinforcement designs. The deep beams that were analysed in that research are used in this chapter to 
make a comparison between the strut-and-tie method and the stringer-panel method (figure 4.1).        
 

 
 

figure 4.1 – Deep beam Leonhardt & Walther (left), Simplified deep beam (middle) and elastic stress distribution (right) 

 
 The analysis of the deep beam will be done for both the elastic and non-linear stadium. In the elastic stadium 
the deep beam will be loaded by a force equal to 𝑄 = 1000 𝑘𝑁. For this force the reinforcement design will be 
determined for both the strut-and-tie method and the stringer-panel method. In the non-linear stadium, cracking 
of concrete is taken into account using the finite element program DIANA and it will be analysed which 
reinforcement design (STM or SPM) will be the most efficient and which has the highest failure load.    
 
 

4.1.1. Linear elastic strut-and-tie method     
 

The linear elastic calculation according to the strut-and-tie method is further elaborated in this chapter. 
The most efficient strut-and-tie model (STM) can be determined via several criteria. The first criteria 
states that the model with the least and shortest ties is the best. This is logical since the ties (steel rebar) 
deform more than the struts (concrete). In accordance with the first criteria, the second criteria states 
that the best model can be found in a model with the criterion of minimum energy (equation 4.1).           
 

𝑈 = ∫ ∫ 𝜀 · 𝑑𝜎 · 𝑑𝑉
𝜎𝑉

                            𝑈 = ∑
𝐹𝑖

2·𝐿𝑖

2·𝐸·𝐴𝑖
                                       (4.1) 
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The most efficient STM can also be found looking at the stress distribution of a linear elastic finite 
element analysis. From a finite element analysis the tensile zones are shown, leading to the position of 
the ties. Further the position and the direction of the struts can be determined according to the direction 
of the compression vector. The strut-and-tie model design of the deep beam is shown in figure 4.2.  
 

 
 

figure 4.2 – Strut-and-tie model (left) and elastic stresses (right) 

 
Since the structure is statically determined, the acting forces on the struts and tie can be calculated using 
equilibrium (annex C). In table 4.1 the occurring forces with the corresponding area of reinforcement are 
shown. For the compression struts in a STM there are three different shapes that can occur. A prismatic, 
a bottle-shaped and a compression fan. Since the stresses flow from a large area (834 mm) to a smaller 
area (179 mm), a compression fan will occur in this example. It is assumed that the compression fan has 
a negligible curvature, which is why no transverse tensile stresses will occur and why there is no 
equivalent orthogonal reinforcement grid necessary [Martin, 2007]. However in order to prevent brittle 
failure and to limit the crack width, deep beams have to be provided according to Eurocode 2 on each 
side with an equivalent orthogonal reinforcement grid (Eurocode 2).      

 

 Acting Force [kN] Reinforcement [mm²] 

Strut #1 (S1) -231.5 

- Strut #2 (S2) -551.0 

Strut #3 (S3) -551.0 

Tie #1 (T1) +231.5 532 

Web reinfor. 0 150/m*
 

 
table 4.1 – Acting forces and corresponding reinforcements 

        *double sided, in both horizontal and vertical direction 
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With the data in table 4.1 the two reinforcement drawings (according to calculation and Eurocode 2) can 
be made and are shown in figure 4.3. As part of the comparison between the STM and SPM, the weights 
of the reinforcements designs are compared to each other. The weight of the two reinforcement designs 
according to the STM are shown in table 4.2. In figure 4.3 and table 4.2 the anchorage has been 
neglected. In practice however the reinforcements has to be sufficient anchored in the nodes. 
 
     

 
 

figure  4.3 – Reinforcement drawing according to calculation (left) and Eurocode 2 (right) 
 
 
 
 
 
 
 

table  4.2 – Weight of reinforcements 
 

 
4.1.2. Linear elastic stringer-panel method     

 
In contrast to the STM, a stringer-panel model (SPM) is rather easy to design. First the stringers are drawn 
at the position of loads, supports and depending of the design, around holes. The panels will then simply 
be drawn between the stringers, except for the position of a hole, where no panel will be drawn. This is 
however a disadvantage of the SPM since an engineer is in contrast to the STM not aware of the force 
flow. 
   

 
 
                                                                     figure  4.4 – Stringer-panel model 

 Weight [kg] Percentage [%] Weight [kg] EC2 Percentage [%] 

Tie #1 (T1) 6.01 100 6.01 36.8 

Web reinfor. 0 0 10.31 63.2 

Total 6.01 100 16.32 100 
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Using the parametric model that is presented in chapter 2 and the plug-in Karamba the SPM can be 
calculated. The calculation can also easily be done by hand using the same process that is presented in 
chapter 3.3. In figure 4.5 the results of the SPM according to the parametric model are shown. For a clear 
overview the SPM is in figure 4.6 seperated in normal forces and shear forces. 
 

 
figure  4.5 – Results of stringer panel model; shear forces (left) and normal forces (right) 

 
 
 

 
 

figure  4.6 – Shear forces in panels (left) and normal forces on stringers (right) 
 
The reinforcements that follow from a SPM is slighty different than the calculated reinforcements 
compared to a STM. The STM will only lead to local reinforcements in the form of rebars. The distributed 
reinforcement (orthogonal reinforcement grid) will be calculated according to the minimum 
reinforcement for crack control in Eurocode 2. The SPM will lead to local reinforcements in the stringers 
that are loaded in tension and distributed reinforcement in the panels that are loaded in shear. Table 4.3 
shows the calculated reinforcement corresponding to the SPM. The calculation can be found in annex C.    
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 Maximum Force [kN] Reinforcement [mm²] 

Stringer #1 (S1) +131.6 301 

Stringer #2 (S2) -500.0 

- 
Stringer #3 (S3) -500.0 

Stringer #4 (S4) -500.0 

Stringer #5 (S5) -131.6 

Panel #1 (P1) 328.9/m1 378/m* 

Panel #2 (P2) 0 150/m* 

Panel #3 (P3) 328.9/m1 378/m* 
 

table 4.3 – Maximum forces and corresponding reinforcements 
        *double sided, in both horizontal and vertical direction 

 
The panels that, according to the calculation, are not subjected to shear stresses (Panel #2) do not 
require web reinforcements. However in accordance with the STM and Eurocode 2, deep beams have to 
be provided on each side with a minimal equivalent orthogonal reinforcement grid 𝐴𝑠;𝑚𝑖𝑛 = 0.001 · 𝐴𝑐𝑑 

The reinforcement drawings according to the SPM are shown in figure 4.7 and the weights of the designs 
are shown in table 4.4 (anchorage has been neglected).  
 

 
 

figure  4.7 – Reinforcement drawing according to calculation (left) and Eurocode 2 (right) 
 
 
 
 
 
 
 
 
 

 
table  4.4 – Weight of reinforcements 

 
 
 
 
 
 
 
 
 
 
 
 

 Weight [kg] Percentage [%] Weight [kg] EC2 Percentage [%] 

Stringer #1 (S1) 3.40 19.0 3.40 15.2 

Panel #1 (P1) 7.22 40.5 7.22  
84.8 

 
Panel #2 (P2) 0 0 4.58 

Panel #3 (P3) 7.22 40.5 7.22 

Total 17.84 100 22.42 100 
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4.1.3. Comparison linear elastic analysis     
 

Now it is interesting to compare the amount of reinforcements derived from the strut-and-tie method 
with the amount of reinforcements derived from the stringer-panel method. The first interesting 
difference that can be noticed between the two methods, is the rebar in the tensile zone. While with the 
strut-and-tie method an area of 532 mm² has to be present in the tensile zone, the stringer-panel method 
reduces to required reinforcement area in the tensile zone to 301 mm². The second difference is the web 
reinforcement due to the shear stresses in the panels. Which will lead to a higher amount of web 
reinforcement in the SPM.      

 
 
 
 
 

table  4.5 – Comparison linear elastic analysis 
*double sided, in both horizontal and vertical direction 

 
Due to the higher amount of web reinforcement in the SPM, the total weight of steel will for the SPM be 
approximate 37% higher than compared to the STM. Note that when in the struts of a strut-and-tie 
method a bottle-shape will occur, splitting tensile will be present. Web reinforcement is in case necessary 
to transfer the splitting tensile force, leading to a higher web reinforcement in the STM.     

 
From graphic 4.1 it is clearly shown that the total weight according to the SPM will increase on a much 
faster scale than the STM. This can be explained when looking at the weight of the web reinforcement. 
The web reinforcement for the STM will for all loads be equal to the minimum web reinforcement 
according to Eurocode 2. Due to this, the angle of the STM curve will be smaller and therefore the two 
curves will intersect at some point. The web reinforcement in the SPM on the other hand will increase 
linearly and contributes around 80% of the total weight. It is also shown that for a force of 𝑄/2 =
250 𝑘𝑁 the total weight of both methods will be equal to each other and for a higher force, the STM will 
be the least.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
          graphic  4.1 – Comparison weight 

 
 

 Tie/Stringer [mm2] Web reinforcement [mm2/m] Weight [kg] 

STM 532 150* 16.32 

SPM 301 378*; 150* 22.42 
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4.1.4. DIANA input parameters     
 

The previous paragraph has shown that for the same structure and two different methods, two different 
reinforcement designs can be made. Since the reinforcement isn’t activated as long as the acting tensile 
stresses in the concrete are smaller than the concretes tensile strength, a non-linear elastic analysis will 
be done in order to verify which reinforcement design is the most efficient. The non-linear elastic analysis 
will be performed using the finite element software DIANA. 
 
Material 
In order to perform a non-linear elastic analysis in DIANA, the correct material model has to be chosen. 
Before a concrete model can be chosen, first a distinction has to be made between a concrete smeared 
crack model or a concrete damaged plasticity model. For the analysis the smeared crack approach is 
used. The smeared cracking model that is chosen in DIANA is the total strain based crack model. This 
model describes the tensile and compressive behaviour of a material with one stress-strain relationship 
[TNO DIANA, 2017]. 
 
Input data   
For the total strain based crack model the linear and the non-linear properties have to be determined. 
In the crack model several aspects such as thermal effects, heat flow, shrinkage, etc. can be included. 
However for this analysis nothing of these aspects are included. 
 
Linear material properties: 
Young’s modulus  33.000 𝑁/𝑚𝑚² 
Poisson’s ratio   0.2 
 
For the total strain based crack model the crack orientation and the crack bandwidth specification has 
to be implemented. For the crack orientation two models can be chosen. The rotating crack model, in 
which the stress-strain relation is evaluated in the principle directions of the strain vector. And the fixed 
crack model in which the stress-strain relation is evaluated in a fixed coordinate system which is also 
fixed upon cracking [TNO DIANA, 2017]. In this research the fixed crack model is used. The crack band 
width was chosen according to Rots [Rots, 1988].  
 
Total strain based crack model 
Crack orientation   Fixed 
Crack bandwidth specification Rots 
 
The tensile and compression behaviour of the total strain crack model can be chosen according to 
predefined functions. For the tensile behaviour several concrete tension softening curves can be chosen 
(figure 4.8). In accordance with the tensile behaviour, the compressive behaviour can also be chosen 
according to predefined functions (figure 4.8).  

 

  
figure  4.8 – Predefined tensile behaviour (left) and predefined compression behaviour (right) [TNO DIANA, 2017] 
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Tensile behaviour 
Tensile curve   linear, fracture energy based 
Tensile strength   2.9 𝑁/𝑚𝑚² 

Mode-I tensile fracture energy 0.1405 𝑁/𝑚𝑚  𝐺𝑓 = 73 · 𝑓𝑐
0.18 [Model Code MC2010] 

 
Compressive behaviour 
Compression curve    Eurocode 2 EN 1992-1-1 
Compressive strength    38 𝑁/𝑚𝑚² 
Strain at maximum stress    0.0022 
Strain at ultimate stress    0.0035 
Young’s modulus at 0.4 · compressive strength 33.000 𝑁/𝑚𝑚² 
 
Shear behaviour 
Shear retention function  Constant 
Shear retention   0.5 

 
  Note: dead-load of the concrete deep beam is neglected in the analyses.  
 
 

4.1.5. Non-linear elastic analysis     
 

In the non-linear elastic analysis a number of data will be verified. In accordance with the geometry from 
the previous paragraph, it will be verified which reinforcement design (STM or SPM) will provide the 
least displacement at mid-span at the given load of 𝑄 = 1000 𝑘𝑁. Secondly the force will, with a certain 
amount of load steps, be increased until the beam collapses. The two reinforcement designs that will be 
modelled in DIANA are the reinforcement designs from previous calculations according to Eurocode 2, 
which are shown in figure 4.9. 
 

 
 

figure  4.9 – Reinforcement drawing according to STM (left) and SPM (right) 
 
A deep beam loaded in plane has a different stress behaviour than a slender beam. Leonhardt and 
Walther presented in 1966 a research based upon reinforced concrete deep beams [Leonhardt, Walther, 
1966]. In order to verify if the DIANA model is correctly modelled, the behaviour of the deep beam in 
DIANA is benchmarked with the data of the research (figure 4.10). From the figure it can be concluded 
that the behaviour of the deep beam acts the same as the data found by Leonhardt and Walther.  
It can be seen that the curve of the horizontal stresses in the top of the beam differ from the curve found 
by Leonhardt and Walther. This can be explained by the way the deep beam is modelled in DIANA. 
Leonhardt and Walther tested the deep beam according to a line load. In DIANA the model is changed 
to a concentrated loading with a loading width.      
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  figure  4.10 – Horizontal stresses at mid-span according to Leonhardt and Walter (left) and DIANA model (right) 

 
The reinforcement designs according to the STM and SPM are modelled in DIANA and are subjected to 
a non-linear elastic analysis. For this analysis the deep beam is modelled as a 2D model with the material 
and reinforcement properties of the two individual designs. Annex C contains an analysis where the deep 
beam is modelled as a line element with the properties of the deep beam. Due to this schematisation 
the deep beam will in contrast to the 2D model, by DIANA be calculated as a Euler-Bernoulli beam. 
 
In figure 4.11 one can see how the reinforcement designs relate to the axial stresses in the elastic 
stadium. From the axial stresses it can be noticed that in the lower section a large tensile force occurs, 
which is in accordance with the placement of the reinforcement bar in both the STM and the SPM. 
Further it can be noticed that in the top corners, tension will occur while in the middle and the bottom 
corners compression will occur. Compared with the two reinforcement designs, it can be noticed that 
the design according to the SPM (“high” reinforcement at the ends and “low” reinforcement in the 
middle) is more in accordance to the elastic stresses than the STM. However it should be noted that only 
in the top corners tensile will occur and in the bottom corners compression. With that in mind the 
placement of the web reinforcement in the SPM could therefore only be placed at the top corners.  
 

 
figure  4.11 – Axial stress in elastic range* (left), reinforcement design according to STM (middle) and SPM (right) 

*red, orange (tensile) and yellow, green, blue (compression) 
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Figure 4.12 shows the concretes axial stresses prior to the yielding of the reinforcement bar. In 
comparison with the axial stresses in the elastic range it can be noticed that all the tensile stresses in the 
concrete have reached the tensile strength (red coloured). The compressed concrete elements prior to 
yielding of the reinforcement bar have in the top middle of the concrete deep beam become larger and 
at the two bottom corners become smaller. From the reinforcements designs and figure 4.12 it can be 
concluded that after cracking, the reinforcement design according to the SPM suits better for this 
example.      
 

 
                     

                 figure  4.12 – Axial stress prior to yielding reinforcement* 
*red (tensile) and orange, yellow, green (compression) 

 
In figure 4.13 the load-displacement graphs at mid-span for both reinforcement designs are given. It can 
be noticed that in both graphs the curve changes a little at a load of approximate 300 𝑘𝑁. The change 
in the curve occurs since the tensile strength of concrete (2,9 𝑁/𝑚𝑚²) has been reached at 300 𝑘𝑁 and 
softening of the concrete occurs. Furthermore it can be noticed that the STM curve changes again at 
1080 𝑘𝑁 and the SPM curve at 1120 𝑘𝑁 and as a result of that, the displacement will increase 
significantly. The increasing of the curve can be explained when looking at the occurring stresses in the 
reinforcement bar. At these loads (1080 𝑘𝑁 and 1120 𝑘𝑁) the tensile stress of the reinforcement is 
reached, where after the reinforcement bar starts yielding. 
 

 
figure  4.13 – Load-Displacement curves at mid-span of STM (left) and SPM (right) 

 
The STM will fail at a load of 1080 𝑘𝑁 and the SPM will fail at a load of 1120 𝑘𝑁. After the redistribution 
of forces it can be concluded that the STM can carry 8% more loading than the original loading. The SPM 
on the other hand can carry for 12% more loading than the original loading according to the linear elastic 
analysis.  
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table  4.7 – Overview and differences between STM and SPM 

*double sided, in both horizontal and vertical direction 

 
In the table shown above the overview and differences between the STM and the SPM are shown for 
Example #1. From this table it can be noticed that the SPM is for half of the criteria smaller and half of 
the criteria higher than the STM. Due to the higher amount of web reinforcement between the supports 
and the position of the loading, the weight of the SPM is higher.  
 
According to the table both the STM and SPM can be chosen as best reinforcement design. One may 
choose the SPM as best reinforcement design in order to obtain a higher failure load. With this choice a 
higher total weight is accepted. On the other hand one may choose the STM as best reinforcement 
design if the weight and displacement has a higher value than the failure load. From this point of view 
the best reinforcement design for this example can both be chosen for the STM or SPM.   

 
  

 

Strut-and-tie 
model 

Stringer-panel 
model 

Difference (STM/SPM) 

Local reinforcement 532 mm² 301 mm² 56.6% 

Web reinforcement 
150mm²/m* 378mm²/m* 

150mm²/m* 

252.0% 
100.0% 

Weight 16.32 kg 22.42 kg 137.4% 

Displacement at Q = 1000 kN 0.669 mm 0.711 mm 106.3% 

Displacement prior to failure 0.750 mm 0.840 mm 112.0% 

Failure load 1080 kN 1120 kN 103.7% 
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4.2. Example #2: Deep beam with hole      
 
 In 1987 a special report based upon a formulation of a consistent design approach for prestressed and 
reinforced concrete structures appeared [Schlaich et al 1987]. The report describes how a STM can be developed 
by following the force distribution throughout the structure. Also a consistent design approach for D-structures, 
which describes how the tension and compression members of the STM are designed with respect to 
serviceability and safety. An example which is elaborated by Schlaich et al fits well in the layout of this thesis. 
Namely, a deep beam with a large hole just above its support (figure 4.14).       
 

 
 

figure 4.14 – Deep beam with large hole Schlaich et al 

 
 Also for this deep beam design the analysis will be done for both the elastic and non-elastic stadium. In the 
elastic stadium the deep beam will be loaded by a force equal to 𝐹 = 3000 𝑘𝑁. The reinforcement design will be 
determined for both the STM and the SPM. In the non-elastic stadium, cracking of concrete is taken into account 
and it will be analysed which reinforcement design (STM or SPM) will be the most efficient and which has the 
highest failure load.    
 
 

4.2.1. Linear elastic strut-and-tie method     
 

In comparison with the deep beam design from Example #1, this design is quite complicated. For 
obtaining the correct STM it is wise to look at the stress distribution following from a linear elastic finite 
element analysis (figure 4.15).    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 4.15 – Elastic stresses 
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Figure 4.15 shows a certain remarkable developments. For instance at the right side of the structure it 
can be noticed that a compression strut will develop from the point load straight to the boundary 
condition. Compression struts will also arise at the left side of the structure. The left compression strut 
will develop the same pattern as the right compression strut. Since however the hole is present, the 
compression strut will go around the hole, which is clearly shown in figure 4.15. 
 
In addition to the compression struts, ties can also be identified from the figure. The one that is most 
visible is the diagonal tie positioned at the top right of the hole. This tie will develop perpendicular to the 
two compression struts that form around the hole. The most logical and in a lesser form shown in the 
figure, is the tie that will develop at the very bottom of the structure. The strut-and-tie design according 
to Schlaich is shown in figure 4.16. When the STM is compared to the distribution of elastic stresses, 
similarities can be noticed. 

 
                   

          figure 4.16 – Strut-and-tie model according to Schlaich et al 

 
From the calculation (annex C) the summary of forces and the area of reinforcements are shown in table 
4.8. In contrast to the compression strut in Example #1, in compression strut S2 a bottle-shape will occur. 
This bottle-shape will due to transverse tensile stresses lead to the application of an equivalent 
orthogonal reinforcement grid.  
      

 Acting Force [kN] Reinforcement [mm²] 

Strut #1 (S1) -541.0 - 

Strut #2 (S2) -2206.8 371/m* 

Tie #1 (T1) +663.0 1524 

Tie #2 (T2) +535.0 1230 

Tie #3 (T3) +535.0 1230 

Tie #4 (T4) +1070.0 2460 

Tie #5 (T5) +535.0 1230 

Tie #6 (T6) +1070.0 2460 

Tie #7 (T7) +535.0 1230 

Tie #8 (T8) +535.0 1230 

Tie #9 (T9) +535.0 1230 
 

table 4.8 – Acting forces and corresponding reinforcements 
*double sided, in both horizontal and vertical direction 
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Before drawing the two reinforcement designs (according to calculation and Eurocode 2) can be made, 
several considerations are made. One can see that the amount of reinforcement needed for T1 and T9 
differ from each other. However with the anchorage of T1 and feasibility it is wise to bend the 
reinforcement from T1 into T9. The same theory applies for T2 with T6 and T4 with T5. According to 
Eurocode 2, the equivalent orthogonal reinforcement is larger than the web reinforcement applied due 
to the transverse tensile stresses caused by S2. Therefore it is chosen to apply the equivalent orthogonal 
reinforcement in the whole deep beam. The reinforcement design according to the calculation is shown 
in annex C. The reinforcement design according to Eurocode 2 is shown in figure 4.17 where the 
anchorage has been neglected.  

 
 

figure  4.17 – Reinforcement drawing according to Eurocode 2 with *=equally divided over length 
 
 

 Weight [kg] Percentage [%] Weight [kg] EC2 Percentage [%] 

Strut #2 (S2) 170.37 34.4 367.38 53.1 

Tie #1 (T1) 63.41 

65.6 

63.41 

46.9 

Tie #2 (T2) 19.31 19.31 

Tie #3 (T3) 9.66 9.66 

Tie #4 (T4) 48.28 48.28 

Tie #5 (T5) 19.31 19.31 

Tie #6 (T6) 48.28 48.28 

Tie #7 (T7) 9.66 9.66 

Tie #8 (T8) 67.59 67.59 

Tie #9 (T9) 38.88 38.88 

Total 494.75 100 691.76 100 

 
table  4.9 – Weight of reinforcements 
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4.2.2. Linear elastic stringer-panel method     
 

If one uses the STM for this deep beam design, the strut-and-tie model is quite complicated. If however 
the SPM is used, the “complicated” design can easily be transferred into a stringer-panel model. The SPM 
will lead to an orthogonal grid of stringers and panels. So in contrast to the STM, the diagonal tie is 
missing. For this design the stringers are also drawn around the hole (figure 4.18).     
  

 
                                                                     figure  4.18 – Stringer-panel model 
 
The results of the calculation which are carried out by the parametric model are shown in figure 4.19. 
figure 4.20 contains a clear overview where the results are seperated in normal forces, to determine the 
local reinforcement and shear forces for determining the distributed reinforcements.    
 

 
 

figure  4.19a – Results of stringer panel model; shear forces  
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figure  4.19b – Results of stringer panel model; normal forces  

 
 

 
 

figure  4.20a – Shear forces in panels (above) 
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figure  4.20b– Normal forces in horizontal stringers 

 

 
 

figure  4.20c –Normal forces in vertical stringers 

 
One can model the structure into a finite element program to verify if for instance the acting normal 
forces or shear forces are at the same positions. From figure 4.21 it can be noticed that the largest shear 
forces occur at the right side of the geometry, above and at the right side of the hole. This is in accordance 
with the shear stresses that follow from the parametric model (see figure 4.20a).   
 

 
                figure 4.21 – Maximum forces and corresponding reinforcements 
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The forces which apply to the SPM and the corresponding area of reinforcements are shown in table 
4.10. From the table it can be noticed that in contrast to Example #1, in every panel a shear force will 
occur. Therefore every panel has to be provided with web reinforcement.  
 

 Maximum Force [kN] Reinforcement [mm²] 

Stringer #1 (S1) -1071.4 
- 

Stringer #2 (S2) -781.2 

Stringer #3 (S3) +528.8 1216 

Stringer #4 (S4) -3000 

- Stringer #5 (S5) -1928.6 

Stringer #6 (S6) -1209.5 

Stringer #7 (S7) +636.2/+326.9 1463/752 

Stringer #8 (S8) -348.5/+629.4 1447 

Stringer #9 (S9) +412.3 948 

Panel #1 (P1) 402.6/m1 463/m* 

Panel #2 (P2) 207.0/m1 238/m* 

Panel #3 (P3) 18.2/m1 21/m* 

Panel #4 (P4) 145.6/m1 167/m* 

Panel #5 (P5) 425.0/m1 489/m* 

Panel #6 (P6) 350.8/m1 403/m* 

Panel #7 (P7) 397.3/m1 457/m* 

Panel #8 (P8) 91.3/m1 105/m* 

Panel #9 (P9) 403.7/m1 464/m* 

Panel #10 (P10) 192.2/m1 221/m* 

Panel #11 (P11) 483.8/m1 556/m* 
 

table 4.10 – Maximum forces and corresponding reinforcements 
        *double sided, in both horizontal and vertical direction 

 
From table 4.10 it can be noticed that the amount of web reinforcements in the panels differ a lot from 
each other. With Eurocode 2 in mind, which lead to a minimum web reinforcement of 400mm²/m at 
each side of the deep beam and in both directions, it is wise to apply this minimum web reinforcement 
and to apply additional web reinforcements in the panels that exceed the 400mm²/m. The reinforcement 
design that will follow from this statement is shown in figure 4.22.  
 

 
 

figure  4.22 – Reinforcement drawing according to Eurocode 2 
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Table 4.11 presents the total weight of the reinforcement according to the calculation and the Eurocode. 
The calculation of the weights according to the calculation can be found in annex C. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
table  4.11 – Weight of reinforcements 

 
4.2.3. Comparison linear elastic analysis     

 
For the comparison of the linear elastic STM and SPM, the total weight is expressed in tie/stringer 
reinforcement and web reinforcement in percentage of the total weight (table 4.12). From the table it is 
shown that the STM puts approximate 47% of the total weight in local reinforcement and approximate 
53% in distributed reinforcement. The SPM puts more reinforcements in the distributed reinforcement. 
In comparison with the SPM, the STM will lead to an approximate higher weight of 10%.    
 

 
 
 
 
 

table  4.12 – Comparison linear elastic analysis 
 

From graphic 4.2 it is clearly shown that the total weight according to the STM for every load will be 
higher than the total weight according to the SPM. This can be explained when looking at the weight of 
the local reinforcements. The weight of the local reinforcement according to the STM will for all loads be 
approximate 25% higher than the weight of the local reinforcement according to the SPM. In comparison 
with Example #1, it can be noticed that the weight of web reinforcements of the STM isn’t the same for 
all loads. This can be explained when looking at the compression strut S2 where a bottle-shape will occur. 
This bottle-shape will due to transverse tensile stresses lead to the application of an equivalent 
orthogonal reinforcement grid. 
 

 Weight [kg] Percentage [%] Weight [kg] EC2 Percentage [%] 

Stringer #3 (S3) 42.96 

38.2 

42.96 

34.3 
Stringer #7 (S7) 43.64/18.89 43.64/18.89 

Stringer #8 (S8) 58.50 58.50 

Stringer #9 (S9) 52.09 52.09 

Panel #1 (P1) 0.65 

61.8 367.38 

- 

65.7 

Panel #2 (P2) 3.81 - 

Panel #3 (P3) 0.52 - 

Panel #4 (P4) 3.93 - 

Panel #5 (P5) 3.92 - 

Panel #6 (P6) 57.01 - 

Panel #7 (P7) 60.99 7.61 

Panel #8 (P8) 1.24 - 

Panel #9 (P9) 61.92 8.54 

Panel #10 (P10) 45.97 - 

Panel #11 (P11) 109.12 30.62 

Total 565.16 100 630.23 100 

 Tie/Stringer [%] Web reinforcement [%] Weight [kg] 

STM 46.9 53.1 691.76 

SPM 34.3 65.7 630.23 
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           graphic  4.2 – Comparison weight    
 
 

4.2.4. Non-linear elastic analysis     
 

In the non-linear elastic analysis it will be verified which reinforcement design (STM or SPM) will provide 
the least displacement at the given load of 𝐹 = 3000 𝑘𝑁 and with an increasing load until the failure. 
The applied material characteristics for this analysis are equal to Example #1. 

 
The reinforcement design related to the STM which will be analysed non-linear in DIANA is the design 
according to Eurocode 2 and shown in figure 4.23. From the SPM analyses one can conclude that the 
deep beam will fail at a very small load by the cracking of concrete in the left corner of the hole. In order 
to obtain a better analysis the reinforcement bar of 1447 𝑚𝑚² is elongated towards the end of the 
beam. This will lead to an extra weight of 21,01 𝑘𝑔. The reinforcement design that will be used for the 
SPM non-linear analysis is shown in figure 4.23 with the extra reinforcement highlighted in red. 
 
As earlier indicated anchorage of the reinforcement is neglected in this analysis. In practice however 
sufficient anchorage has to be present. The reinforcement design of the SPM should in practice be 
adapted to sufficient anchorage of the reinforcement.  
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figure  4.23 – Reinforcement drawing according to STM (above) and SPM (beneath) 
 

Figure 4.24 shows the elastic axial stresses that occur in the deep beam. From the axial stresses it can be 
noticed that in the lower section a tensile force occurs, which is in accordance with the placement of the 
reinforcement bars in both the STM and after the elongation of the bar also satisfies the SPM. Further it 
can be noticed that in the middle lower section a tensile stress will occur, that will develop towards the 
top corner of the hole. Compared with the two reinforcement designs, it can be noticed that the design 
according to the STM, especially due to the reinforcement bar that is placed between the middle lower 
section and the top corner of the opening suits the elastic range better. 
 

 
figure  4.24 – Axial stress in elastic range* 

*red, orange (tensile) and yellow, green, blue (compression) 
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Figure 4.25 shows the axial stresses prior to the yielding of the reinforcement. In comparison with the 
axial stresses in the elastic range it can be noticed that the tensile stresses in the concrete have spread 
out into the deep beam. Furthermore it can be seen that tensile tresses occur from the top right corner 
of the deep beam towards the position of the loading. In accordance with figure 4.15 (elastic stresses), 
at this position cracks will occur.  
 

                     
                 figure  4.25– Axial stress prior to yielding reinforcement* 

*orange (tensile) and yellow, green (compression) 
 
What stands out in figure 4.25 are the top corners of the deep beam. According to the SPM in these 
corners extra reinforcement webs had due to the high shear forces be placed. Figure 4.26 shows the 
axial tensile stresses in the applied web reinforcement according to the SPM. It shows that in the areas 
where the extra web reinforcement is placed, a much lower tensile force will occur than for instance in 
the area from the top right corner of the hole towards to the loading position. According to the acting 
tensile stresses in the extra reinforcement grids, it can be concluded that these areas are oversized.     
 

 
 

                 figure  4.26– Axial stress in web reinforcement prior to yielding reinforcement* 
*from high to low tensile stress (red, orange, yellow ,green) 
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Both reinforcement designs are modelled and calculated using a non-linear elastic analysis. In figure 4.27 
the load-displacement graph at mid-span for the STM is given. It can be noticed that due to cracking of 
the concrete around the hole, the curve of the STM changes a little at a load of 780 𝑘𝑁. Due to increasing 
of the load and the cracking of concrete at mid-span the curve changes again at a load of 4500 𝑘𝑁. After 
the yielding of the lower reinforcement bars at 4830 𝑘𝑁 the displacement will increase significantly.  

 
                 figure  4.27– Load-Displacement curve with concrete stresses at 780 kN and                                                 

reinforcement stresses at 3180 kN, 4500 kN and 4830 kN 

 
Figure 4.28 shows the load-displacement graph at mid-span for the SPM. It can be noticed that the curve 
develops the same pattern as the STM. The concrete at mid-span cracks at a load equal to 3930 𝑘𝑁 
whereupon the curve will change. The displacement will increase significantly due to the yielding of the 
lower reinforcements at a load of 4890 𝑘𝑁.     

 

 
figure  4.28– Load-Displacement curve with concrete stresses at 780 kN and                                                 

reinforcement stresses at 3180 kN, 3930 kN and 4890 kN 
 
In addition to the displacement in both curves, the failure loads can be retrieved. From figure 4.27 and 
figure 4.28 it can be concluded that the STM will fail at a load of 4860 𝑘𝑁 and the failure load of the 
SPM will be equal to 4920 𝑘𝑁. Both reinforcement designs are calculated using a linear-elastic analysis 
with each design loaded by a point load of 3000 𝑘𝑁. After the cracking of concrete the redistribution of 
forces can carry 62% more load for the STM and 64% for the SPM.      
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table  4.13 – Overview and differences between STM and SPM 
 

In table 4.13 the overview and differences between the STM and the SPM are shown. From the table it 
can be noticed that the STM is for two cases higher than the SPM. The one case for which the STM is 
lower than the SPM, is the displacement of the deep beam at a load equal to 3000 𝑘𝑁 and prior to 
failure. 
 
In comparison with Example #1, in this example also both the STM and SPM can be chosen as best 
reinforcement design.  One may choose the SPM as best reinforcement design in order to obtain a lower 
total weight of the reinforcement and a higher failure load. With this choice a higher displacement at 
mid-span is accepted. The difference between the two displacements is at failure 0.416 𝑚𝑚. 

 
 
4.3. Anchorage length      
 
 As earlier indicated the anchorage length is neglected in the elastic analysis. As a result of this the total weight 
of the reinforcement is not exactly in accordance with the real situation. With the incorporation of the anchorage 
length, the difference between the STM and SPM can become either smaller or larger. In the equation of the 
required basic anchorage length according to the Eurocode, the radius of the reinforcement bar is present 
(equation 4.2). Due to this, the bigger the radius of the reinforcement bar, the larger the anchorage length.      
 

𝑙𝑏,𝑟𝑞𝑑 =
Ø

4
·

𝜎𝑠𝑑

𝑓𝑏𝑑
                                                                          (4.2) 

 
With: 

 𝑙𝑏,𝑟𝑞𝑑  Basic anchorage length 

 𝜎𝑠𝑑   The design stress of the bar at the position from where the anchorage is measured 

 𝑓𝑏𝑑   Ultimate bond stress 
 
 
The ultimate bond stress can be calculated using equation 4.3. 
 

𝑓𝑏𝑑 = 2,25 · 𝜂1 · 𝜂2 · 𝑓𝑐𝑡𝑑                                                               (4.3) 
 
With: 

 𝜂1  Quality of bond condition after concreting 

    𝜂1 = 1,0 for ‘good’ bond conditions 
    𝜂1 = 0,7 for ‘poor’ bond conditions 

 𝜂2  Dependent on bar diameter 

    𝜂2 = 1,0 Ø ≤ 32𝑚𝑚 

    𝜂2 =
132−Ø

100
 Ø > 32𝑚𝑚 

 𝑓𝑐𝑡𝑑   Design value of tensile strength 
 
 
 
 
 

 

Strut-and-tie 
model 

Stringer-panel 
model 

Difference 
(STM/SPM) 

Weight 691.76 kg 630.23+21.01 kg 94.1% 

Displacement at F = 3000 kN 0.881 mm 0.999 mm 113.4% 

Displacement prior to failure 2.947 mm 3.363 mm 114.1% 

Failure load 4860 kN 4920 kN 101.2% 
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In order to verify the share of the anchorage length in the total weight of the reinforcement the calculation is 

based upon Example #1. The provided local reinforcement for the STM was equal to 532 𝑚𝑚² and 301 𝑚𝑚² 
according to the SPM. For the calculation of the anchorage length the local reinforcement is assumed 
to consist out of one bar.   
 
Radius of bar reinforcement: 

 STM  Ø = √
534·4

𝜋
 = 26,08 𝑚𝑚 

 

 SPM  Ø = √
301·4

𝜋
 = 19,58 𝑚𝑚 

 
The ultimate bond stress: 

 𝑓𝑏𝑑   = 2,25 · 1,0 · 1,0 · 2,90   
   = 6,53 𝑁/𝑚𝑚² 
 
The design stress of the bar at the position from where the anchorage is measured: 

 𝜎𝑠𝑑   = 𝑓𝑦𝑑 ·
𝐴𝑠,𝑟𝑒𝑞

𝐴𝑠,𝑝𝑟𝑜𝑣
   

   = 435 ·
532

532
 

   = 435 𝑁/𝑚𝑚² 
 
Note that according to the SPM, it can occur that the normal force at the end of the stringer will be 
equal to zero. Due to this not the full anchorage length has to be used. In this example this is neglected 
and is calculated with the full anchorage length. 
 
The anchorage length of the bar reinforcement: 

 STM  𝑙𝑏,𝑟𝑞𝑑 =
26,08

4
·

435

6,53
  = 434 𝑚𝑚 

 

 SPM  𝑙𝑏,𝑟𝑞𝑑 =
19,58

4
·

435

6,53
  = 326 𝑚𝑚 

 
Extra weight: 
 STM  𝑊𝑒𝑥𝑡𝑟𝑎 = 7,85 · 10−3 · 532 · 0,868 
    = 3,62 𝑘𝑔 
 

 SPM  𝑊𝑒𝑥𝑡𝑟𝑎 = 7,85 · 10−3 · 301 · 0,652 
    = 1,54 𝑘𝑔 
 

table  4.14 – Overview and differences between total weight 
 
From table 4.14 it can be noticed that the difference in total weight of the reinforcements becomes with 
approximate 20% smaller if the anchorage length is taken into account. Note that if the anchorage length 
according to the SPM is not fully taken, the difference becomes even smaller. Table 4.14 confirms the expectation 
that due to a bigger bar radius, the anchorage length and the total weight according to the STM becomes larger. 
With this is mind and looking at Example #2, where in the STM there are more and bigger local reinforcements 
present, the difference in total weight between the STM and SPM will become even larger than the original 
calculation.     
 

 

 Weight [kg] Difference [%] Extra Weight [kg] Total Weight [kg] Difference [%] 

STM 16.32 100.0 3.62 19.94 100.0 

SPM 22.42 137.4 1.54 23.96 120.2 
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5. The stringer-panel method in parametric deep beams: Conclusion and 
Recommendations 

 
5.1. Conclusion      
 
 For this research a parametric model has been developed in which a deep beam, using multiple parameters 
can be modelled. According to the geometry and the acting loads, a stringer-panel model is automatically created. 
With the usage of a plug-in, the acting normal forces in the stringers are calculated. The shear forces in the panels 
are calculated by factorizing the normal forces in the diagonals which were modelled to simply the panels. 
 
 An elastic calculation of a deep beam leads with the strut-and-tie method to a reinforcement bar of 532 𝑚𝑚² 
and a distributed web reinforcement according to Eurocode 2 of 150 𝑚𝑚2/𝑚. With the same load magnitude 
the stringer-panel model will result in a reinforcement bar of 301 𝑚𝑚² and a distributed web reinforcement of 
150 𝑚𝑚2/𝑚 and 378 𝑚𝑚2/𝑚. The higher web reinforcement is necessary due to the acting shear stresses in 
the deep beam. Since the distributed web reinforcement has a bigger share in the total weight of the 
reinforcement, the weight of the SPM is 37% higher compared to the STM. For this example the total weight of 
the reinforcements and the difference between the two models depends on the acting load. 
 
 From the axial stresses in the elastic stadium of the non-linear analysis it can be concluded that the placement 
of the reinforcement bar in both the STM and the SPM are in accordance with the occurring tensile stresses. The 
web reinforcement according to the SPM is more in accordance with the elastic stresses. However due to the 
usage of large panels, the same shear force acts over the whole height of the beam. From the non-linear analysis 
it can be concluded that these web reinforcements are oversized since only parts of the panels are subjected to 
large tensile forces.  
 
 After the non-linear calculation and the redistribution of forces after the cracking of concrete, the STM can 
carry 8% more than the original load and the STM 12%. The displacement prior to failure is equal to 0.750 𝑚𝑚 
according to the STM and 0.840 𝑚𝑚 according to the SPM. When the two reinforcement designs are compared 
to each other, it can be concluded that both designs can be chosen as best reinforcement design. One may choose 
the SPM as best reinforcement design in order to obtain a higher failure load (1120 𝑘𝑁 versus 1080 𝑘𝑁). With 
this choice a higher total weight of the reinforcement is accepted (22.42 𝑘𝑔 versus 16.32 𝑘𝑔). On the other hand 
one may choose the STM as best reinforcement design if the weight and the displacement has a higher value than 
the failure load.       
 
 The calculation of a second deep beam leads for the strut-and-tie method to a 6% higher reinforcement 
weight than the SPM. From the axial stresses in the elastic stadium, it can be concluded that the placement of the 
reinforcement bars according to the STM are more in accordance than the SPM. From the occurring tensile 
stresses in the non-linear analysis it can be concluded that in the part of the areas where the largest shear forces 
occur and thus the largest web reinforcement is present, a much lower tensile force will occur, meaning that also 
some areas of the panels are oversized.  
            
 Both designs can after the cracking of concrete and redistribution of forces carry approximate 63% more 
loading than the designed loading. In comparison with the first example, for the second example also both the 
STM and SPM can be chosen as best reinforcement design. One may choose the SPM as best reinforcement design 
in order to obtain a lower total weight of the reinforcement (651.24 𝑘𝑔 versus 691.76 𝑘𝑔) and a higher failure 
load (4920 𝑘𝑁 versus 4860 𝑘𝑁). With this choice a higher displacement occurs  (3.363 𝑚𝑚 versus 2.947 𝑚𝑚).      
 
The hypothesis which was formulated reads: 
 

“The most efficient reinforcement design is generated from the stringer-panel method since this method 
takes shear stresses into account.” 

 
 From this research it cannot be concluded if the stringer-panel method generates the most efficient 
reinforcement design due to the accounting of shear stresses. However it can be concluded that the grade of 
efficiency depends on the sizes of the panels. If smaller and more panels are chosen, the geometry can be 
reinforced more efficient with a smaller chance of oversizing.    
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5.2. Recommendations      
 
 In the parametric model the implementation of a hole into the geometry is included. The number of holes is 
in this research however limited to one. In order to investigate if the opening has a large influence on the stress 
distribution throughout the wall, the parametric model can be extended to the usage of more holes leading that 
more examples from the literature can be investigated. 
 
 In order to investigated what the exact influence of smaller panels onto the reinforcement design is, an 
example which is used in this research can be modelled again using smaller panels. The procedure that can be 
used is to use half of the panel sizes that occur according to the parametric model. The results from the elastic 
analysis and the non-linear analysis in DIANA can then compared with the results that follow from this research.   
  
 Both non-linear analysis are calculated using the smeared cracked concept of total strain based crack model. 
The analysis can also be done using the concrete damaged plasticity concept. This concept describes the 
behaviour of concrete using damage variables. If the concrete reaches it non-linear behaviour, the elastic stiffness 
will be “damaged” after unloading. This model describes the reality better than the smeared cracked concept. A 
concrete damaged plasticity model that can be used in DIANA is the Modified Meakawa Concrete model.  
 
 To obtain more detailed information about the behaviour of the two reinforcement designs in a non-linear 
analysis, the crack width has to be investigated. In order to retrieve reliable output from DIANA, the bond between 
the concrete and steel has to be implemented into the DIANA model. Using a bond-slip relation the crack width 
and the distance between cracks can be determined. The bond-slip relation in DIANA is based upon the total 
deformation theory in which the occurring stresses are expressed as functions of the total displacements. The 
bond-slip behaviour can be modelled in DIANA according to the cubic function by Dörr, the power of law by 
Naokowski or a multilinear bond-slip curve [TNO DIANA, 2017]. The results can be compared with the graduation 
thesis of L. Alfrink: Geavanceerde staafwerkmodellen (in dutch).  
 
 Additional research can be done by carrying out an experimental research for both the examples. The material 
properties according to the experimental research must then be used in order to carry out a new analytical 
research in the same way it has been done in this research.     
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Annex A 
 
Grasshopper model 
This annex contains a global overview of the Grasshopper model which is used to model and calculate the stringer-
panel model. The model is created in order to draft different geometries in a short period of time. The model is 
designed in such a way, that after changing the input parameters the stringer-panel model is automatically 
created according to that geometry and at the same time is being calculated. The Grasshopper model is build up 
out of several blocks (figure A.1).      
 
Blue = Input parameters 
Green = (Graphical) SPM geometry in Python scripts 
Purple = Karamba Python script 
White = Grasshopper components 
Red = Karamba commands 
Cyan = (Graphical) SPM results in Python scripts 
Yellow = Textual SPM results 
 

 
figure  A.1 – Overview of Grasshopper model 
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Input parameters 
The input parameters can be separated in geometry parameters and loading parameters. As the name indicates, 
the geometry parameters will be used to design the geometry. Furthermore the support length and the concrete 
cover can be entered. These two parameters determine for a part the position of the stringers in the stringer-
panel model. It can be chosen to append up to three extra supports to the geometry. For the last option it can be 
chosen to apply a hole with parametric height, width and position. 
 
For the loading it can be chosen to apply different settings of loading. One can choose to apply up to five vertical 
and/or five horizontal point loads each on different positions. Also a vertical or horizontal line load can be applied. 
For the schematization of the line loads, the vertical line load will be divided in ten equally divided parts over the 
length of the beam. The horizontal load will be divided in five equally divided.  
 
With the four graphical view parameters the graphical view in the Rhinoceros interface can be changed. For 
instance only the geometry or for a clear overview, the stringer-panel model can be shown. The last two options 
in the input parameters relate to the supports and render settings of the Karamba calculation. With the support 
parameters it can be chosen in which direction each support is restrained.       
 
 

 
figure  A.2 – Overview of input parameters 
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(Graphical) SPM geometry in Python scripts 
In order to avoid a big web components and wires, the components are rewritten in program language (scripting). 
An often used program language that is used for scripting and is also available in Grasshopper 3D is python. By 
creating a python script all the components are rewritten into a text file (.py), leaving only the parameters on the 
Grasshopper canvas (figure A.3).  
 
The geometry script contains the creation of the beam geometry on to the Rhinoceros interface. The loading 
script calculates and displays the positions of the different load cases. The two stringer-panel model scripts 
contain the python scripts which transfer the geometry into a stringer-panel model where the panels are 
schematised as diagonals. The python scripts can be found in Annex D.  
 

 
figure  A.3 – Stringer-Panel model geometry in Python scripts 
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Karamba commands 
The Karamba commands will calculate the acting normal forces in the stringers and the diagonals (panels). Before 
Karamba can calculate the stringer-panel model it first has to recognize the stringer-panel design. The output of 
the SPM scripts will only contain line elements which Karamba doesn’t recognize. In order to make the structure 
readable for calculation several Karamba commands are used. 
 
First the structure that follows from the scripts has to be transferred into beam elements (LineToBeam command) 
which serve as the elements (Elem) in the Assemble command. Furthermore the position and the kind of support 
has to be known for the Assemble command. With the position and magnitude of the load the model can be 
analyzed. The normal forces, shear forces and moments can for each separate line element be retrieved.    
 

figure  A.4 – Karamba commands 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

The stringer-panel method in parametric deep beams 50 

(Graphical) SPM results in Python scripts and Textual SPM results 
In accordance with the SPM geometry the SPM results are also written in python script. Figure A.5 contain several 
python scripts and grasshopper commands to give the graphical SPM results on the Rhinoceros interface. The 
python script of the shear force directions shows for instance the direction the shear force in the panels are 
orientated. The vertical and horizontal normal force in stringer calculates with the results from Karamba the forces 
at the beginning of the stringers.  
 
The three “acting forces” python scripts calculate from the normal forces in the diagonals, the total shear forces 
in the panels both in horizontal and vertical direction. Also the shear forces per meter are calculated, which is 
equal in the horizontal and vertical direction. In the two last columns the tapered normal forces in both horizontal 
and vertical directions are described using several python scripts and grasshopper components. 
 

 
figure  A.5 – Stringer-Panel model results in Python scripts and textual Stringer-Panel model results 
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Annex B 
 
Shear force 
Since the stringer-panel model is in equilibrium, both the total normal force in the stringers and the total shear 
force in the panels will be equal to zero. When looking at the shear force in a structure, the total shear force is 
independent of the size of the panels. In order to verify if no local shear force will occur, the panels can be divided 
in smaller panels. Figure B.1 shows a structure with panels according to the stringer-panel theory (stringers at 
position of supports, loads and around holes). With some structural knowledge it can be determined that in the 
panels above and beneath the hole the shear force will be equal to zero, which is clearly shown in figure B.2.      
 

 
 

figure  B.1 – Structure according to stringer-panel theory 
 

 
 

figure  B.2 – Shear forces in structure 
 
If the same structure is modelled with smaller panels, it can be checked if local shear forces will occur and what 
happens to the acting shear forces. From figure B.3 it is shown that the middle panels are divided in four smaller 
panels and the other panels in two. After calculation it can be concluded that the occurrence of local shear forces 
are independent of the size of the panels (figure B.4). It can be seen that the shear forces are not divided 
proportional, which is in accordance with the strut-and-tie method. If a strut-and-tie model is placed upon the 
stringer-panel model the largest shear force (according to SPM) will occur in the panels that are crossed by a tie 
or a strut.  
 

 
 

figure  B.3 – Structure with smaller panels 
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figure  B.4 – Shear forces in structure 

 
The averages of the smaller panels will with a difference up to ten percent differ from the larger panels that are 
used according to the calculation. 
 
Schematisation panels 
In order to verify if the panels can be schematized as diagonals a calculation is made. For this analysis a simple 
structure with panels (figure B.5) is calculated with SCIA Engineer (figure B.6) and at the same time calculated 
using Karamba (figure B.7).  
 

 
 

figure  B.5 – Structure with panels (left) and with diagonals (right) 

 

 
figure  B.6 – Shear forces according to SCIA Engineer 

 
From figure B.6 it can be concluded that the shear force in the left panel is equal to −16,67 𝑘𝑁/𝑚 (where – 
determines the direction) and in the right panel equal to 16,67 𝑘𝑁/𝑚. In order to verify if the given shear forces 
are correct, a quick calculation on several criteria can be made. 
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#1; The normal forces in the outer vertical stringers are equal to the reaction force in the supports: 
𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑙𝑒𝑓𝑡/𝑟𝑖𝑔ℎ𝑡 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 = 50 𝑘𝑁  
𝑁𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑖𝑛 𝑙𝑒𝑓𝑡 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟 = 𝑆ℎ𝑒𝑎𝑟 𝑓𝑜𝑟𝑐𝑒 · 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟 𝑖𝑛 𝑚  
     = 16,67 · 3 = 50 𝑘𝑁    
𝑁𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑖𝑛 𝑟𝑖𝑔ℎ𝑡 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟 = 𝑆ℎ𝑒𝑎𝑟 𝑓𝑜𝑟𝑐𝑒 · 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟 𝑖𝑛 𝑚  
     = 16,67 · 3 = 50 𝑘𝑁    
 
#2; The normal forces in the middle vertical stringer is equal to the applied force: 
𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑓𝑜𝑟𝑐𝑒    = 100 𝑘𝑁  
𝑁𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑖𝑛 𝑚𝑖𝑑𝑑𝑙𝑒 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟 = 𝑆ℎ𝑒𝑎𝑟 𝑓𝑜𝑟𝑐𝑒 · 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟 𝑖𝑛 𝑚  
      = 16,67 · 3 + 16,67 · 3  = 100 𝑘𝑁  
 
#3; The normal forces in the lower horizontal stringer is at the begin and end node equal to the zero: 
𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒 𝑙𝑒𝑓𝑡 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 = 0 𝑘𝑁       
𝑁𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑎𝑡 𝑒𝑛𝑑 𝑛𝑜𝑑𝑒  = 𝑆ℎ𝑒𝑎𝑟 𝑓𝑜𝑟𝑐𝑒 · 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟 𝑖𝑛 𝑚  
      = −16,67 · 3 + 16,67 · 3  = 0 𝑘𝑁   
 
#4; The normal forces in the upper horizontal stringer is at the begin and end node equal to the zero: 
𝑁𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑎𝑡 𝑏𝑒𝑔𝑖𝑛 𝑛𝑜𝑑𝑒  = 0 𝑘𝑁       
𝑁𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑎𝑡 𝑒𝑛𝑑 𝑛𝑜𝑑𝑒  = 𝑆ℎ𝑒𝑎𝑟 𝑓𝑜𝑟𝑐𝑒 · 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟 𝑖𝑛 𝑚  
      = 16,67 · 3 − 16,67 · 3  = 0 𝑘𝑁   
 
The shear forces in the calculated structure satisfy the four criteria, meaning that the given shear forces and the 
model are correct. The structure with the diagonals is calculated within the parametric model using the Karamba 
plug-in and shown in figure 3.8.   
 

 
figure  B.7 – Normal forces according to Karamba 

 
From figure 3.8 it can be seen that the normal forces in the diagonals are equal to −54,00 𝑘𝑁 and 43,18 𝑘𝑁. The 
shear forces in the panels can be calculated as follows: 
 
Shear force in horizontal direction (absolute value): 

(cos𝛼·𝑁1+cos𝛼·𝑁2)

𝑙𝑒𝑛𝑔𝑡ℎ ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟
   =

cos30,96·54+cos30,96·43,18

5
  = 16,67 𝑘𝑁/𝑚 

 

Shear force in vertical direction (absolute value): 
(sin𝛼·𝑁1+sin𝛼·𝑁2)

𝑙𝑒𝑛𝑔𝑡ℎ 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟
   =

sin30,96·54+sin30,96·43,18

3
  = 16,67 𝑘𝑁/𝑚 

 
With some structural knowledge the directions of the shear forces can be determined, resulting in −16,67 𝑘𝑁/𝑚 
in the left panel and 16,67 𝑘𝑁/𝑚 in the right panel.  
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Verification Karamba calculation  
The calculation of the stringer-panel model, which is made in the parametric model, will be done using the 
Karamba plug-in. The Karamba plug-in is an structural engineering tool that carries out finite element calculations 
for frames, beams, trusses, shells, etc. To calculate the forces in the structure, which is considered as a framework, 
the relation between the acting forces and the occurring displacements using a system of equations are described.   
 
In order to verify if a calculation according to the equations shown in chapter three correspond with the Karamba 
plug-in, the following simple structure will be calculated.  
 

 
 

figure B.5 – Simple structure to verify hand calculation 

 
The element stiffness matrix [𝐾𝑒] of the structure can be calculated with: 

𝐾𝑒 =
𝐸𝑒·𝐴𝑒

𝐿𝑒
[

𝑐² 𝑠𝑐
𝑠𝑐 𝑠²

−𝑐² −𝑠𝑐
−𝑠𝑐 −𝑠²

−𝑐² −𝑠𝑐
−𝑠𝑐 −𝑠²

𝑐² 𝑠𝑐
𝑠𝑐 𝑠²

]            with 𝑐 = 𝑐𝑜𝑠 · 𝜑𝑒 and 𝑠 = 𝑠𝑖𝑛 · 𝜑𝑒 

 
Element 1: 
𝐸𝐴  = 210.000 𝑘𝑁 
𝐿𝑒𝑛𝑔𝑡ℎ = 5000 𝑚𝑚  
𝐸𝐴/𝐿 = 42.000 𝑘𝑁/𝑚    
𝜑  = 0° 
cos𝜑 = 1 
sin𝜑 = 0 
 
Element 2: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 5000 𝑚𝑚 
𝐸𝐴/𝐿 = 42.000 𝑘𝑁/𝑚    
𝜑  = 0° 
cos𝜑 = 1 
sin𝜑 = 0 
 
Element 3: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 3000 𝑚𝑚 
𝐸𝐴/𝐿 = 70.000 𝑘𝑁/𝑚    
𝜑  = 90° 
cos𝜑 = 0 
sin𝜑 = 1 
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Element 4: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 5831 𝑚𝑚 
𝐸𝐴/𝐿 = 36.014 𝑘𝑁/𝑚    
𝜑  = 30,96° 
cos𝜑 = 0,857 
sin𝜑 = 0,514 
 
Element 5: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 5831 𝑚𝑚 
𝐸𝐴/𝐿 = 36.014 𝑘𝑁/𝑚    
𝜑  = −30,96° 
cos𝜑 = 0,857 
sin𝜑 = −0,514 
 
Element 6: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 3000 𝑚𝑚 
𝐸𝐴/𝐿 = 70.000 𝑘𝑁/𝑚    
𝜑  = 90° 
cos𝜑 = 0 
sin𝜑 = 1 
 
Element 7: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 5831 𝑚𝑚 
𝐸𝐴/𝐿 = 36.014 𝑘𝑁/𝑚    
𝜑  = 30,96° 
cos𝜑 = 0,857 
sin𝜑 = 0,514 
 
Element 8: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 5831 𝑚𝑚 
𝐸𝐴/𝐿 = 36.014 𝑘𝑁/𝑚    
𝜑  = −30,96° 
cos𝜑 = 0,857 
sin𝜑 = −0,514 
 
 
Element 9: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 3000 𝑚𝑚 
𝐸𝐴/𝐿 = 70.000 𝑘𝑁/𝑚    
𝜑  = 90° 
cos𝜑 = 0 
sin𝜑 = 1 
 
Element 10: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 5000 𝑚𝑚 
𝐸𝐴/𝐿 = 42.000 𝑘𝑁/𝑚    
𝜑  = 0° 
cos𝜑 = 1 
sin𝜑 = 0 
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Element 11: 
𝐸𝐴  = 210.000 𝑘𝑁  
𝐿𝑒𝑛𝑔𝑡ℎ = 5000 𝑚𝑚 
𝐸𝐴/𝐿 = 42.000 𝑘𝑁/𝑚    
𝜑  = 0° 
cos𝜑 = 1 
sin𝜑 = 0 
 
Merging the element stiffness matrices will lead to the global element stiffness matrix [𝐾𝑔𝑙𝑜𝑏𝑎𝑙]: 

 

 

Implementing the boundary conditions into the global element stiffness matrix will lead to the reduced element 
stiffness matrix [𝐾𝑟𝑒𝑑.]: 

 

 
In order to calculate the displacement vector [𝑑] the inversed matrix of the reduced element stiffness matrix 

[𝐾𝑖𝑛𝑣.] will be multiplied with the force vector [𝐹]: 

[𝐾𝑖𝑛𝑣.] · [𝐹] = [𝑑] 
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The normal forces per element can, using the displacement vector be calculated according to the equation shown 
below: 

𝑒𝑁 = (−𝑑1 · cos𝜑 + 𝑑1 · sin𝜑 + 𝑑2 · cos𝜑 − 𝑑2 · sin𝜑) ·
𝐸𝑒 · 𝐴𝑒

𝐿𝑒
 

 
With:  
 𝑑1 Displacement at start node of the element 
 𝑑2 Displacement at end node of the element 
 
The normal forces read: 
𝐸𝑙𝑒𝑚𝑒𝑛𝑡 1 = 𝐸𝑙𝑒𝑚𝑒𝑛𝑡 2  = −37,03 𝑘𝑁  
𝐸𝑙𝑒𝑚𝑒𝑛𝑡 3 = 𝐸𝑙𝑒𝑚𝑒𝑛𝑡 9  = −22,22 𝑘𝑁 
𝐸𝑙𝑒𝑚𝑒𝑛𝑡 4 = 𝐸𝑙𝑒𝑚𝑒𝑛𝑡 8  = +43,18 𝑘𝑁 
𝐸𝑙𝑒𝑚𝑒𝑛𝑡 5 = 𝐸𝑙𝑒𝑚𝑒𝑛𝑡 7  = −54,00 𝑘𝑁 
𝐸𝑙𝑒𝑚𝑒𝑛𝑡 6   = −44,43 𝑘𝑁 
𝐸𝑙𝑒𝑚𝑒𝑛𝑡 10 = 𝐸𝑙𝑒𝑚𝑒𝑛𝑡 11 = +46,31 𝑘𝑁 
 
The Karamba plug-in and an analysis with SCIA Engineer will lead to the same results (see figure B.6 and figure 
B.7). With this it is shown that the method used in the hand calculation is also used in the Karamba plug-in and 
SCIA Engineer and that it will therefore lead to the same results. This means that the structures calculated with 
the Karamba plug-in can also be calculated by hand.     
 

 
figure B.6 – Karamba results 

 
 
 

 

figure B.7 – SCIA Engineer results 
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Annex C 
 
Example #1: Pile Cap (STM) 
Since the pile cap is statically determined, the acting forces on the struts and tie can be calculated using 
equilibrium. Before the strut-and-tie model can be calculated, the geometry first has to be transformed into a 
strut-and-tie model. The lever arm (𝑧) can be calculated using the following equation: 
 

𝑧 = 0,2 · 𝑙 + 0,4 · ℎ ≤ 0,6 · 𝑙 
 
𝑧  = 0,2 · 1440 + 0,4 · 1600 ≤ 0,6 · 1440    
 = 864 𝑚𝑚 
 
With a concrete cover of 40 𝑚𝑚 and the internal lever arm of 864 𝑚𝑚 the strut-and-tie model can be made 
(figure C.1). 
 

 
 

figure C.1 – Geometry of pile cap (left) and corresponding strut-and-tie model (right) 

 
Now the lever arm is known, the forces in the tie and the struts can be calculated as follows: 
 
𝑇1 = 500 / 𝑡𝑎𝑛 𝛼   with 𝛼 = tan (864 / 400) 
 = +231,5 𝑘𝑁 
 
Since the structure has to be in equilibrium the force in 𝑆1 will be equal to the tensile force in 𝑇1 but as a 
compression force (231,5 𝑘𝑁). The force in 𝑆2 and 𝑆3 will be equal to each other: 
 
𝑆2 = 𝑆3 = 500 / 𝑠𝑖𝑛 𝛼   with 𝛼 = tan (864 / 400) 
 = −551,0 𝑘𝑁 
 
For the compression struts in a STM there are three different shapes that can occur. A prismatic, a bottle-shaped 
and a compression fan. Since the stresses flow from a large area (834 mm) to a smaller area (179 mm), a 
compression fan will occur in this example (figure C.2). 
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figure C.2 – Support node (left) node at intersection (middle) and compression fan (right) 

 
It is assumed that the compression fan has a negligible curvature, which is why no transverse tensile stresses will 
occur and why there is no equivalent orthogonal reinforcement grid necessary [Martin, 2007]. However in order 
to prevent brittle failure and to limit the crack width, deep beams have to be provided according on each side 
with an equivalent orthogonal reinforcement grid (Eurocode 2).      
 
The required reinforcement can be now be calculated: 
 
𝐴𝑠;𝑟𝑒𝑞 = 231,5 · 103 / 𝜎𝑠   with 𝜎𝑠 = 435 𝑁/𝑚𝑚² 

 = 532 𝑚𝑚² 
 
Mesh reinforcement according to Eurocode 2: 
 
𝐴𝑠;𝑑𝑏𝑚𝑖𝑛 = 0.001 · 𝐴𝑐𝑑  ≥ 150𝑚𝑚2/𝑚∗  with ∗ = 𝑎𝑡 𝑏𝑜𝑡ℎ 𝑠𝑖𝑑𝑒 𝑎𝑛𝑑 𝑖𝑛 𝑏𝑜𝑡ℎ 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑠  

 = 0.001 · 1600 · 100 
 = 160𝑚𝑚2/ 1.6𝑚 
 = 100𝑚𝑚2/𝑚    → 𝐴𝑠;𝑑𝑏𝑚𝑖𝑛 = 150𝑚𝑚2/𝑚 

 
Table C.1 shows the summary: 
 

 Acting Force [kN] Reinforcement [mm²] 

Strut #1 (S1) -231.5 

- Strut #2 (S2) -551.0 

Strut #3 (S3) -551.0 

Tie #1 (T1) +231.5 532 

Mesh reinfor. 0 150/m*
 

 
table C.1 – Acting forces and corresponding reinforcements 

 
The weights of the reinforcement can be made with the following assumption: 
 
𝑊𝑠 = 7,85 · 10−3 𝑘𝑔/𝑚𝑚²/𝑚 
 
𝑊𝑇1 = 7,85 · 10−3 · 532 · 1,44 
 = 6,01 kg 
𝑊𝑤𝑒𝑏 = 7,85 · 10−3 · 150 · 1,44 · 1,52 · 2 · 2 
 = 10,31 kg 

 

 

 

table C.2 – Weight of reinforcements 

 

 Weight [kg] Percentage [%] Weight [kg] EC2 Percentage [%] 

Tie #1 (T1) 6.01 100 6.01 36.8 

Web reinfor. 0 0 10.31 63.2 

Total 6.01 100 16.32 100 
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Example #1: Pile Cap (SPM) 
 
The structure is modelled in the parametric model. The shear and normal forces in the panels and stringer follow 
directly from the model. For matters of simplicity the shear forces are separated from the normal forces in the 
stringers (figure C.3). 

 
 

figure  C.3 – Shear forces in panels (left) and normal forces on stringers (right) 
 
The required reinforcement for the stringer: 
 
𝐴𝑠;𝑟𝑒𝑞 = 131,6 · 103 / 𝜎𝑠   with 𝜎𝑠 = 435 𝑁/𝑚𝑚² 

 = 301 𝑚𝑚² 
 
Mesh reinforcement in the panels: 
 
𝐴𝑠;𝑤𝑒𝑏 = 328,9 · 103 / 𝜎𝑠   with 𝜎𝑠 = 435 𝑁/𝑚𝑚² 

 = 756 𝑚𝑚2/𝑚 𝑎𝑡 𝑏𝑜𝑡ℎ 𝑠𝑖𝑑𝑒𝑠 
 = 378 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
Mesh reinforcement according to Eurocode 2: 
 
𝐴𝑠;𝑑𝑏𝑚𝑖𝑛 = 0.001 · 𝐴𝑐𝑑  ≥ 150𝑚𝑚2/𝑚∗  with ∗ = 𝑎𝑡 𝑏𝑜𝑡ℎ 𝑠𝑖𝑑𝑒 𝑎𝑛𝑑 𝑖𝑛 𝑏𝑜𝑡ℎ 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑠  

 = 0.001 · 1600 · 100 
 = 160𝑚𝑚2/ 1.6𝑚 
 = 100𝑚𝑚2/𝑚    → 𝐴𝑠;𝑑𝑏𝑚𝑖𝑛 = 150𝑚𝑚2/𝑚 
 
The acting forces and the corresponding reinforcements are summerised in table C.3: 

 Maximum Force [kN] Reinforcement [mm²] 

Stringer #1 (S1) +131.6 301 

Stringer #2 (S2) -500.0 

- 
Stringer #3 (S3) -500.0 

Stringer #4 (S4) -500.0 

Stringer #5 (S5) -131.6 

Panel #1 (P1) 328.9/m1 378/m* 

Panel #2 (P2) 0 150/m* 

Panel #3 (P3) 328.9/m1 378/m* 
 

table C.3 – Maximum forces and corresponding reinforcements 
        *double sided, in both horizontal and vertical direction 
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With the area of reinforcement known, the weight of the reinforcements can be calculated: 
 
𝑊𝑆1 = 7,85 · 10−3 · 301 · 1,44 
 = 3,40 kg 
𝑊𝑃1 = 7,85 · 10−3 · 378 · 0,4 · 1,52 · 2 · 2 
 = 7,22 kg 
𝑊𝑃2 = 7,85 · 10−3 · 150 · 0,64 · 1,52 · 2 · 2 
 = 4,58 kg 
𝑊𝑃3 = 7,85 · 10−3 · 378 · 0,4 · 1,52 · 2 · 2 
 = 7,22 kg 
 
 
 
 
 
 
 
 
 

table  C.4 – Weight of reinforcements 
 
Euler-Bernoulli beam theory 
The two different reinforcement designs are modelled in DIANA and are subjected to a non-linear elastic analysis. 
For this analysis the deep beam is modelled as a line element with the dimensions of the deep beam. Due to this 
schematisation the deep beam will be analysed as a Euler-Bernoulli beam. The analysis of the two reinforcement 
designs leads to interesting results. In figure C.4 the load-displacement graphs at mid-span are given for both 
reinforcement designs. It can be noticed that in both graphs the curve changes at a load of approximate 𝑄/2 =
400 𝑘𝑁. The change in the curve occurs since the tensile strength of concrete has been reached at 320 𝑘𝑁 and 
softening of the concrete occurs. Furthermore it can be noticed that the STM curve changes again at approximate 
𝑄/2 = 1200 𝑘𝑁 and the SPM curve at 𝑄/2 = 810 𝑘𝑁. This can be explained due to the yielding of the 
reinforcement bar, to which the displacement will increase significantly. The difference in load in which the 
reinforcement bar will yield (67,5%) is in accordance with the failure load (71,1%). In which the failure load of the 
STM is 𝑄/2 = 1350 𝑘𝑁 and the SPM 𝑄/2 = 960 𝑘𝑁.         
 

figure  C.4 – Load-Displacement curves at mid-span of STM (left) and SPM (right) 
 

When looking at the load-crack width curves (figure C.5) it can be noticed that the shape of the curves are in 
accordance with the shape of the load-displacement curves, which is logical. Since the tensile strength of the 
concrete is not reached for a load smaller than 320 𝑘𝑁, no cracks occur before this point. With the applied load 
according to the calculation (𝑄/2 = 500 𝑘𝑁) the crack width in the STM is 0.136 𝑚𝑚 and 0.229 𝑚𝑚 in the SPM.  

 Weight [kg] Percentage [%] Weight [kg] EC2 Percentage [%] 

Stringer #1 (S1) 3.40 19.0 3.40 15.2 

Panel #1 (P1) 7.22 40.5 7.22  
84.8 

 
Panel #2 (P2) 0 0 4.58 

Panel #3 (P3) 7.22 40.5 7.22 

Total 17.84 100 22.42 100 
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figure  C.5 – Load-Crack width curves of STM (left) and SPM (right) 

 
However it should be noted that the crack width is measured at mid-span, where in the SPM and STM both 
distributed web reinforcement of 150𝑚𝑚/𝑚 is placed. If the SPM is fully reinforced with a net of 378𝑚𝑚/𝑚 the 
crack width at 500 𝑘𝑁 is equal to 0.15 𝑚𝑚 meaning that it is still 10.3% larger than the crack width of the STM. 
Table C.5 shows for different reinforcement designs the crack widths at 500 𝑘𝑁. It can be noticed that the 
reinforcement in the tie/stringer has a much higher influence on the crack width than the applied web 
reinforcement. So arises the least crack width in the reinforcement designs with the highest local reinforcement 
(532𝑚𝑚²).           

  
    

table  C.5 – Crack widths for different reinforcement designs 
*double sided, in both horizontal and vertical direction 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

figure  C.6 – Horizontal stresses at mid-span for STM at 440kN (left) and SPM at 420kN (right) 
 
Figure C.6 shows a different behaviour between the two models. The difference that occurs between the two 
models is the difference in height which will be equal to zero stress after the concrete tensile strength of the outer 
fiber is reached. After reaching the concrete tensile strength in the STM, the concrete at 15 𝑚𝑚 above the outer 
fiber is still subjected to a tensile stress. In comparison with the STM the SPM behaves different. From the figure 
it can be seen that when the outer fiber of the SPM has reached the concrete tensile strength, the concrete tensile 
strength of the above 480 𝑚𝑚 will also be reached. This is in accordance with the load-displacement curves and 
the load-crack width curves where could be seen that when the tensile strength of the concrete has been reached, 
the displacement and crack width of the SPM increases more than the STM. Which can be related to the difference 
in local reinforcement.       
 

 

Tie/Stringer [mm2] Web reinforcement [mm2/m] Crack width at Q/2 
= 500 kN [mm] 

Original STM 532 150* 0.136 

Original SPM 301 378*; 150* 0.229 

STM #1 532 378* 0.100 

SPM #1 301 378* 0.150 

SPM #2 301 150* 0.233 
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table  C.6 – Overview and differences between STM and SPM 
*double sided, in both horizontal and vertical direction 

 
In the table shown above the overview and differences between the STM and the SPM are shown. From this table 
it can be noticed that the SPM is for almost every case higher than the STM. The only case for which the SPM is 
lower than the STM, is the area of the local reinforcement. However due to the smaller area of reinforcement, 
the reinforcement yields faster and thus has an adverse effect on the displacement, the crack width and the failure 
load. 

 
It can be concluded that for this example, the STM will lead to a better reinforcement design for which the weight 
and the displacement according to the SPM is approximate 40% higher than the STM and where the failure load 
is also 40% lower than the failure load according to the STM.  
 
 
Example #2: Deep beam with hole (STM) 
The strut-and-tie model that belongs to the geometry is taken from the literature and shown in figure C.7 [Schlaich 
et al 1987]. In contrast to the compression strut in Example #1, in compression strut S2 a bottle-shape will occur. 
This bottle-shape will due to transverse tensile stresses lead to the application of an equivalent orthogonal 
reinforcement grid. The calculations of the forces in the struts and ties can be calculated using equilibrium. 
 

 
                   

          figure C.7 – Strut-and-tie model according to Schlaich et al 

 
The reaction forces: 
 
𝑅𝑙𝑒𝑓𝑡 = 3000 · (2500/7000)    

 = 1071 𝑘𝑁 
 

 

Strut-and-tie 
model 

Stringer-panel 
model 

Difference (STM/SPM) 

Local reinforcement 532 mm² 301 mm² 56.6% 

Web reinforcement 
150mm²/m* 378mm²/m* 

150mm²/m* 

252.0% 
100.0% 

Weight 16.32 kg 22.42 kg 137.4% 

Displacement at Q/2 = 500kN 0.157 mm 0.230 mm 146.5% 

Crack width at Q/2 = 500kN 0.136 mm 0.229 mm 168.4% 

Failure load 1350 kN 960 kN 71.1% 



 

 

The stringer-panel method in parametric deep beams 64 

𝑅𝑟𝑖𝑔ℎ𝑡 = 3000 · (4500/7000)    

 = 1930 𝑘𝑁 
 
𝑆2 = 𝑅𝑟𝑖𝑔ℎ𝑡 / 𝑠𝑖𝑛 𝛼    with 𝛼 = tan (4200/2375) 

 = −2206,8 𝑘𝑁 
 
𝑇8+9 = 𝑅𝑟𝑖𝑔ℎ𝑡 / 𝑡𝑎𝑛 𝛼    with 𝛼 = tan (4200/2375) 

 = +1070 𝑘𝑁 
 
Since the left side of the strut-and-tie model is a combination from two different models (figure C.8) it is assumed 
that the tensile force in the lower tie is equally divided over 𝑇8 and 𝑇9 [Schlaich et al 1987].   
 

 
 

figure C.8 – Model 1 (left) and model 2 (right) 
 
𝑇8 = 𝑇9 = +535 𝑘𝑁 
 
𝑆1 = 𝐹1 / 𝑠𝑖𝑛 𝛽    with 𝛽 = tan (4200/625) 
 = −541,0 𝑘𝑁 
 
𝑇1 = (𝑇9 − 𝑆1/ 𝑡𝑎𝑛 𝛽)/ cos 45   
 = +663,0 𝑘𝑁 
 
Since in model 2 all the angels are under 45 degrees, the following can be concluded: 
 
𝑇2 = 𝑇3 = 0.5 ·  𝑅𝑙𝑒𝑓𝑡 = +535,0 𝑘𝑁 

 
𝑇4 = 2 · 𝑇3  = +1070,0 𝑘𝑁 
 
𝑇5 = 𝑇7   = +535,0 𝑘𝑁 
 
𝑇6 = 2 · 𝑇3  = +1070,0 𝑘𝑁 
 
With the forces in the struts and ties known, the required area of reinforcement can be calculated: 
 
𝑇1;𝐴𝑠;𝑟𝑒𝑞 = 663,0 · 103 / 𝜎𝑠   with 𝜎𝑠 = 435 𝑁/𝑚𝑚² 

 = 1524 𝑚𝑚² 
 
𝑇2;𝐴𝑠;𝑟𝑒𝑞 = 535,0 · 103 / 𝜎𝑠    

 = 1230 𝑚𝑚² 
= 𝑇3;𝐴𝑠;𝑟𝑒𝑞/𝑇5;𝐴𝑠;𝑟𝑒𝑞/𝑇7;𝐴𝑠;𝑟𝑒𝑞/𝑇8;𝐴𝑠;𝑟𝑒𝑞/𝑇9;𝐴𝑠;𝑟𝑒𝑞 
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𝑇4;𝐴𝑠;𝑟𝑒𝑞 = 1070,0 · 103 / 𝜎𝑠    

 = 2460 𝑚𝑚² 
= 𝑇6;𝐴𝑠;𝑟𝑒𝑞 

 
In contrast to the compression strut in Example #1, in compression strut S2 a bottle-shape will occur. This bottle-
shape will due to transverse tensile stresses lead to the application of an equivalent orthogonal reinforcement 
grid. 
 
𝑧  = 0,2 · 7000 + 0,4 · 4700 ≤ 0,6 · 7000    
 = 3280 𝑚𝑚 
 
𝐻  = 𝑧 / 𝑠𝑖𝑛 𝛼   with 𝐻 = Height of compressive strut 
 = 3750 𝑚𝑚 
 
ℎ  = 0.5 ·  𝐻    
 = 1875 𝑚𝑚 
 
𝑎  = 680 𝑚𝑚   according to Schlaich [Schlaich et al 1987]  
 

𝑇 = 𝐹 · (
ℎ−0.7·𝑎

4·ℎ
) 

 

= 2206,8 · (
1875 − 0.7 · 680

4 · 1875
) 

= 412 𝑘𝑁 
 
𝐴𝑠;𝜑 = 𝑇 / 𝜎𝑠    

 = 947 𝑚𝑚² 
 
𝐴𝑠;𝜑/𝐻 = 𝐴𝑠;𝜑 / ℎ    

 = 505 𝑚𝑚2/𝑚 
 
Since however inclined reinforcement is unpractical and economical it is chosen to translate the reinforcement 
into an equivalent orthogonal reinforcement grid. 
 
𝐴𝑠 = (𝐴𝑠;𝜑/𝐻) / (𝑠𝑖𝑛 𝛼 + 𝑐𝑜𝑠 𝛼)    

 = 371 𝑚𝑚2/𝑚    
 
The summary of forces and the area of reinforcements are shown in table C.7.  

      

 Acting Force [kN] Reinforcement [mm²] 

Strut #1 (S1) -541.0 - 

Strut #2 (S2) -2206.8 371/m 

Tie #1 (T1) +663.0 1524 

Tie #2 (T2) +535.0 1230 

Tie #3 (T3) +535.0 1230 

Tie #4 (T4) +1070.0 2460 

Tie #5 (T5) +535.0 1230 

Tie #6 (T6) +1070.0 2460 

Tie #7 (T7) +535.0 1230 

Tie #8 (T8) +535.0 1230 

Tie #9 (T9) +535.0 1230 
 

table C.7 – Acting forces and corresponding reinforcements 
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figure C.9 – Reinforcement design according to calculation 
 
According to Eurocode 2 deep beams have to be provided with a minimum of web reinforcement 𝐴𝑠;𝑑𝑏𝑚𝑖𝑛  

 
𝐴𝑠;𝑑𝑏𝑚𝑖𝑛 = 0.001 · 𝐴𝑐𝑑  ≥ 150𝑚𝑚2/𝑚∗  with ∗ = 𝑎𝑡 𝑏𝑜𝑡ℎ 𝑠𝑖𝑑𝑒 𝑎𝑛𝑑 𝑖𝑛 𝑏𝑜𝑡ℎ 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑠  

 = 0.001 · 4700 · 400 
 = 1880𝑚𝑚2/ 4.7𝑚 
 = 400𝑚𝑚2/𝑚    → 𝐴𝑠;𝑑𝑏𝑚𝑖𝑛 = 400𝑚𝑚2/𝑚∗ 

 
With the area of reinforcement known, the weight of the reinforcements can be calculated: 
 

𝑊𝑆1 = ((7,85 · 10−3 · 371 · 7,0 · 4,5) − (7,85 · 10−3 · 371 · 1,5 · 1,5)) · 2 

 = 170,37 kg 
 
𝑊𝑇1 = 7,85 · 10−3 · 1524 · 5,30 
 = 63,41 kg 
 
𝑊𝑇2 = 7,85 · 10−3 · 1230 · 2,0 
 = 19,31 kg 

= 𝑊𝑇5 
 
𝑊𝑇3 = 7,85 · 10−3 · 1230 · 1,0 
 = 9,66 kg 

= 𝑊𝑇7 
 
𝑊𝑇4 = 7,85 · 10−3 · 2460 · 2,5 
 = 48,28 kg 

= 𝑊𝑇6 
 
𝑊𝑇8 = 7,85 · 10−3 · 1230 · 7,0 
 = 67,59 kg 
 
𝑊𝑇9 = 7,85 · 10−3 · 1524 · 3,25 
 = 38,88 kg 
 

𝑊𝑆1;𝐸𝐶 = ((7,85 · 10−3 · 400 · 7,0 · 4,5) − (7,85 · 10−3 · 400 · 1,5 · 1,5)) · 2 · 2 

 = 367,38 kg 
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 Weight [kg] Percentage [%] Weight [kg] EC2 Percentage [%] 

Strut #2 (S2) 170.37 34.4 367.38 53.1 

Tie #1 (T1) 63.41 

65.6 

63.41 

46.9 

Tie #2 (T2) 19.31 19.31 

Tie #3 (T3) 9.66 9.66 

Tie #4 (T4) 48.28 48.28 

Tie #5 (T5) 19.31 19.31 

Tie #6 (T6) 48.28 48.28 

Tie #7 (T7) 9.66 9.66 

Tie #8 (T8) 67.59 67.59 

Tie #9 (T9) 38.88 38.88 

Total 494.75 100 691.76 100 
table  C.8 – Weight of reinforcements 

 
 
Example #2: Deep beam with hole (SPM) 
If one uses the STM for this deep beam design, the strut-and-tie design is quite complicated. If however the SPM 
is used, the “complicated” design can easily be transferred into a stringer-panel model. The parametric model will 
transfer the geometry in a stringer-panel model. The results that follow from the calculation are for matters of 
simplicity divided in shear forces, horizontal and vertical normal forces (figure C.10). 
 

 
 

figure  C.10 – Shear forces in panels 
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figure  C.11 – Normal forces in horizontal stringers (above) and normal forces in vertical stringers (beneath) 
 
The required reinforcement for the stringer: 
 
𝑆3𝐴𝑠;𝑟𝑒𝑞 = 528,8 · 103 / 𝜎𝑠   with 𝜎𝑠 = 435 𝑁/𝑚𝑚² 

 = 1216 𝑚𝑚² 
 
𝑆7𝐴𝑠;𝑟𝑒𝑞 = 636,2 · 103 / 𝜎𝑠    

 = 1463 𝑚𝑚² 
𝑆7𝐴𝑠;𝑟𝑒𝑞 = 326,9 · 103 / 𝜎𝑠    

 = 752 𝑚𝑚² 
 
𝑆8𝐴𝑠;𝑟𝑒𝑞 = 629,4 · 103 / 𝜎𝑠    

 = 1447 𝑚𝑚² 
 
𝑆9𝐴𝑠;𝑟𝑒𝑞 = 629,4 · 103 / 𝜎𝑠    

 = 948 𝑚𝑚² 
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Mesh reinforcement in the panels: 
 
𝑃1𝐴𝑠;𝑤𝑒𝑏 = 402,6 · 103 / 𝜎𝑠   with 𝜎𝑠 = 435 𝑁/𝑚𝑚² 

 = 926 𝑚𝑚2/𝑚 𝑎𝑡 𝑏𝑜𝑡ℎ 𝑠𝑖𝑑𝑒𝑠 
 = 463 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃2𝐴𝑠;𝑤𝑒𝑏 = 207,0 · 103 / 𝜎𝑠    

 = 238 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃3𝐴𝑠;𝑤𝑒𝑏 = 18,2 · 103 / 𝜎𝑠    

 = 21 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃4𝐴𝑠;𝑤𝑒𝑏 = 145,6 · 103 / 𝜎𝑠    

 = 167 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃5𝐴𝑠;𝑤𝑒𝑏 = 425,0 · 103 / 𝜎𝑠    

 = 489 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃6𝐴𝑠;𝑤𝑒𝑏 = 350,8 · 103 / 𝜎𝑠    

 = 403 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃7𝐴𝑠;𝑤𝑒𝑏 = 397,3 · 103 / 𝜎𝑠    

 = 457 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃8𝐴𝑠;𝑤𝑒𝑏 = 91,3 · 103 / 𝜎𝑠    

 = 105 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃9𝐴𝑠;𝑤𝑒𝑏 = 403,7 · 103 / 𝜎𝑠    

 = 464 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃10𝐴𝑠;𝑤𝑒𝑏 = 192,2 · 103 / 𝜎𝑠    

  = 221 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 
𝑃11𝐴𝑠;𝑤𝑒𝑏 = 483,3 · 103 / 𝜎𝑠    

  = 556 𝑚𝑚2/𝑚 𝑎𝑡 𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 
 

 Maximum Force [kN] Reinforcement [mm²] 

Stringer #3 (S3) +528.8 1216 

Stringer #7 (S7) +636.2/+326.9 1463/752 

Stringer #8 (S8) -348.5/+629.4 1447 

Stringer #9 (S9) +412.3 948 

Panel #1 (P1) 402.6/m1 463/m* 

Panel #2 (P2) 207.0/m1 238/m* 

Panel #3 (P3) 18.2/m1 21/m* 

Panel #4 (P4) 145.6/m1 167/m* 

Panel #5 (P5) 425.0/m1 489/m* 

Panel #6 (P6) 350.8/m1 403/m* 

Panel #7 (P7) 397.3/m1 457/m* 

Panel #8 (P8) 91.3/m1 105/m* 

Panel #9 (P9) 403.7/m1 464/m* 

Panel #10 (P10) 192.2/m1 221/m* 

Panel #11 (P11) 483.8/m1 556/m* 
table C.9 – Acting forces and corresponding reinforcements 
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Mesh reinforcement according to Eurocode 2: 
 
𝐴𝑠;𝑑𝑏𝑚𝑖𝑛 = 0.001 · 𝐴𝑐𝑑  ≥ 150𝑚𝑚2/𝑚∗  with ∗ = 𝑎𝑡 𝑏𝑜𝑡ℎ 𝑠𝑖𝑑𝑒 𝑎𝑛𝑑 𝑖𝑛 𝑏𝑜𝑡ℎ 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑠  

 = 0.001 · 4700 · 400 
 = 1880𝑚𝑚2/ 4.7𝑚 
 = 400𝑚𝑚2/𝑚    → 𝐴𝑠;𝑑𝑏𝑚𝑖𝑛 = 400𝑚𝑚2/𝑚 
 
The weight of the reinforcements: 
 
𝑊𝑆3 = 7,85 · 10−3 · 1216 · 4,50 
 = 42,96 kg 
𝑊𝑆7 = 7,85 · 10−3 · 1463 · 3,80 
 = 43,64 kg 
𝑊𝑆7 = 7,85 · 10−3 · 752 · 3,20 
 = 18,89 kg 
𝑊𝑆8 = 7,85 · 10−3 · 1447 · 5,15 
 = 58,50 kg 
𝑊𝑆9 = 7,85 · 10−3 · 948 · 7,00 
 = 52,09 kg 
 
𝑊𝑃1 = 7,85 · 10−3 · 463 · 0,15 · 0,3 · 2 · 2 
 = 0,65 kg 
𝑊𝑃2 = 7,85 · 10−3 · 238 · 1,7 · 0,3 · 2 · 2 
 = 3,81 kg 
𝑊𝑃3 = 7,85 · 10−3 · 21 · 2,65 · 0,3 · 2 · 2 
 = 0,52 kg 
𝑊𝑃4 = 7,85 · 10−3 · 167 · 2,5 · 0,3 · 2 · 2 
 = 3,93 kg 
𝑊𝑃5 = 7,85 · 10−3 · 489 · 0,15 · 1,7 · 2 · 2 
 = 3,92 kg 
𝑊𝑃6 = 7,85 · 10−3 · 403 · 2,65 · 1,7 · 2 · 2 
 = 57,01 kg 
𝑊𝑃7 = 7,85 · 10−3 · 457 · 2,5 · 1,7 · 2 · 2 
 = 60,99 kg 
𝑊𝑃8 = 7,85 · 10−3 · 105 · 0,15 · 2,5 · 2 · 2 
 = 1,24 kg 
𝑊𝑃9 = 7,85 · 10−3 · 464 · 1,7 · 2,5 · 2 · 2 
 = 61,92 kg 
𝑊𝑃10 = 7,85 · 10−3 · 221 · 2,65 · 2,5 · 2 · 2 
 = 45,97 kg 
𝑊𝑃11 = 7,85 · 10−3 · 556 · 2,5 · 2,5 · 2 · 2 
 = 109,12 kg 
 

𝑊𝑃;𝐸𝐶 = ((7,85 · 10−3 · 400 · 7,0 · 4,5) − (7,85 · 10−3 · 400 · 1,5 · 1,5)) · 2 · 2 

 = 367,38 kg 
𝑊𝑃7;𝐸𝐶 = 7,85 · 10−3 · (457 − 400) · 2,5 · 1,7 · 2 · 2 

 = 7,61 kg 
𝑊𝑃9;𝐸𝐶 = 7,85 · 10−3 · (464 − 400) · 1,7 · 2,5 · 2 · 2 

 = 8,54 kg 
𝑊𝑃11;𝐸𝐶 = 7,85 · 10−3 · (556 − 400) · 2,5 · 2,5 · 2 · 2 

 = 30,62 kg 
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table  C.10 – Weight of reinforcements 

 

  

 Weight [kg] Percentage [%] Weight [kg] EC2 Percentage [%] 

Stringer #3 (S3) 42.96 

38.2 

42.96 

34.3 
Stringer #7 (S7) 43.64/18.89 43.64/18.89 

Stringer #8 (S8) 58.50 58.50 

Stringer #9 (S9) 52.09 52.09 

Panel #1 (P1) 0.65 

61.8 367.38 

- 

65.7 

Panel #2 (P2) 3.81 - 

Panel #3 (P3) 0.52 - 

Panel #4 (P4) 3.93 - 

Panel #5 (P5) 3.92 - 

Panel #6 (P6) 57.01 - 

Panel #7 (P7) 60.99 7.61 

Panel #8 (P8) 1.24 - 

Panel #9 (P9) 61.92 8.54 

Panel #10 (P10) 45.97 - 

Panel #11 (P11) 109.12 30.62 

Total 565.16 100 630.23 100 
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Annex D 
 
Geometry script 
import rhinoscriptsyntax as rs 

import math 

 

x1 = Wall_width 

y1 = Wall_height 

z1 = Support_length 

u1 = Nr_extra_sup 

v1 = Pos_sup_1 

w1 = Pos_sup_2 

s1 = Pos_sup_3 

t1 = Hole_NoYes 

xx1 = Hole_width 

xy1 = Hole_height 

xu1 = Pos_hole_x_axis 

xv1 = Pos_hole_y_axis 

xw1 = Conc_cover 

 

print "All dimensions in mm" 

 

if x1 >= 3*y1: 

    print "IMPORTANT!!" 

    print "No deep beam" 

else: 

    print "Deep beam" 

 

################ 

### GEOMETRY ### 

################ 

 

#Outermost geometry 

pt1 = rs.AddPoint(0,0.05,0) 

pt2 = rs.AddPoint(x1,0.05,0) 

pt3 = rs.AddPoint(0,y1+0.05,0) 

pt4 = rs.AddPoint(x1,y1+0.05,0) 

Surface1 = rs.AddSrfPt([pt1, pt2, pt4, pt3]) 

 

#Supports 

pt5 = rs.AddPoint(0,0,0) 

pt6 = rs.AddPoint(z1,0,0) 

pt7 = rs.AddPoint(0,0.05,0) 

pt8 = rs.AddPoint(z1,0.05,0) 

Support1 = rs.AddSrfPt([pt5, pt6, pt8, pt7]) 

Support2 = rs.CopyObject(Support1, (x1-z1,0,0))  

 

if u1 == 0: 

    Support3 = None 

    Support4 = None 

    Support5 = None 

elif u1 == 1: 

    Support3 = rs.CopyObject(Support1, (v1-0.5*z1,0,0)) 

elif u1 == 2: 

    Support3 = rs.CopyObject(Support1, (v1-0.5*z1,0,0)) 

    Support4 = rs.CopyObject(Support1, (w1-0.5*z1,0,0)) 

elif u1 == 3: 

    Support3 = rs.CopyObject(Support1, (v1-0.5*z1,0,0)) 

    Support4 = rs.CopyObject(Support1, (w1-0.5*z1,0,0)) 

    Support5 = rs.CopyObject(Support1, (s1-0.5*z1,0,0)) 
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if x1-1.5*z1 < v1: 

    Support3 = None  

if 1.5*z1 > v1: 

    Support3 = None  

if x1-1.5*z1 < w1: 

    Support4 = None  

if 1.5*z1 > w1: 

    Support4 = None  

if x1-1.5*z1 < s1: 

    Support5 = None  

if 1.5*z1 > s1: 

    Support5 = None  

 

#Hole 

pt9 = rs.AddPoint(-0.5*xx1,-0.5*xy1,0) 

pt10 = rs.AddPoint(0.5*xx1,-0.5*xy1,0) 

pt11 = rs.AddPoint(-0.5*xx1,0.5*xy1,0) 

pt12 = rs.AddPoint(0.5*xx1,0.5*xy1,0) 

Surface2 = rs.AddSrfPt([pt9,pt10,pt12,pt11]) 

Hole = rs.MoveObject(Surface2,(xu1,xv1+0.05,0)) 

 

if t1 == 0: 

    Surface1  

if t1 == 1: 

    Surface3 = rs.BooleanDifference(Surface1,Hole) 

    Surface1 = Surface3 

 

if xv1+0.5*xy1 > y1-2*xw1 and t1 == 1: 

    Surface1 = None 

if xv1-0.5*xy1 < 2*xw1 and t1 == 1: 

    Surface1 = None 

if xu1+0.5*xx1 > x1-0.5*z1-xw1 and t1 == 1: 

    Surface1 = None 

if xu1-0.5*xx1 < 0.5*z1+xw1 and t1 == 1: 

    Surface1 = None 

 

if t1 == 0: 

    Geometry = [Surface1,Support1,Support2,Support3,Support4,Support5] 

if t1 == 1: 

    Geometry = Surface1 

    Geometry.append(Support1) 

    Geometry.append(Support2) 

    Geometry.append(Support3) 

    Geometry.append(Support4) 

    Geometry.append(Support5) 

 

Parameters_Geo = [u1,v1,w1,s1,t1,xx1,xy1,xu1,xv1] 

line1 = rs.AddLine(pt9,pt12) 

line2 = rs.AddLine(pt10,pt11) 

 

a = [pt9,pt10,pt11,pt12,line1,line2] 
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Loading script 
import rhinoscriptsyntax as rs 

import math 

 

Surface1 = Geometry[0] 

Support1 = Geometry[1] 

Support2 = Geometry[2] 

Support3 = Geometry[3] 

Support4 = Geometry[4] 

Support5 = Geometry[5] 

Geometry = [Surface1,Support1,Support2,Support3,Support4,Support5] 

 

x1 = Wall_width  

y1 = Wall_height 

z1 = Support_length 

x2 = Vert_point_load_NoYes 

y2 = Nr_V_point_loads 

z2 = Pos_V_point_load1 

u2 = Pos_V_point_load2 

v2 = Pos_V_point_load3 

w2 = Pos_V_point_load4 

s2 = Pos_V_point_load5 

t2 = Horiz_point_load_NoYes 

xx2 = Nr_H_point_loads 

xy2 = Pos_H_point_load1 

xu2 = Pos_H_point_load2 

xv2 = Pos_H_point_load3 

xw2 = Pos_H_point_load4 

xs2 = Pos_H_point_load5 

xt2 = Vert_line_load_NoYes 

yx2 = Horiz_line_load_NoYes 

x3 = Conc_cover 

 

############### 

### LOADING ### 

############### 

 

#Vertical point loading 

VPLoads = [] 

param = [z2,u2,v2,w2,s2] 

for idx in range(0,y2): 

      VPLoads.append(rs.CopyObject(Support1, (param[idx]-

0.5*z1,y1+0.05,0))) 

 

if x2 == 0: 

    VPLoads = None 

 

#Horizontal point loading 

Hsupport = rs.CopyObject(Support1, (0,0,0)) 

Hsupport1 = rs.RotateObject(Hsupport, (0,0.05,0), 90) 

HSupport1 = rs.MirrorObject(Hsupport1, (0,0,0), (0,y1,0)) 

 

HPLoads = [] 

param = [xy2,xu2,xv2,xw2,xs2] 

for idx in range(0,xx2): 

      HPLoads.append(rs.CopyObject(HSupport1, (0,param[idx]-0.5*z1,0))) 

 

if t2 == 0: 

    HPLoads = None 

 

#Vertical line load 
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VLLoads = [] 

param = [0,1,2,3,4,5,6,7,8,9] 

for idx in range (0,10): 

    VLLoads.append(rs.CopyObject(Support1, (param[idx]*(((x1-

z1)/9)),y1+0.05,0))) 

 

if xt2 == 0: 

    VLLoads = None 

 

#Horizontal line load 

HLLoads = [] 

param = [1,2,3] 

for idx in range (0,3): 

    HLLoads.append(rs.CopyObject(HSupport1, (0,(param[idx]*((y1-

z1)/4)),0))) 

HLLoads.append(rs.CopyObject(HSupport1, (0,x3-0.5*z1,0))) 

HLLoads.append(rs.CopyObject(HSupport1, (0,y1-x3-0.5*z1,0))) 

 

if yx2 == 0: 

    HLLoads = None 

 

import clr 

clr.AddReference("Grasshopper") 

import Grasshopper.Kernel.Data.GH_Path as ghpath 

import Grasshopper.DataTree as datatree 

import System 

 

Loading = datatree[System.Object]() 

path1 = ghpath(0) 

 

if x2 == 1: 

    Loading.AddRange(VPLoads, path1) 

if t2 == 1: 

    Loading.AddRange(HPLoads, path1) 

if xt2 == 1: 

    Loading.AddRange(VLLoads, path1)  

if yx2 == 1: 

    Loading.AddRange(HLLoads, path1) 

 

Parameters_Load = [x2,y2,z2,u2,v2,w2,s2,t2,xt2,xx2,xy2,xu2,xv2,xw2,xs2,yx2] 
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SPM #1 script 
import rhinoscriptsyntax as rs 

import math 

 

u1 = Parameters_Geo[0]      #Nr_extra_sup 

v1 = Parameters_Geo[1]      #Pos_sup_1 

w1 = Parameters_Geo[2]      #Pos_sup_2 

s1 = Parameters_Geo[3]      #Pos_sup_3 

t1 = Parameters_Geo[4]      #Hole_NoYes 

xx1 = Parameters_Geo[5]     #Hole_width 

xy1 = Parameters_Geo[6]     #Hole_height 

xu1 = Parameters_Geo[7]     #Pos_hole_x_axis 

xv1 = Parameters_Geo[8]     #Pos_hole_y_axis 

 

x2 = Parameters_Load[0]     #Vert_point_load_NoYes 

y2 = Parameters_Load[1]     #Nr_V_point_loads 

z2 = Parameters_Load[2]     #Pos_V_point_load1 

u2 = Parameters_Load[3]     #Pos_V_point_load2 

v2 = Parameters_Load[4]     #Pos_V_point_load3 

w2 = Parameters_Load[5]     #Pos_V_point_load4 

s2 = Parameters_Load[6]     #Pos_V_point_load5 

t2 = Parameters_Load[7]     #Horiz_point_load_NoYes 

xt2 = Parameters_Load[8]    #Vert_line_load_NoYes 

xx2 = Parameters_Load[9]    #Nr_H_point_loads 

xy2 = Parameters_Load[10]   #Pos_H_point_load1 

xu2 = Parameters_Load[11]   #Pos_H_point_load2 

xv2 = Parameters_Load[12]   #Pos_H_point_load3 

xw2 = Parameters_Load[13]   #Pos_H_point_load4 

xs2 = Parameters_Load[14]   #Pos_H_point_load5 

yx2 = Parameters_Load[15]   #Horiz_line_load_NoYes 

 

Surface1 = Geometry[0] 

Support1 = Geometry[1] 

Support2 = Geometry[2] 

Support3 = Geometry[3] 

Support4 = Geometry[4] 

Support5 = Geometry[5] 

Geometry = [Surface1,Support1,Support2,Support3,Support4,Support5] 

 

#View Geometry 

if View_geometry == 1: 

    Geometry 

elif View_geometry == 0: 

    Geometry = None 

 

if x2 == 1: 

    VPLoads = Loading[0] 

if t2 == 1: 

    HPLoads = Loading 

if xt2 == 1: 

    VLLoads = Loading[2] 

if yx2 == 1: 

    HLLoads = Loading[3] 

 

#View loading 

if View_loading == 1: 

    Loading 

elif View_loading == 0: 

    Loading = None 

 

x1 = Wall_width  
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y1 = Wall_height 

z1 = Support_length 

x3 = Conc_cover 

 

############################ 

### STRINGER-PANEL MODEL ### 

############################ 

 

### Stringers ### 

#Stringers (Outermost geometry) 

S1 = rs.AddLine((0.5*z1,0.05+x3,0),(0.5*z1,y1+0.05-x3,0)) 

S2 = rs.AddLine((x1-0.5*z1,0.05+x3,0),(x1-0.5*z1,y1+0.05-x3,0)) 

S3 = rs.AddLine((0.5*z1,0.05+x3,0),(x1-0.5*z1,0.05+x3,0)) 

S4 = rs.AddLine((0.5*z1,y1+0.05-x3,0),(x1-0.5*z1,y1+0.05-x3,0)) 

 

#Stringers Vertical (Supports) 

StringVS = [] 

param = [v1,w1,s1] 

for idx in range(0,u1): 

    if param[idx] < xu1-0.5*xx1-x3 or param[idx] > xu1+0.5*xx1+x3: 

        

StringVS.append(rs.AddLine((param[idx],0.05+x3,0),(param[idx],y1+0.05-

x3,0))) 

    if param[idx] >= xu1-0.5*xx1-x3 and param[idx] <= xu1+0.5*xx1+x3 and t1 

== 1: 

        if 0.05+x3 <> xv1-0.5*xy1: 

            

StringVS.append(rs.AddLine((param[idx],0.05+x3,0),(param[idx],xv1-0.5*xy1-

x3+0.05,0))) 

        if xv1+0.5*xy1+x3+0.05 <> y1+0.05-x3: 

            

StringVS.append(rs.AddLine((param[idx],xv1+0.5*xy1+x3+0.05,0),(param[idx],y

1+0.05-x3,0))) 

    if t1 == 0: 

        

StringVS.append(rs.AddLine((param[idx],0.05+x3,0),(param[idx],y1+0.05-

x3,0))) 

 

if u1 == 0: 

    StringVS = None 

 

#Stringers Vertical (Hole) 

if t1 == 1: 

    S5 = rs.AddLine((xu1-0.5*xx1-x3,0.05+x3,0),(xu1-0.5*xx1-x3,y1+0.05-

x3,0)) 

    S6 = rs.AddLine((xu1+0.5*xx1+x3,0.05+x3,0),(xu1+0.5*xx1+x3,y1+0.05-

x3,0)) 

 

if t1 == 0: 

    S5 = None 

    S6 = None 

 

#Stringers Vertical (Point load) 

StringVP = [] 

param = [z2,u2,v2,w2,s2] 

for idx in range(0,y2): 

    if param[idx] < xu1-0.5*xx1-x3 or param[idx] > xu1+0.5*xx1+x3: 

        

StringVP.append(rs.AddLine((param[idx],0.05+x3,0),(param[idx],y1+0.05-

x3,0))) 
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    if param[idx] >= xu1-0.5*xx1-x3 and param[idx] <= xu1+0.5*xx1+x3 and t1 

== 1: 

        if 0.05+x3 <> xv1-0.5*xy1: 

            

StringVP.append(rs.AddLine((param[idx],0.05+x3,0),(param[idx],xv1-

0.5*xy1,0))) 

        if y1+0.05-x3 <> xv1+0.5*xy1+2*x3: 

            

StringVP.append(rs.AddLine((param[idx],xv1+0.5*xy1+2*x3,0),(param[idx],y1+0

.05-x3,0))) 

    if t1 == 0: 

        

StringVP.append(rs.AddLine((param[idx],0.05+x3,0),(param[idx],y1+0.05-

x3,0))) 

 

if x2 == 0: 

    StringVP = None 

 

if t1 == 0 and x2 == 1 and y2 <> 3 and xu1+0.5*xx1 < z2 < xu1-0.5*xx1: 

    StringVP.remove(StringVP[-1]) 

 

#Stringers Vertical (Line load) 

StringVL = [] 

param = [1,2,3,4,5,6,7,8] 

for idx in range(0,8): 

    if param[idx]*((x1-z1)/9)+0.5*z1 < xu1-0.5*xx1-x3 or param[idx]*((x1-

z1)/9)+0.5*z1 > xu1+0.5*xx1+x3: 

        StringVL.append(rs.AddLine((param[idx]*(((x1-

z1)/9))+0.5*z1,0.05+x3,0),(param[idx]*(((x1-z1)/9))+0.5*z1,y1+0.05-x3,0))) 

    if param[idx]*((x1-z1)/9)+0.5*z1 >= xu1-0.5*xx1-x3 and param[idx]*((x1-

z1)/9)+0.5*z1 <= xu1+0.5*xx1+x3 and t1 == 1: 

        if 0.05+x3 <> xv1-0.5*xy1: 

            StringVL.append(rs.AddLine((param[idx]*(((x1-

z1)/9))+0.5*z1,0.05+x3,0),(param[idx]*(((x1-z1)/9))+0.5*z1,xv1-0.5*xy1,0)))  

        if y1+0.05-x3 <> xv1+0.5*xy1+2*x3: 

            StringVL.append(rs.AddLine((param[idx]*(((x1-

z1)/9))+0.5*z1,xv1+0.5*xy1+2*x3,0),(param[idx]*(((x1-

z1)/9))+0.5*z1,y1+0.05-x3,0)))   

    if t1 == 0: 

        StringVL.append(rs.AddLine((param[idx]*(((x1-

z1)/9))+0.5*z1,0.05+x3,0),(param[idx]*(((x1-z1)/9))+0.5*z1,y1+0.05-x3,0))) 

 

if xt2 == 0: 

    StringVL = None 

 

#Stringers Horizontal (Hole) 

if t1 == 1: 

    S7 = rs.AddLine((0.5*z1,xv1+0.05-0.5*xy1-x3,0),(x1-0.5*z1,xv1+0.05-

0.5*xy1-x3,0)) 

    S8 = rs.AddLine((0.5*z1,xv1+0.05+0.5*xy1+x3,0),(x1-

0.5*z1,xv1+0.05+0.5*xy1+x3,0)) 

 

if t1 == 0: 

    S7 = None 

    S8 = None 

 

#Stringers Horizontal (Point Load) 

StringHP = [] 

param = [xy2,xu2,xv2,xw2,xs2] 

for idx in range(0,xx2): 

    if param[idx] < xv1-0.5*xy1-x3 or param[idx] > xv1+0.5*xy1+x3: 
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        StringHP.append(rs.AddLine((0.5*z1,param[idx]+0.05,0),(x1-

0.5*z1,param[idx]+0.05,0))) 

    if param[idx] >= xv1-0.5*xy1-x3 and param[idx] <= xv1+0.5*xy1+x3 and t1 

== 1: 

        if 0.5*z1 <> xu1-0.5*xx1-0.5*z1:  

            StringHP.append(rs.AddLine((0.5*z1,param[idx]+0.05,0),(xu1-

0.5*xx1-x3,param[idx]+0.05,0))) 

        if x1-0.5*z1 <> xu1+0.5*xx1+0.5*z1:    

           

StringHP.append(rs.AddLine((xu1+0.5*xx1+x3,param[idx]+0.05,0),(x1-

0.5*z1,param[idx]+0.05,0))) 

    if t1 == 0: 

        StringHP.append(rs.AddLine((0.5*z1,param[idx]+0.05,0),(x1-

0.5*z1,param[idx]+0.05,0))) 

 

if t2 == 0: 

    StringHP = None 

 

if t2 == 1: 

    for i in range(0,xx2-1): 

        if ((rs.CurveEndPoint(StringHP[i]) == 

rs.CurveEndPoint(StringHP[i+1])) and \ 

        (rs.CurveStartPoint(StringHP[i]) == 

rs.CurveStartPoint(StringHP[i+1]))) or \ 

        ((rs.CurveEndPoint(StringHP[i]) == 

rs.CurveStartPoint(StringHP[i+1])) and \ 

        (rs.CurveStartPoint(StringHP[i]) == 

rs.CurveEndPoint(StringHP[i+1]))): 

            StringHP.remove(StringHP[i+1]) 

 

if t1 == 0 and t2 == 1 and xx2 == 1 and xy2 < xv1-0.5*xy1-x3 or t1 == 0 and 

t2 == 1 and xx2 == 1 and xy2 > xv1+0.5*xy1: 

    StringHP.remove(StringHP[-1]) 

if t1 == 0 and t2 == 1 and xx2 == 2 and xu2 < xv1-0.5*xy1-x3 or t1 == 0 and 

t2 == 1 and xx2 == 2 and xu2 > xv1+0.5*xy1: 

    StringHP.remove(StringHP[-1]) 

if t1 == 0 and t2 == 1 and xx2 == 3 and xv2 < xv1-0.5*xy1-x3 or t1 == 0 and 

t2 == 1 and xx2 == 3 and xv2 > xv1+0.5*xy1: 

    StringHP.remove(StringHP[-1]) 

if t1 == 0 and t2 == 1 and xx2 == 4 and xw2 < xv1-0.5*xy1-x3 or t1 == 0 and 

t2 == 1 and xx2 == 4 and xw2 > xv1+0.5*xy1: 

    StringHP.remove(StringHP[-1]) 

if t1 == 0 and t2 == 1 and xx2 == 5 and xs2 < xv1-0.5*xy1-x3 or t1 == 0 and 

t2 == 1 and xx2 == 5 and xs2 > xv1+0.5*xy1: 

    StringHP.remove(StringHP[-1]) 

 

#Stringers Horizontal (Line Load) 

StringHL = [] 

param = [1,2,3] 

if t1 == 1: 

    for idx in range(0,3): 

        if param[idx]*((y1-z1)/4)+0.5*z1 < xv1-0.5*xy1-x3 or 

param[idx]*((y1-z1)/4)+0.5*z1 > xv1+0.5*xy1+x3: 

            StringHL.append(rs.AddLine((0.5*z1,param[idx]*((y1-

z1)/4)+0.5*z1+x3,0),(x1-0.5*z1,param[idx]*((y1-z1)/4)+0.5*z1+x3,0))) 

        if param[idx]*((y1-z1)/4)+0.5*z1 >= xv1-0.5*xy1-x3 and 

param[idx]*((y1-z1)/4)+0.5*z1 <= xv1+0.5*xy1+x3 and t1 == 1: 

            if 0.5*z1 <> xu1-0.5*xx1-0.5*z1:  

                StringHL.append(rs.AddLine((0.5*z1,param[idx]*((y1-

z1)/4)+0.5*z1+x3,0),(xu1-0.5*xx1-x3,param[idx]*((y1-z1)/4)+0.5*z1+x3,0))) 

            if x1-0.5*z1 <> xu1+0.5*xx1+0.5*z1:    
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               StringHL.append(rs.AddLine((xu1+0.5*xx1+x3,param[idx]*((y1-

z1)/4)+0.5*z1+x3,0),(x1-0.5*z1,param[idx]*((y1-z1)/4)+0.5*z1+x3,0))) 

        StringHL.append(rs.AddLine((0.5*z1,0.05+x3,0),(x1-

0.5*z1,0.05+x3,0))) 

        StringHL.append(rs.AddLine((0.5*z1,0.05+y1-x3,0),(x1-

0.5*z1,0.05+y1-x3,0))) 

 

Param = [1,2,3] 

for idx in range(0,3): 

    if t1 == 0: 

        StringHL.append(rs.AddLine((0.5*z1,0.5*z1+0.05+Param[idx]*((y1-

z1)/4),0),(x1-0.5*z1,0.5*z1+0.05+Param[idx]*((y1-z1)/4),0))) 

        StringHL.append(rs.AddLine((0.5*z1,0.05+x3,0),(x1-

0.5*z1,0.05+x3,0))) 

        StringHL.append(rs.AddLine((0.5*z1,0.05+y1-x3,0),(x1-

0.5*z1,0.05+y1-x3,0))) 

 

if yx2 == 0: 

    StringHL = None 

 

if yx2 == 1: 

    for i in range(0,5): 

        if ((rs.CurveEndPoint(StringHL[i]) == 

rs.CurveEndPoint(StringHL[i+1])) and \ 

        (rs.CurveStartPoint(StringHL[i]) == 

rs.CurveStartPoint(StringHL[i+1]))) or \ 

        ((rs.CurveEndPoint(StringHL[i]) == 

rs.CurveStartPoint(StringHL[i+1])) and \ 

        (rs.CurveStartPoint(StringHL[i]) == 

rs.CurveEndPoint(StringHL[i+1]))): 

            StringHL.remove(StringHL[i+1]) 

 

import clr 

clr.AddReference("Grasshopper") 

import Grasshopper.Kernel.Data.GH_Path as ghpath 

import Grasshopper.DataTree as datatree 

import System 

 

SPM = datatree[System.Object]() 

path1 = ghpath(0) 

 

SPM.AddRange((S1,S2,S3,S4), path1) 

if u1 <> 0: 

    SPM.AddRange(StringVS, path1) 

if t1 == 1: 

    SPM.AddRange((S5,S6,S7,S8), path1) 

if x2 == 1: 

    SPM.AddRange(StringVP, path1) 

if xt2 == 1: 

    SPM.AddRange(StringVL, path1) 

if t2 == 1: 

    SPM.AddRange(StringHP, path1) 

if yx2 == 1: 

    SPM.AddRange(StringHL, path1) 

 

HStringers = datatree[System.Object]() 

path1 = ghpath(0) 

 

HStringers.AddRange((S3,S4), path1) 

if t1 == 1: 

    HStringers.AddRange((S7,S8), path1) 
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if t2 == 1: 

    HStringers.AddRange(StringHP, path1) 

if yx2 == 1: 

    HStringers.AddRange(StringHL, path1) 

 

VStringers = datatree[System.Object]() 

path1 = ghpath(0) 

 

VStringers.AddRange((S1,S2), path1) 

if u1 <> 0: 

    VStringers.AddRange(StringVS, path1) 

if t1 == 1: 

    VStringers.AddRange((S5,S6), path1) 

if x2 == 1: 

    VStringers.AddRange(StringVP, path1) 

if xt2 == 1: 

    VStringers.AddRange(StringVL, path1) 

 
 
SPM #2 script 
import rhinoscriptsyntax as rs 

import math 

 

u1 = Parameters_Geo[0]      #Nr_extra_sup 

v1 = Parameters_Geo[1]      #Pos_sup_1 

w1 = Parameters_Geo[2]      #Pos_sup_2 

s1 = Parameters_Geo[3]      #Pos_sup_3 

t1 = Parameters_Geo[4]      #Hole_NoYes 

xx1 = Parameters_Geo[5]     #Hole_width 

xy1 = Parameters_Geo[6]     #Hole_height 

xu1 = Parameters_Geo[7]     #Pos_hole_x_axis 

xv1 = Parameters_Geo[8]     #Pos_hole_y_axis 

 

x2 = Parameters_Load[0]     #Vert_point_load_NoYes 

y2 = Parameters_Load[1]     #Nr_V_point_loads 

z2 = Parameters_Load[2]     #Pos_V_point_load1 

u2 = Parameters_Load[3]     #Pos_V_point_load2 

v2 = Parameters_Load[4]     #Pos_V_point_load3 

w2 = Parameters_Load[5]     #Pos_V_point_load4 

s2 = Parameters_Load[6]     #Pos_V_point_load5 

t2 = Parameters_Load[7]     #Horiz_point_load_NoYes 

xt2 = Parameters_Load[8]    #Vert_line_load_NoYes 

xx2 = Parameters_Load[9]    #Nr_H_point_loads 

xy2 = Parameters_Load[10]   #Pos_H_point_load1 

xu2 = Parameters_Load[11]   #Pos_H_point_load2 

xv2 = Parameters_Load[12]   #Pos_H_point_load3 

xw2 = Parameters_Load[13]   #Pos_H_point_load4 

xs2 = Parameters_Load[14]   #Pos_H_point_load5 

yx2 = Parameters_Load[15]   #Horiz_line_load_NoYes 

 

Surface1 = Geometry[0] 

Support1 = Geometry[1] 

Support2 = Geometry[2] 

Support3 = Geometry[3] 

Support4 = Geometry[4] 

Support5 = Geometry[5] 

Geometry = [Surface1,Support1,Support2,Support3,Support4,Support5] 

 

#View Geometry 

if View_geometry == 1: 

    Geometry 
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elif View_geometry == 0: 

    Geometry = None 

 

if x2 == 1: 

    VPLoads = Loading[0] 

if t2 == 1: 

    HPLoads = Loading 

if xt2 == 1: 

    VLLoads = Loading[2] 

if yx2 == 1: 

    HLLoads = Loading[3] 

 

#View loading 

if View_loading == 1: 

    Loading 

elif View_loading == 0: 

    Loading = None 

 

x1 = Wall_width  

y1 = Wall_height 

z1 = Support_length 

x3 = Conc_cover 

 

############################ 

### STRINGER-PANEL MODEL ### 

############################ 

 

### Panels ### 

Panels = [] 

Panels1 = [] 

q1 = 0 

 

#No Loads 

if x2 == 0 and t2 == 0 and xt2 == 0 and yx2 == 0: 

    if t1 == 0: 

        H1 = 2 

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Vertical Point Load 

if x2 == 1 and t2 == 0 and xt2 == 0 and yx2 == 0: 

    if t1 == 0: 

        H1 = 2 

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Horizontal Point Load 

if t2 == 1 and x2 == 0 and xt2 == 0 and yx2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers) 

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 
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        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Vertical Line Load 

if xt2 == 1 and x2 == 0 and t2 == 0 and yx2 == 0: 

    if t1 == 0: 

        H1 = 2 

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Horizontal Line Load 

if yx2 == 1 and x2 == 0 and t2 == 0 and xt2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers) 

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Vertical Point Load + Horizontal Point Load 

if x2 == 1 and t2 == 1 and xt2 == 0 and yx2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers) 

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Vertical Point Load + Vertical Line Load 

if x2 == 1 and xt2 == 1 and t2 == 0 and yx2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers) 

        for q1 in range(0,(len(IP)-H1)): 

            if q1 % 2 == 0: 

                Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    if t1 == 1: 

        H1 = len(HStringers) 

        for q1 in range(0,(len(IP)-H1-1)): 

            Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

        for i in range(H1-1,len(IP)-2*H1,H1): 

            Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Vertical Point Load + Horizontal Line Load 

if x2 == 1 and yx2 == 1 and t2 == 0 and xt2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers) 

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 
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#Vertical Point Load + Horizontal Point Load + Vertical Line Load 

if x2 == 1 and t2 == 1 and xt2 == 1 and yx2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers)  

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Vertical Point Load + Horizontal Point Load + Horizontal Line Load 

if x2 == 1 and t2 == 1 and yx2 == 1 and xt2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers)  

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Vertical Point Load + Vertical Line Load + Horizontal Line Load 

if x2 == 1 and xt2 == 1 and yx2 == 1 and t2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers)  

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Vertical Point Load + Horizontal Point Load + Vertical Line Load + 

Horizontal Line Load 

if x2 == 1 and t2 == 1 and xt2 == 1 and yx2 == 1: 

    if t1 == 0: 

        H1 = len(HStringers)  

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Horizontal Point Load + Vertical Line Load 

if t2 == 1 and xt2 == 1 and x2 == 0 and yx2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers)  

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Horizontal Point Load + Horizontal Line Load 

if t2 == 1 and yx2 == 1 and x2 == 0 and xt2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers) 
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    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Horizontal Point Load + Vertical Line Load + Horizontal Line Load 

if t2 == 1 and xt2 == 1 and yx2 == 1 and x2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers)  

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

#Vertical Line Load + Horizontal Line Load 

if xt2 == 1 and yx2 == 1 and x2 == 0 and t2 == 0: 

    if t1 == 0: 

        H1 = len(HStringers)  

    if t1 == 1: 

        H1 = len(HStringers) 

    for q1 in range(0,len(IP)-H1-1): 

        Panels.append(rs.AddLine(IP[q1], IP[q1+H1+1])) 

    for i in range(H1-1,len(IP)-2*H1,H1): 

        Panels1.append(rs.AddLine(IP[i], IP[i+H1+1])) 

 

Panelen = [] 

Paneel = [] 

 

MidPanels = [] 

for i in range(0,len(Panels)): 

    MidPanels.append(rs.CurveMidPoint(Panels[i])) 

MidPanels1 = [] 

for i in range(0,len(Panels1)): 

    MidPanels1.append(rs.CurveMidPoint(Panels1[i])) 

 

for v in MidPanels: 

    if v in MidPanels1: 

        Panelen.append(Panels[MidPanels.index(v)]) 

    else: 

        Paneel.append(Panels[MidPanels.index(v)]) 

 

CrvMid = [] 

for i in range(0,len(Paneel)): 

    CrvMid.append(rs.CurveMidPoint(Paneel[i])) 

 

Pan = [] 

Pans = [] 

for i in range(0,len(CrvMid)): 

    if t1 == 1: 

        if xu1-0.5*xx1-x3 < CrvMid[i][0] < xu1+0.5*xx1+x3 and xv1-0.5*xy1-

x3-0.05 < CrvMid[i][1] < xv1+0.5*xy1+x3+0.05: 

            Pan.append(Paneel[i]) 

        else: 

            Pans.append(Paneel[i]) 

    if t1 == 0: 

        Pans.append(Paneel[i]) 
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CrvMid1 = [] 

for i in range(0,len(Pans)): 

    CrvMid1.append(rs.CurveMidPoint(Pans[i])) 

 

CopyPanels = [] 

for i in range(0,len(Pans)): 

    CopyPanels.append(rs.CopyObject(Pans[i])) 

 

Xcoord = [pt.X for pt in CrvMid1] 

Ycoord = [pt.Y for pt in CrvMid1] 

 

Mirror = [] 

for i in range(0,len(CrvMid1)): 

    Mirror.append(rs.MirrorObject(CopyPanels[i],(Xcoord[i],Ycoord[i]-

1,0),(Xcoord[i],Ycoord[i]+1,0))) 

 

import clr 

clr.AddReference("Grasshopper") 

import Grasshopper.Kernel.Data.GH_Path as ghpath 

import Grasshopper.DataTree as datatree 

import System 

 

SPM = datatree[System.Object]() 

path1 = ghpath(0) 

 

SPM.AddRange(Pans, path1) 

SPM.AddRange(Mirror, path1) 

SPM.AddRange(HS, path1) 

SPM.AddRange(VS, path1) 

 

Panel = datatree[System.Object]() 

path1 = ghpath(0) 

 

Panel.AddRange(Pans, path1) 

Panel.AddRange(Mirror, path1) 

 

#View SPM 

if View_SPM == 1: 

    SPM 

    HS 

    VS 

    Panel 

elif View_SPM == 0: 

    SPM = None 

    HS = None 

    VS = None 

    Panel = None 

 

Karamba = 

[u1,v1,w1,s1,x1,z1,x3,x2,y2,z2,u2,v2,w2,s2,t2,xt2,xx2,xy2,xu2,xv2,xw2,xs2,y

x2,y1] 

 

#View Karamba 

if View_Karamba == 1: 

    Karamba 

elif View_Karamba == 0: 

    Karamba = None 
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Karamba script 
import rhinoscriptsyntax as rs 

 

x = Karamba[0]      #Nr_extra_sup 

y = Karamba[1]      #Pos_sup_1 

z = Karamba[2]      #Pos_sup_2 

u = Karamba[3]      #Pos_sup_3 

v = Karamba[4]      #Wall_width 

w = Karamba[5]      #Support_length 

s = Karamba[6]      #Conc_cover 

t = Karamba[7]      #Vert_point_load_NoYes 

xx = Karamba[8]     #Nr_V_point_loads 

xy = Karamba[9]     #Pos_V_point_load1 

xz = Karamba[10]    #Pos_V_point_load2 

xu = Karamba[11]    #Pos_V_point_load3 

xv = Karamba[12]    #Pos_V_point_load4 

xw = Karamba[13]    #Pos_V_point_load5 

xs = Karamba[14]    #Horiz_point_load_NoYes 

xt = Karamba[15]    #Vert_line_load_NoYes 

yx = Karamba[16]    #Nr_H_point_loads 

yy = Karamba[17]    #Pos_H_point_load1 

yz = Karamba[18]    #Pos_H_point_load2 

yu = Karamba[19]    #Pos_H_point_load3 

yv = Karamba[20]    #Pos_H_point_load4 

yw = Karamba[21]    #Pos_H_point_load5 

ys = Karamba[22]    #Horiz_line_load_NoYes 

yt = Karamba[23]    #Wall_height 

 

Support1 = rs.AddPoint(0.5*w,s+0.05,0) 

Support2 = rs.AddPoint(v-0.5*w,s+0.05,0) 

if x == 1: 

    Support3 = rs.AddPoint(y,s+0.05,0) 

if x == 2: 

    Support3 = rs.AddPoint(y,s+0.05,0) 

    Support4 = rs.AddPoint(z,s+0.05,0) 

if x == 3: 

    Support3 = rs.AddPoint(y,s+0.05,0) 

    Support4 = rs.AddPoint(z,s+0.05,0) 

    Support5 = rs.AddPoint(u,s+0.05,0) 

 

#Vertical Point Loading 

if t == 1 and xx == 1: 

    VPoint1 = rs.AddPoint(xy,yt+0.05-s,0) 

if t == 1 and xx == 2: 

    VPoint1 = rs.AddPoint(xy,yt+0.05-s,0) 

    VPoint2 = rs.AddPoint(xz,yt+0.05-s,0) 

if t == 1 and xx == 3: 

    VPoint1 = rs.AddPoint(xy,yt+0.05-s,0) 

    VPoint2 = rs.AddPoint(xz,yt+0.05-s,0) 

    VPoint3 = rs.AddPoint(xu,yt+0.05-s,0) 

if t == 1 and xx == 4: 

    VPoint1 = rs.AddPoint(xy,yt+0.05-s,0) 

    VPoint2 = rs.AddPoint(xz,yt+0.05-s,0) 

    VPoint3 = rs.AddPoint(xu,yt+0.05-s,0) 

    VPoint4 = rs.AddPoint(xv,yt+0.05-s,0) 

if t == 1 and xx == 5: 

    VPoint1 = rs.AddPoint(xy,yt+0.05-s,0) 

    VPoint2 = rs.AddPoint(xz,yt+0.05-s,0) 

    VPoint3 = rs.AddPoint(xu,yt+0.05-s,0) 

    VPoint4 = rs.AddPoint(xv,yt+0.05-s,0) 

    VPoint5 = rs.AddPoint(xw,yt+0.05-s,0) 
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#Horizontal Point Loading 

if xs == 1 and yx == 1: 

    HPoint1 = rs.AddPoint(0.5*w,yy+0.05,0) 

if xs == 1 and yx == 2: 

    HPoint1 = rs.AddPoint(0.5*w,yy+0.05,0) 

    HPoint2 = rs.AddPoint(0.5*w,yz+0.05,0) 

if xs == 1 and yx == 3: 

    HPoint1 = rs.AddPoint(0.5*w,yy+0.05,0) 

    HPoint2 = rs.AddPoint(0.5*w,yz+0.05,0) 

    HPoint3 = rs.AddPoint(0.5*w,yu+0.05,0) 

if xs == 1 and yx == 4: 

    HPoint1 = rs.AddPoint(0.5*w,yy+0.05,0) 

    HPoint2 = rs.AddPoint(0.5*w,yz+0.05,0) 

    HPoint3 = rs.AddPoint(0.5*w,yu+0.05,0) 

    HPoint4 = rs.AddPoint(0.5*w,yv+0.05,0) 

if xs == 1 and yx == 5: 

    HPoint1 = rs.AddPoint(0.5*w,yy+0.05,0) 

    HPoint2 = rs.AddPoint(0.5*w,yz+0.05,0) 

    HPoint3 = rs.AddPoint(0.5*w,yu+0.05,0) 

    HPoint4 = rs.AddPoint(0.5*w,yv+0.05,0) 

    HPoint5 = rs.AddPoint(0.5*w,yw+0.05,0) 

 

#Vertical Line Loading 

VLine = [] 

if xt == 1: 

    param = [0,1,2,3,4,5,6,7,8,9] 

    for idx in range(0,10): 

        VLine.append(rs.AddPoint(param[idx]*(((v-w)/9))+0.5*w,yt+0.05-s,0)) 

 

#Horizontal Line Loading 

HLine = [] 

if ys == 1: 

    param = [0,1,2,3,4] 

    for idx in range(0,5): 

        HLine.append(rs.AddPoint(0.5*w,(param[idx]*((yt-

w)/4))+0.05+0.5*w,0)) 

 

 

Shear force directions 
import rhinoscriptsyntax as rs 

 

H = x 

V = y 

 

HS = [] 

for i in range(0,len(H)): 

    HS.append(rs.MoveObject(H[i],((u/1000)+1,0,0))) 

 

VS = [] 

for i in range(0,len(V)): 

    VS.append(rs.MoveObject(V[i],((u/1000)+1,0,0))) 

 

IP = [] 

for i in range(0,len(z)): 

    IP.append(rs.CurveMidPoint(z[i])) 

    IP = rs.CullDuplicatePoints(IP) 

 

Xcoord = [pt.X for pt in IP] 

Ycoord = [pt.Y for pt in IP] 
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IPS = [] 

for i in range(0,len(IP)): 

    IPS.append(rs.AddPoint(Xcoord[i]+(u/1000)+1,Ycoord[i],0)) 

 

pt1 = rs.AddPoint(-0.1,-0.1,0) 

pt2 = rs.AddPoint(0.1,-0.1,0) 

pt3 = rs.AddPoint(-0.1,0.1,0) 

pt4 = rs.AddPoint(0.1,0.1,0) 

 

S = rs.AddSrfPt([pt1,pt2,pt4,pt3]) 

 

SH = [] 

for i in range(0,len(IP)): 

    SH.append(rs.CopyObject(S,IPS[i])) 

 

Text = [] 

for i in range(0,len(IP)): 

    Text.append(rs.AddPoint(Xcoord[i]+(u/1000)+1,Ycoord[i]+0.15,0)) 

 

T = [] 

for i in range(0,len(IP)): 

    T.append('Panel #'+str(i+1)) 

 

#Vector up 

SFV = [] 

SF = [] 

for i in range(0,len(IP)): 

    pt5 = rs.AddPoint(-0.1,0.06,0) 

    pt6 = rs.AddPoint(-0.1,-0.1,0) 

    a = rs.AddLine(pt5,pt6) 

 

for i in range(0,len(IP)): 

    SF.append(rs.CopyObject(a,(Xcoord[i]+(u/1000)+1-0.05,Ycoord[i],0))) 

    pt7 = rs.AddPoint(-0.02,0,0) 

    pt8 = rs.AddPoint(0.02,0,0) 

    pt9 = rs.AddPoint(0,0.04,0) 

    Vector = rs.AddSrfPt([pt7,pt8,pt9]) 

 

for i in range(0,len(IP)): 

    SFV.append(rs.CopyObject(Vector,(Xcoord[i]+(u/1000)+1-

0.15,Ycoord[i]+0.06,0))) 

 

q = rs.AddLine(pt1,pt4) 

k = [] 

for i in range(0,len(IP)): 

    k.append(rs.CopyObject(q,(Xcoord[i]+(u/1000)+1,Ycoord[i],0))) 

 

CS = [] 

CE = [] 

for i in range(0,len(k)): 

    CS.append(rs.CurveStartPoint(k[i])) 

    CE.append(rs.CurveEndPoint(k[i])) 

 

SFcopy = [] 

for i in range(0,len(SF)): 

    SFcopy.append(rs.CopyObject(SF[i])) 

 

SFVcopy = [] 

for i in range(0,len(SFV)): 

    SFVcopy.append(rs.CopyObject(SFV[i])) 
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for i in range(0,len(IP)): 

    rs.MirrorObjects(SFcopy[i],CS[i],CE[i]) 

    rs.MirrorObjects(SFVcopy[i],CS[i],CE[i]) 

 

p = rs.AddLine(pt2,pt3) 

l = [] 

for i in range(0,len(IP)): 

    l.append(rs.CopyObject(p,(Xcoord[i]+(u/1000)+1,Ycoord[i],0))) 

 

CS1 = [] 

CE1 = [] 

for i in range(0,len(l)): 

    CS1.append(rs.CurveStartPoint(l[i])) 

    CE1.append(rs.CurveEndPoint(l[i])) 

 

SFcopy1 = [] 

for i in range(0,len(SF)): 

    SFcopy1.append(rs.CopyObject(SF[i])) 

 

SFcopy2 = [] 

for i in range(0,len(SF)): 

    SFcopy2.append(rs.CopyObject(SFcopy[i])) 

 

SFVcopy1 = [] 

for i in range(0,len(SFV)): 

    SFVcopy1.append(rs.CopyObject(SFV[i])) 

 

SFVcopy2 = [] 

for i in range(0,len(SFV)): 

    SFVcopy2.append(rs.CopyObject(SFVcopy[i])) 

 

for i in range(0,len(IP)): 

    rs.MirrorObjects(SFcopy1[i],CS1[i],CE1[i]) 

    rs.MirrorObjects(SFVcopy1[i],CS1[i],CE1[i]) 

    rs.MirrorObjects(SFcopy2[i],CS1[i],CE1[i]) 

    rs.MirrorObjects(SFVcopy2[i],CS1[i],CE1[i]) 

 

Force = [] 

for i in range(0,len(IP)): 

    Force.append(SFcopy[i]) 

    Force.append(SF[i]) 

    Force.append(SFVcopy[i]) 

    Force.append(SFV[i]) 

    Force.append(SFcopy1[i]) 

    Force.append(SFVcopy1[i]) 

    Force.append(SFcopy2[i]) 

    Force.append(SFVcopy2[i]) 

 

#Vector down 

pt10 = rs.AddPoint(-0.1,0,0) 

pt11 = rs.AddPoint(0.1,0,0) 

pt12 = rs.AddPoint(0,-0.1,0) 

pt13 = rs.AddPoint(0,0.1,0) 

 

w = rs.AddLine(pt10,pt11) 

e = rs.AddLine(pt12,pt13) 

j = [] 

t = [] 

for i in range(0,len(IP)): 

    j.append(rs.CopyObject(w,(Xcoord[i]+(u/1000)+1,Ycoord[i],0))) 

    t.append(rs.CopyObject(e,(Xcoord[i]+(u/1000)+1,Ycoord[i],0))) 
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CS1w = [] 

CE1w = [] 

CS1e = [] 

CE1e = [] 

for i in range(0,len(j)): 

    CS1w.append(rs.CurveStartPoint(j[i])) 

    CE1w.append(rs.CurveEndPoint(j[i])) 

    CS1e.append(rs.CurveStartPoint(t[i])) 

    CE1e.append(rs.CurveEndPoint(t[i])) 

 

SFcopy11 = [] 

for i in range(0,len(SF)): 

    SFcopy11.append(rs.CopyObject(SF[i])) 

 

SFcopy12 = [] 

for i in range(0,len(SF)): 

    SFcopy12.append(rs.CopyObject(SFcopy[i])) 

 

SFcopy13 = [] 

for i in range(0,len(SF)): 

    SFcopy13.append(rs.CopyObject(SFcopy1[i])) 

 

SFcopy14 = [] 

for i in range(0,len(SF)): 

    SFcopy14.append(rs.CopyObject(SFcopy2[i])) 

 

SFVcopy11 = [] 

for i in range(0,len(SFV)): 

    SFVcopy11.append(rs.CopyObject(SFV[i])) 

 

SFVcopy12 = [] 

for i in range(0,len(SFV)): 

    SFVcopy12.append(rs.CopyObject(SFVcopy[i])) 

 

SFVcopy13 = [] 

for i in range(0,len(SFV)): 

    SFVcopy13.append(rs.CopyObject(SFVcopy1[i])) 

 

SFVcopy14 = [] 

for i in range(0,len(SFV)): 

    SFVcopy14.append(rs.CopyObject(SFVcopy2[i])) 

 

for i in range(0,len(IP)): 

    rs.MirrorObjects(SFcopy11[i],CS1e[i],CE1e[i]) 

    rs.MirrorObjects(SFcopy12[i],CS1w[i],CE1w[i]) 

    rs.MirrorObjects(SFcopy13[i],CS1w[i],CE1w[i]) 

    rs.MirrorObjects(SFcopy14[i],CS1e[i],CE1e[i]) 

    rs.MirrorObjects(SFVcopy11[i],CS1e[i],CE1e[i]) 

    rs.MirrorObjects(SFVcopy12[i],CS1w[i],CE1w[i]) 

    rs.MirrorObjects(SFVcopy13[i],CS1w[i],CE1w[i]) 

    rs.MirrorObjects(SFVcopy14[i],CS1e[i],CE1e[i]) 

 

Force1 = [] 

for i in range(0,len(IP)): 

    Force1.append(SFcopy11[i]) 

    Force1.append(SFcopy12[i]) 

    Force1.append(SFcopy13[i]) 

    Force1.append(SFcopy14[i]) 

    Force1.append(SFVcopy11[i]) 

    Force1.append(SFVcopy12[i]) 
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    Force1.append(SFVcopy13[i]) 

    Force1.append(SFVcopy14[i]) 

 

Shear = [] 

for i in range(0,len(v)): 

    if v[i] > 0: 

        Shear.append(SFcopy11[i]) 

        Shear.append(SFcopy12[i]) 

        Shear.append(SFcopy13[i]) 

        Shear.append(SFcopy14[i]) 

        Shear.append(SFVcopy11[i]) 

        Shear.append(SFVcopy12[i]) 

        Shear.append(SFVcopy13[i]) 

        Shear.append(SFVcopy14[i]) 

    else: 

        Shear.append(SFcopy[i]) 

        Shear.append(SF[i]) 

        Shear.append(SFVcopy[i]) 

        Shear.append(SFV[i]) 

        Shear.append(SFcopy1[i]) 

        Shear.append(SFVcopy1[i]) 

        Shear.append(SFcopy2[i]) 

        Shear.append(SFVcopy2[i]) 

 

if Hole == 1: 

    IP.append(rs.AddPoint(1,0,0)) 

 

 

Vertical normal force in stringer 
import rhinoscriptsyntax as rs 

 

IP = [] 

for Vidx in range (0,len(V)): 

    for Hidx in range (0,len(H)): 

        LI = rs.LineLineIntersection(V[Vidx],H[Hidx]) 

        IP.append(LI[0]) 

IP = rs.CullDuplicatePoints(IP) 

 

Ycoord = [pt.Y for pt in IP] 

 

a = [] 

for i in range(0,len(IP)): 

    if Ycoord[i] == Ycoord[0]: 

        a.append(IP[i]) 

 

C1 = [pt.X for pt in a] 

C2 = [pt.X for pt in y] 

 

C11 = [] 

for i in range(0,len(C1)): 

    C11.append(round(C1[i],2)) 

 

C22 = [] 

for i in range(0,len(C2)): 

    C22.append(round(C2[i],2)) 

 

b = [] 

for v in C11: 

    if v in C22: 

        b.append(x[C22.index(v)]) 

    else: 
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        b.append(0) 

 

V_N_Force = [] 

for i in range(0,len(b)): 

    V_N_Force.append(round(b[i],2)) 

 
Horizontal normal force in stringer 
import rhinoscriptsyntax as rs 

 

IP = [] 

for Vidx in range (0,len(V)): 

    for Hidx in range (0,len(H)): 

        LI = rs.LineLineIntersection(V[Vidx],H[Hidx]) 

        IP.append(LI[0]) 

IP = rs.CullDuplicatePoints(IP) 

 

Xcoord = [pt.X for pt in IP] 

Points = [] 

for i in range(0,len(Xcoord)): 

    if Xcoord[0] == IP[i][0]: 

        Points.append(IP[i]) 

 

Points1 = [] 

for i in range(0,len(Points)): 

    Points1.append(Points[i][1]) 

 

a = [] 

for i in range(0,len(Points1)): 

    a.append(round(Points[i][1],2)) 

 

Pos = [] 

Pos.append(z) 

if HPt1 <> None: 

    Pos.append(HPt1) 

if HPt2 <> None: 

    Pos.append(HPt2) 

if HPt3 <> None: 

    Pos.append(HPt3) 

if HPt4 <> None: 

    Pos.append(HPt4) 

if HPt5 <> None: 

    Pos.append(HPt5) 

if Hline <> None: 

    for i in range(0,len(Hline)): 

        Pos.append(Hline[i]) 

 

c = [] 

for i in range(0,len(Pos)): 

    c.append(round(Pos[i][1],2)) 

 

Force = [] 

Force.append(x) 

Force.append(F1) 

Force.append(F2) 

Force.append(F3) 

Force.append(F4) 

Force.append(F5) 

Force.append(F6) 

 

b = [] 

for v in a: 
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    if v in c: 

        b.append(Force[c.index(v)]) 

    else: 

        b.append(0) 

 

H_N_Force = [] 

for i in range(0,len(b)): 

    H_N_Force.append(round(b[i],2)) 
 
 
Acting forces (x-direction) 
import rhinoscriptsyntax as rs 

 

a = x 

 

IP = [] 

for i in range(0,len(z)): 

    IP.append(rs.CurveMidPoint(z[i])) 

    IP = rs.CullDuplicatePoints(IP) 

 

 

if s == 1: 

    pt1 = 

rs.AddPoint(((v/1000)+((0.5*y)/1000)),((w/1000)+((0.5*u)/1000))+0.05,0) 

    pt2 = rs.AddPoint(((v/1000)-((0.5*y)/1000)),((w/1000)-

((0.5*u)/1000))+0.05,0) 

    line1 = rs.AddLine(pt1,pt2) 

    IP.append(rs.CurveMidPoint(line1)) 

    a.append(0) 

print len(IP) 

b = [] 

for i in range(0,len(IP)): 

    b.append(IP[i][0]*1000+IP[i][1]*10000) 

 

F = [x for (y,x) in sorted(zip(b,a))] 

 
Acting forces (y-direction) 
import rhinoscriptsyntax as rs 

 

a = x 

 

IP = [] 

for i in range(0,len(z)): 

    IP.append(rs.CurveMidPoint(z[i])) 

    IP = rs.CullDuplicatePoints(IP) 

 

if s == 1: 

    pt1 = 

rs.AddPoint(((v/1000)+((0.5*y)/1000)),((w/1000)+((0.5*u)/1000))+0.05,0) 

    pt2 = rs.AddPoint(((v/1000)-((0.5*y)/1000)),((w/1000)-

((0.5*u)/1000))+0.05,0) 

    line1 = rs.AddLine(pt1,pt2) 

    IP.append(rs.CurveMidPoint(line1)) 

    a.append(0) 

 

Value = [] 

for i in range(0,len(IP)): 

    Value.append(IP[i][0]*100000+IP[i][1]*1000) 

 

F = [x for (y,x) in sorted(zip(Value,a))] 
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Acting forces (per meter) 
import rhinoscriptsyntax as rs 

import math 

 

a = [] 

for i in range(0,len(x)): 

    a.append(rs.CurveMidPoint(x[i])) 

a.sort(key=lambda k: [k[1], k[0]]) 

a = rs.CullDuplicatePoints(a) 

 

f = [] 

for i in range(0,len(x)): 

    f.append(rs.Angle(rs.CurveStartPoint(x[i]),rs.CurveEndPoint(x[i]))) 

 

g = [] 

for i in range(0,len(f)): 

    if f[i][0] > 90: 

        g.append(f[i][0]-180) 

    else: 

        g.append(f[i][0]) 

 

nxx = [] 

nyy = [] 

 

Cos = [] 

Sin = [] 

Sinn = [] 

for i in range(0,len(g)): 

    Cos.append(math.cos(f[i][0]*math.pi/180)) 

    Sin.append(math.sin(f[i][0]*math.pi/180)) 

    Sinn.append(math.sin(g[i]*math.pi/180)) 

 

for i in range(0,len(N)-1,2): 

    nxx.append(Cos[i]*(N[i])+Cos[i+1]*(N[i+1])) 

 

for i in range(0,len(N)-1,2): 

    nyy.append(Sin[i]*(N[i])+-Sin[i+1]*(N[i+1])) 

 

##Spanningen waarmee gerekend dient te worden (kN in totaal) 

nxxx = [] 

for i in range(0,len(nxx)): 

    nxxx.append(round(nxx[i],1)) 

 

##Spanningen waarmee gerekend dient te worden (kN in totaal) 

nyyy = [] 

for i in range(0,len(nyy)): 

    nyyy.append(round(nyy[i],1)) 

 

lx = [] 

for i in range(0,len(f),2): 

    lx.append(abs(f[i][2])) 

 

ly = [] 

for i in range(0,len(f),2): 

    ly.append(abs(f[i][3])) 

 

nmxx = [] 

for i in range(0,len(nxxx)): 

    nmxx.append(nxx[i]/(lx[i])) 

 

nmyy = [] 
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for i in range(0,len(nyyy)): 

    nmyy.append(nyy[i]/(ly[i])) 

 

nmx = [] 

for i in range(0,len(nmxx)): 

    nmx.append(abs(round(nmxx[i],1))) 

 

##Spanningen die moeten worden weergegeven (kN/m) 

nm = [] 

for i in range(0,len(nmx)): 

    nm.append(str(nmx[i])+' kN/m') 

 

Nyy = [] 

for i in range(0,len(g)-1,2): 

    Nyy.append(Sinn[i]*N[i]+Sinn[i+1]*N[i+1]) 

 

py = [] 

for i in range(0,len(Nyy)): 

    if Nyy[i] < 0: 

        py.append('Panel #'+str(i+1)+' ' +str(nm[i])+' kN/m'+' Left shear 

force up') 

    else: 

        py.append('Panel #'+str(i+1)+' ' +str(nm[i])+' kN/m'+' Left shear 

force down') 

 

Nyyy = [] 

for i in range(0,len(Nyy)): 

    Nyyy.append(round(Nyy[i],1)) 

 

 

Tapered horizontal normal forces (consisting out of several scripts) 
import rhinoscriptsyntax as rs 

 

a = x 

b = y 

 

d = len(VS)-1 

e = len(IP) 

f = int(e/d) 

 

c = [] 

for idx in range(0,f): 

    for i in range(idx*d,(idx+1)*d): 

        c.append(b[i]) 

    for i in range(idx*d,(idx+1)*d): 

        c.append(b[i]*-1) 

 

import rhinoscriptsyntax as rs 

 

a = [] 

b = [] 

d = int(len(H1)/len(H)) 

 

for i in range(0,d): 

    a.append(c[i]) 

    b.append(c[-i-1]) 

 

import rhinoscriptsyntax as rs 

 

beneath = [] 

beneath.append(a[0]) 
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for i in range(0,len(y)): 

    beneath.append(y[i]) 

 

above = [] 

above.append(a[-1]) 

for i in range(0,len(z)): 

    above.append(z[i]) 

 

import rhinoscriptsyntax as rs 

 

a = x 

 

for i in range(0,len(y)): 

    if y[i] in x: 

        a.remove(y[i]) 

for i in range(0,len(z)): 

    if z[i] in x: 

        a.remove(z[i]) 

 

b = [] 

c = int((len(a)/len(H))/2) 

 

d = [] 

for i in range(0,c): 

    d.append(a[i]) 

 

start = [] 

end = [] 

for i in range(0,len(d)): 

    start.append((2*len(H)*i)) 

    end.append((2*len(H)*i)+len(H))   

 

for idx in range(0,len(start)): 

    for i in range(start[idx],end[idx]): 

        b.append(a[i]+a[i+len(H)]) 

 

import rhinoscriptsyntax as rs 

 

H = x 

V = y 

 

HS = [] 

for i in range(0,len(H)): 

    HS.append(rs.MoveObject(H[i],(2*((u/1000)+1),0,0))) 

 

VS = [] 

for i in range(0,len(V)): 

    VS.append(rs.MoveObject(V[i],(2*((u/1000)+1),0,0))) 

 

import rhinoscriptsyntax as rs 

import Grasshopper as gh 

 

a = zip(*[iter(x)]*len(y)) 

 

def MassAddition(list): 

    MassValue = 0 

    PartialValues = [] 

    for value in list: 

        MassValue += value 

        PartialValues.append(MassValue) 

    return MassValue, PartialValues 
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FinalMass = [] 

FinalPartial = [] 

for lst in a: 

    MassValue, PartialValues = MassAddition(lst) 

    FinalMass.append(MassValue) 

    FinalPartial.append(PartialValues) 

 

def listToTree(nestedList): 

    dt = gh.DataTree[object]() 

    for i,l in enumerate(nestedList): 

        dt.AddRange(l,gh.Kernel.Data.GH_Path(i)) 

    return dt 

 

FinalPartialGH = listToTree(FinalPartial) 

 

import rhinoscriptsyntax as rs 

 

IP = [] 

F = [] 

for Vidx in range (0,len(x)): 

    for Hidx in range (0,len(y)): 

        LI = rs.LineLineIntersection(x[Vidx],y[Hidx]) 

        F.append(LI[0]) 

F = rs.CullDuplicatePoints(F) 

 

for i in range(0,len(z)): 

    IP.append(F[i]) 

    IP.append(F[-i-1]) 

 

for i in IP[:]: 

    if i in F: 

        F.remove(i) 

 

import rhinoscriptsyntax as rs 

 

a = y 

 

Forces = x 

Forces.remove(x[0]) 

Forces.remove(x[-1]) 

 

i = 0 

while i < len(a): 

    for idx in range(0,len(Forces)): 

        a.insert(i, Forces[idx]) 

        i += len(u) 

 

import rhinoscriptsyntax as rs 

 

IP = [] 

F = [] 

for Vidx in range (0,len(x)): 

    for Hidx in range (0,len(y)): 

        LI = rs.LineLineIntersection(x[Vidx],y[Hidx]) 

        F.append(LI[0]) 

F = rs.CullDuplicatePoints(F) 

 

for i in range(0,len(z)): 

    IP.append(F[-i-1]) 
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Xcoord = [pt.X for pt in IP] 

Ycoord = [pt.Y for pt in IP] 

 

Text = [] 

for i in range(0,len(IP)): 

    Text.append(rs.AddPoint(Xcoord[i],Ycoord[i]+(z[i]/2000),0)) 

 

P = [] 

P.append(F[-1]) 

P.append(F[-1-len(z)+1]) 

 

L = [] 

for i in range(0,len(Text)): 

    L.append(Text[i]) 

L.insert(len(L),P[0]) 

 

import rhinoscriptsyntax as rs 

 

IP = [] 

F = [] 

for Vidx in range (0,len(x)): 

    for Hidx in range (0,len(y)): 

        LI = rs.LineLineIntersection(x[Vidx],y[Hidx]) 

        F.append(LI[0]) 

F = rs.CullDuplicatePoints(F) 

 

for i in range(0,len(z)): 

    IP.append(F[i]) 

 

Xcoord = [pt.X for pt in IP] 

Ycoord = [pt.Y for pt in IP] 

 

Text = [] 

for i in range(0,len(IP)): 

    Text.append(rs.AddPoint(Xcoord[i],Ycoord[i]+(z[i]/2000),0)) 

 

P = [] 

P.append(F[0]) 

P.append(F[len(z)-1]) 

 

L = [] 

for i in range(0,len(Text)): 

    L.append(Text[i]) 

L.insert(0,P[0]) 

L.insert(len(L),P[0]) 

 

import rhinoscriptsyntax as rs 

 

Xcoord = [pt.X for pt in IP] 

Ycoord = [pt.Y for pt in IP] 

 

Text = [] 

for i in range(0,len(IP)): 

    Text.append(rs.AddPoint(Xcoord[i],Ycoord[i]+(x[i]/2000),0)) 

 

L = [] 

for i in range(0,len(Text)): 

    L.append(Text[i]) 
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Tapered vertical normal forces (consisting out of several scripts) 
import rhinoscriptsyntax as rs 

 

a = y 

c = x 

 

d = len(HS)-1 

e = len(IP) 

f = int(e/d) 

 

g = [] 

for idx in range(0,f): 

    for i in range(idx*d,(idx+1)*d): 

        g.append(a[i]) 

    for i in range(idx*d,(idx+1)*d): 

        g.append(a[i]*-1) 

 

import rhinoscriptsyntax as rs 

 

a = x 

 

IP = [] 

for i in range(0,len(z)): 

    IP.append(rs.CurveMidPoint(z[i])) 

    IP = rs.CullDuplicatePoints(IP) 

 

if s == 1: 

    pt1 = 

rs.AddPoint(((v/1000)+((0.5*y)/1000)),((w/1000)+((0.5*u)/1000))+0.05,0) 

    pt2 = rs.AddPoint(((v/1000)-((0.5*y)/1000)),((w/1000)-

((0.5*u)/1000))+0.05,0) 

    line1 = rs.AddLine(pt1,pt2) 

    IP.append(rs.CurveMidPoint(line1)) 

    a.append(0) 

 

F = [x for (y,x) in sorted(zip(IP,a))] 

 

import rhinoscriptsyntax as rs 

 

a = [] 

b = [] 

c = int(len(V1)/len(V)) 

 

for i in range(0,c): 

    a.append(g[i]) 

    b.append(g[-i-1]) 

 

import rhinoscriptsyntax as rs 

 

left = [] 

left.append(a[0]) 

for i in range(0,len(y)): 

    left.append(y[i]) 

 

right = [] 

right.append(a[-1]) 

for i in range(0,len(z)): 

    right.append(z[i]) 

 

import rhinoscriptsyntax as rs 
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a = x 

 

for i in range(0,len(y)): 

    if y[i] in x: 

        a.remove(y[i]) 

for i in range(0,len(z)): 

    if z[i] in x: 

        a.remove(z[i]) 

 

b = [] 

c = int((len(a)/len(H))/2) 

 

d = [] 

for i in range(0,c): 

    d.append(a[i]) 

 

start = [] 

end = [] 

for i in range(0,len(d)): 

    start.append((2*len(H)*i)) 

    end.append((2*len(H)*i)+len(H))   

 

for idx in range(0,len(start)): 

    for i in range(start[idx],end[idx]): 

        b.append(a[i]+a[i+len(H)]) 

 

import rhinoscriptsyntax as rs 

 

H = x 

V = y 

 

HS = [] 

for i in range(0,len(H)): 

    HS.append(rs.MoveObject(H[i],(2*((u/1000)+1),0,0))) 

 

VS = [] 

for i in range(0,len(V)): 

    VS.append(rs.MoveObject(V[i],(2*((u/1000)+1),0,0))) 

 

import rhinoscriptsyntax as rs 

import Grasshopper as gh 

 

a = zip(*[iter(x)]*len(y)) 

 

def MassAddition(list): 

    MassValue = 0 

    PartialValues = [] 

    for value in list: 

        MassValue += value 

        PartialValues.append(MassValue) 

    return MassValue, PartialValues 

 

FinalMass = [] 

FinalPartial = [] 

for lst in a: 

    MassValue, PartialValues = MassAddition(lst) 

    FinalMass.append(MassValue) 

    FinalPartial.append(PartialValues) 

 

def listToTree(nestedList): 

    dt = gh.DataTree[object]() 
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    for i,l in enumerate(nestedList): 

        dt.AddRange(l,gh.Kernel.Data.GH_Path(i)) 

    return dt 

 

FinalPartialGH = listToTree(FinalPartial) 

 

import rhinoscriptsyntax as rs 

 

IP = [] 

F = [] 

for Vidx in range (0,len(x)): 

    for Hidx in range (0,len(y)): 

        LI = rs.LineLineIntersection(x[Vidx],y[Hidx]) 

        F.append(LI[0]) 

F = rs.CullDuplicatePoints(F) 

F.sort() 

 

for i in range(0,len(z)): 

    IP.append(F[i]) 

    IP.append(F[-i-1]) 

 

for i in IP[:]: 

    if i in F: 

        F.remove(i) 

 

import rhinoscriptsyntax as rs 

 

a = y 

 

Forces = x 

Forces.remove(x[0]) 

Forces.remove(x[-1]) 

 

i = 0 

while i < len(a): 

    for idx in range(0,len(Forces)): 

        a.insert(i, Forces[idx]) 

        i += len(u) 

 

w = [] 

p = len(IP)/len(y) 

for i in range(0,int(p)): 

    w.append(IP[len(y)*i]) 

 

import rhinoscriptsyntax as rs 

import Grasshopper as gh 

 

a = zip(*[iter(x)]*len(y)) 

 

def listToTree(nestedList): 

    dt = gh.DataTree[object]() 

    for i,l in enumerate(nestedList): 

        dt.AddRange(l,gh.Kernel.Data.GH_Path(i)) 

    return dt 

 

FinalPartialGH = listToTree(a) 

 

q = [] 

p = (len(IP)/len(y)) 

for i in range(0,int(p)): 

    q.append(IP[len(y)*i]) 
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C = zip(*[iter(q)]*1) 

D = listToTree(C) 

 

A = zip(*[iter(w)]*1) 

B = listToTree(A) 

 

import rhinoscriptsyntax as rs 

 

Xcoord = [pt.X for pt in IP] 

Ycoord = [pt.Y for pt in IP] 

 

Text = [] 

for i in range(0,len(IP)): 

    Text.append(rs.AddPoint(Xcoord[i]+(x[i]/2000),Ycoord[i],0)) 

 

print len(IP) 

 

import rhinoscriptsyntax as rs 

 

IP = [] 

F = [] 

for Vidx in range (0,len(x)): 

    for Hidx in range (0,len(y)): 

        LI = rs.LineLineIntersection(x[Vidx],y[Hidx]) 

        F.append(LI[0]) 

F = rs.CullDuplicatePoints(F) 

F.sort() 

 

for i in range(0,len(z)): 

    IP.append(F[i]) 

 

Xcoord = [pt.X for pt in IP] 

Ycoord = [pt.Y for pt in IP] 

 

Text = [] 

for i in range(0,len(IP)): 

    Text.append(rs.AddPoint(Xcoord[i]+(z[i]/2000),Ycoord[i],0)) 

 

P = [] 

P.append(F[0]) 

P.append(F[len(z)-1]) 

 

L = [] 

for i in range(0,len(Text)): 

    L.append(Text[i]) 

L.insert(0,P[0]) 

L.insert(len(L),P[0]) 

 

import rhinoscriptsyntax as rs 

 

IP = [] 

F = [] 

for Vidx in range (0,len(x)): 

    for Hidx in range (0,len(y)): 

        LI = rs.LineLineIntersection(x[Vidx],y[Hidx]) 

        F.append(LI[0]) 

F = rs.CullDuplicatePoints(F) 

F.sort() 

 

for i in range(0,len(z)): 
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    IP.append(F[-i-1]) 

 

Xcoord = [pt.X for pt in IP] 

Ycoord = [pt.Y for pt in IP] 

 

Text = [] 

for i in range(0,len(IP)): 

    Text.append(rs.AddPoint(Xcoord[i]+(z[i]/2000),Ycoord[i],0)) 

 

P = [] 

P.append(F[-1]) 

P.append(F[-1-len(z)+1]) 

 

L = [] 

for i in range(0,len(Text)): 

    L.append(Text[i]) 

L.insert(0,P[-1]) 

L.insert(len(L),P[-1]) 



 



 


