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Abstract 
To reduce resource demand, the Dutch government has set the goal to be completely circular 
by the year 2050 [1]. Currently, most concrete is recycled into lower-grade materials at the 
end of life. The reuse of concrete takes less energy than recycling and reduces the demand for 
new concrete [2]. In this thesis the reuse process of precast concrete, precast concrete structures, 
and digital design are studied. A focus is placed on a precast concrete structural system with 
load-bearing facades and hollow core floor slabs. Furthermore, an analysis of the design process 
is performed. With the acquired knowledge, an algorithm is constructed that encompasses the 
design process. The design process starts with requirements and an element stock and ends 
with floorplans and a structural design. A set of Grasshopper components is developed, which 
perform the algorithm. With the help of the Grasshopper components, a user can perform the 
complete design process in 20 seconds. The components can easily be distributed, adapted, or 
expanded for more structural systems. This research shows that it is possible to use digital 
design to ease the design process of buildings with reused precast concrete and to reduce the 
use of virgin materials. 
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1 Introduction 

1.1 Motivation 
Humans have a big impact on the environment. CO2 emissions have multiplied by seven since 
1940[3], and natural resources are at risk of depletion[4] while the world population keeps 
growing[5]. Therefore, the Dutch government has set the goal for The Netherlands to be 
completely circular by 2050. This means that the use of new raw materials should be reduced 
to zero, and all materials currently in use will be reused or recycled. The government marked 
the building sector as an important sector in this transition. The building sector alone is 
responsible for 50% of all resource use in The Netherlands.[1] With the current reuse and 
recycling level of old building materials, it will become difficult to reach the 2050 goal [6].  
Reuse and recycling limit the use of new building materials. In most cases, great amounts of 
energy are needed for the recycling process causing a relatively high CO2 impact, while reuse 
has a much lower CO2 impact. Figure 1 shows the lifecycle of concrete. In data from 2013, the 
disposal rate of concrete in the Netherlands is very low and almost all concrete is recycled. 
However, the concrete is mainly recycled into lower-grade materials [7], and a lot of virgin 
material is still needed to fulfil the concrete demands [8].  

Virgin

Recycled

Concrete

UseResources

Disposal

Recycling

Re-use

Road construction
Earthworks
Other uses

Downcycled

End of life

 
Figure 1. Lifecycle of concrete. 

Reusing complete concrete elements can greatly contribute to the transition to a circular 
building sector; it allows for a reduced production of new concrete, preventing concrete from 
being recycled or becoming waste. An opportunity for reusing concrete elements lies in the 
current office building stock, especially the offices built from 1970 to 1990.  Figure 2 shows 
that these buildings still occupy 29 % of the current stock and that the majority of the recently 
demolished buildings were built within this period.  

 
Figure 2. The construction period of the office building stock, The Netherlands (2020).(left), 

Demolished buildings in The Netherlands between 2011 and 2020.(right) [9]. 
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Due to high market demand, many of these buildings were built cheaply and quickly with 
newly innovated precast concrete. The office users at that time had different needs than the 
current office user. Therefore, a lot of structurally adequate office buildings have become 
outdated and vacant. This effect can increase with the current trend of working from home 
[10]. Figure 3 shows an example of an office building built with precast concrete. The building’s 
structural system contains load-bearing and stabilizing façades. 

 
Figure 3. The Prinsenhof A building and its elements available for reuse [11]. 

Despite the environmental benefits of reusing concrete compared with recycling [12], the reuse 
of complete concrete elements is usually not even considered when a building is demolished. 
The most important reasons are higher costs, technical barriers, and a lack of useable design 
and construction codes [13]. The European ReCreate project focuses on this subject of reusing 
precast concrete, specifically to improve technical and economic viability[12]. Simplifying the 
design process of a building with reused structural elements can improve the economic viability 
of reuse due to the decreased time needed to create a structural design.  
Digitalization has increased the productivity of the building industry over the past decades.[14] 
With the help of digitalization, laborious tasks or extensive calculations can be taken over by 
computers. In this thesis, barriers in the design process with reused precast concrete elements 
are reduced by digitalization.  

1.2 Scope 
This thesis focuses on the reuse of concrete elements from office buildings built with a load-
bearing façade system in precast concrete. Designing buildings with reused concrete elements 
requires an unconventional design approach. The architectural design is greatly influenced by 
the structural design and vice versa, which are both limited by the available element stock. 
The design process with reused precast concrete elements is analyzed, and the difficulties are 
identified. Subsequently, a revised design process is developed, which overcomes these 
difficulties using algorithm-aided design.  
To keep the project viable in a limited time, the following limitations have been set for the 
project in general: 

- The element sizes cannot be adapted.  
- The precast concrete structural system consists of hollow core floor slabs, inverted T-

beams, square columns, and structural façades. 
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- The foundation is not incorporated. 
Furthermore, the following principles have been set for the software in specific: 

- The element inventory and the properties of each element are known.  
- All elements in the element stock are geometrically compatible with each other. 
- There is only one function per building; all loads are equal except for the roof loads. 
- All columns within one building have the same height. 
- Only floors from stock are used; no new floors will be created.  

1.3 Research objective 
This research aims to ease the architectural and structural design process of buildings with 
reused precast concrete elements and to minimize the use of new materials in constructing 
these buildings. Software that uses algorithm-aided design is created to improve parts of the 
design process by taking over laborious steps and providing design options within given 
boundaries. 
The main research question can be stated as follows: 

- How can the design process of buildings in The Netherlands, with reused precast 
concrete elements, be eased by digitalization? 

To answer the main research question, the following sub-questions will be addressed in this 
thesis: 

- Which precast structural concrete elements can be extracted from old buildings, and 
what are their relevant properties for a new design? 

- Which structural, architectural, and practical requirements are important to consider 
during a design process with reused precast concrete elements? 

- What does a design process with a limited structural element stock look like, and what 
are the difficulties in this process?  

- What algorithm can be created to encompass the above-mentioned design process, 
considering the before-mentioned requirements and minimization of material use? 

- How can software be used to perform the algorithm as mentioned above?  

1.4 Thesis outline 
Chapters 2.1 and 2.1.6 provide background information on the building process with reused 
precast concrete and precast concrete elements. Chapter 0 goes into the relevance of digital 
building design within this thesis. In Chapter 0, the design process is analyzed by the design 
of a study case. The design process of a traditional design method is compared to the design 
process with a limited element stock. The conclusions from the analysis are used in Chapter 4 
to create an algorithm which encompasses the design of a building with reused precast concrete 
elements. This algorithm is then digitalized in Chapter 5, and the digital structure is explained. 
In Chapter 6, the digital solution is applied to the same study case as in Chapter 0. Finally, 
the results are discussed in Chapter 7 to Chapter 9, conclusions are drawn, and 
recommendations are made. The written chapters make references to the appendices, which 
can be found in Chapter 11. Furthermore, a booklet with all relevant scripts is created in 
addition to this thesis.  
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2 Literature 
The literature part of this thesis is divided into three parts; the first concerns an overview of 
the complete reuse process of precast concrete, the second part elaborates on specific aspects 
which are important when building with (reused) precast concrete, and the last part elaborates 
on digitalization in building design. 

2.1 Reuse process of precast concrete 
In this subchapter, the basics of the reuse process of precast concrete elements will be discussed. 
These basics provide the context of the research objective and state of the art on the subject. 
The focus of this thesis is on the redesign part of the process. However, knowledge of the 
complete reuse process is needed to give a clear framework. 

2.1.1 Inventory of available elements 
The reuse process starts with identifying a set of elements which are suitable to be reused. A 
complete inventory is needed to perform the entire process. It is important that the elements 
in the stock are compatible in one building system. This means that the elements' geometrical 
properties must match so they can be connected without major difficulties. 
Two methods can be used to create an element inventory. The inventory can be compiled from 
a building or multiple buildings that still have to be demounted, or the inventory can be 
selected from a digital database in which all locally or nationally available elements and their 
properties are stored. There are already a few marketplaces where you can find circular 
construction materials, such as Insert and circulaire-bouwmaterialen.nl [15], [16]. At present, 
the structural elements that are offered are mostly steel and timber elements. The supply of 
reusable concrete elements will likely become steadier when reuse becomes more common. If 
the elements are sourced from an existing building, the amount of freedom in designing is more 
limited than with the database method. However, the elements are more likely to match in 
dimensions and structural capacity. 
A final database of elements should contain all important information, including their 
dimensions and structural capacity. Chapter 0 describes how the structural capacity of the 
elements can be determined. 

2.1.2 Technical evaluation of the structural elements 
The evaluation process of the available structural elements is summarized based on the 
research of Glias [17] and Dawczyński et al. [18]. The evaluation starts with the acquisition 
and analysis of the original design drawings or any other available documentation that can be 
found on the original building. Then, the elements are assessed on-site to examine mismatches 
between the documentation and reality, the structural integrity of the elements, and durability 
damages. This assessment is done by at least a visual inspection and, if possible, displacement 
measurements and a non-destructive evaluation of strength properties. With these tests, the 
dimensions, reinforcement properties, and concrete strength must be verified. The 
reinforcement properties can be determined with a rebar detector or a ground-penetrating 
radar. The most accurate method to define concrete strength is core drilling, in which a 
cylindrical core is taken out of the concrete, and its properties are determined by physical 
tests. This test will have a negative effect on the strength of the tested element; however, the 
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results can be used for a complete batch. A non-destructive method to determine the strength 
of concrete is the Schmidt hammer. This method provides a quick and inexpensive 
measurement of the surface hardness that can be used to estimate the mechanical properties 
of the concrete. The downside of this method is that the reliability of the results depends on 
several parameters, such as the hammer type, normalization of rebound values, specimen 
dimensions, surface smoothness, weathering and moisture content, and analysis procedures. 
[19] 
The results of the element inspection should be combined in a report that covers the following 
subjects: 

- Deconstruction methods that prevent damage to the elements. 
- Material properties and the strength of the elements. 
- Limits of the scope of reuse of the materials. 
- Necessary future repairs and/or treatments of the elements.  

With this report as a base, the next steps in the reuse process can take place.  

2.1.3 Disassembly 
Deconstruction must be performed with great care to achieve the highest quantity and quality 
of elements. The elements are removed floor by floor. During this process, it is important to 
temporarily support parts of the structure to maintain a safe and stable remaining structure. 
The disassembly of one floor from the building system, as described in the scope, has the 
following element removal order [17]:  
1. Concrete topping 
2. Hollow core slabs 
4. Beams 
5. Columns 
6. Walls 
To disassemble the elements, their in-between connections need to be removed. Precast 
elements can have dry connections; however, a lot of the elements are connected by a wet 
connection. The wet connections between the prefabricated parts are not meant to be 
deconstructed and must be demolished. There are two types of wet connections: with 
reinforcement bars and without reinforcement. If no reinforcement is present, the connection 
can be broken by applying force because the mortar connection is usually weaker than the 
concrete. A chipping hammer and a rotary hammer can be used for this. [20] A different 
approach is needed in the frequently occurring situation where reinforcement is present in the 
wet connection. The best method to do this is diamond sawing. However, this method is 
relatively expensive and generates much noise. [21] Pneumatic hammering is possible as well; 
however, the high likelihood of damaging the elements invalidates this option. Hydro 
demolition, in which water is used to blast away concrete while reinforcement stays intact, is 
a viable option if the present reinforcement was designed to be demounted. Concrete can be 
removed locally without damage to the reinforcement, and the reinforcement can be taken 
apart. If the reinforcement was not designed for disassembly, a diamond saw is still needed to 
cut the reinforcement [22].   
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2.1.4 Adaptation and reparation 
Dismounted elements are often not instantly ready to be reused in a new building. During 
dismantling, damages that need to be fixed can occur, new connections need to be prepared, 
and superficial repairs may be done. 
Depending on the nature and extent of the damage, the damage could be fixed by filling the 
area with new concrete to ensure that the structural integrity is guaranteed. Also, additional 
concrete can be added to protect the reinforcement if the concrete cover is insufficient. Another 
important adaptation concerns the structural connections between the elements. The old, 
broken connections must be removed, and new connections must be created. Additionally, 
more superficial reparations can be done, such as the refurbishment of the surface of elements. 
All these reparations can take place at the deconstruction site, the new construction site and 
the storage site. [17] 

2.1.5 Redesign and construction 
Redesign and construction is the most important aspect of this research. At the start of the 
redesign, it is important to have a clear overview of all available structural elements and their 
properties. 
The redesign is greatly influenced by the available element stock and needs to be thought 
through carefully. In a traditional design process, the architect gathers all relevant information 
and creates an initial design, including floor plans and elevations. Only afterwards, the 
structural engineer will be consulted to finalize the structural design. [23] This design process 
is shown in Figure 4. 

General layout 
floorplan and 
circulation

Draw individual rooms 
with right area and 

group them

Analyze circulation and 
relationships between 
rooms and the sun

Establish building area, 
determine position 
building on site

Draw plans and 
elevations Consult with engineers

 
Figure 4. Traditional design process, according to [23] 

The presence of a limited element stock causes this process to be disrupted because the 
available structural elements will not exactly fit in the original design. Therefore, the process 
needs to be revised. The design process with precast elements, as described in [24] and shown 
in Figure 5, takes the dimensional limitation of precast elements into account. The modified 
process already comes closer to a process that can be used with reused elements.  

General layout 
floorplan and 
circulation

Selection of precast 
structural system

Choice of column grid 
and floor span

Choice and 
implantation of the 

stabilizing components

Choice and preliminary 
dimensioning of precast 
beam and floor units

Choice of façade 
cladding

 
Figure 5. Design process with precast elements, according to [24]. 
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Both [17] and [21] created a redesign by taking an already existing building design, selecting 
elements that match enough with this design and finally modifying the dimensions and grid of 
the original building design to fit the selected elements. In Chapter 0, the design process will 
be analyzed in more depth.  
During the redesign, multiple disciplines must be considered. Structural design, architectural 
design, urban planning, environmental impact, and fire safety were chosen as the most 
important disciplines for this project. Regarding structural design, the building must withstand 
the loads determined by Eurocode 1 in the ultimate limit state and serviceability limit state. 
The architectural design includes the building's useability and exterior- and interior 
appearance, for which guidelines are presented in the Bouwbesluit chapters 2 and 4. For urban 
planning, the placement and appearance of the building in its environment must be considered, 
for which local regulations should be consulted. The discipline of environmental impact 
considers CO2 emission, material use during construction, and the rest of the building’s lifetime. 
Multiple methods can be used to quantify the environmental impact, of which Life Cycle 
Assessment (LCA) is the most widely used.  Finally, fire safety measures are important to 
consider; the rules found in the Bouwbesluit chapter 2.2 must be incorporated into the design.    
If the elements have been prepared correctly, the construction of the new design takes place 
in the same fashion as a conventional prefabricated concrete system, which should not be a 
problem for experienced contractors.  

2.1.6 Example projects  
In The Netherlands, there are very few realized examples in which structural concrete elements 
have been reused. The most successful project took place in Middelburg (1986); here, the upper 
seven stories of a 12-story apartment building were removed and reused to create 114 new 
single-family dwellings.[25], [26] All the disassembled concrete elements were reused. The 
project was viable because of the structural system with dry connections.  

 
Figure 6. Deconstruction of an apartment building in Middelburg [25]. 

In Vlaardingen (1999) and Maassluis (2000), the upper floors of apartment buildings were 
disassembled to keep the lower floors useable. Even though the disassembled elements were 
not reused, the projects did show that the disassembly of precast systems by breaking mortar 
bonds is possible.[27], [20] 
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For the SuperLocal project in Kerkrade, an experimental expo building and two dwellings were 
made with complete prefab apartment cells from an old flat. This project aimed to study the 
possibilities within building circular dwellings. Eventually, it was decided that reusing just 
walls and floor slabs was not achievable; the reason for this cannot be found.  The biggest 
challenge in reusing complete apartment units was the weight of 100,000 kilograms, which 
made it difficult to lift the elements out of the original building. [28] 

 
Figure 7. Lifting out of prefab apartment cells [29]. 

At this moment, the dismantling of Prinsenhof A in Arnhem is taking place, as visible in 
Figure 8. This is an office building from 1987 with 7400 m2 of floor surface. The dismantling 
started in April 2022. The concrete elements removed for reuse are mostly hollow-core floor 
slabs from the Dycore floor system and load-bearing façade elements. These structural elements 
will eventually be used for different projects; 1052 m2 of floor slabs is used for the floor of a 
sports building, and the remainder of the floor slabs and all façade elements will be used on a 
planned knowledge center in Heerde.[30], [11], [31] 

 
Figure 8. The Prinsenhof A building during deconstruction [32]. 

Glias (2013) has performed the entire reuse process except for the realization stage in his thesis 
“The Donor Skelet” [17]. Every step of the reuse process was analyzed, and a redesign was 
made. The study shows that it is technically possible to reuse structural prefab concrete 
elements with the methods as described in Section 2.1.1 to Section 2.1.5. Additionally, it is 
concluded that the biggest advantage of reused concrete elements is the reduction of 
environmental impact. Financially, there could further be benefits compared to demolishment 
and new construction. The additional costs of the reuse process are compensated by the low 
price of the reused elements. Therefore, the reuse process becomes more appealing if a high 
percentage of reused elements is used. [33] 
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2.2 Aspects of building with (reused) precast concrete 

2.2.1 Available buildings for reuse 
The available precast concrete element stock is an important factor in the reuse process. 
Therefore, the existing precast structural systems and building stock are analyzed. 
Four main types of structural systems for precast concrete elements are as follows: [24] 

- The portal frame structure, which consists of columns that are clamped into the 
foundations and support the roof beams. 

- The skeletal structure, which is composed of columns and beams, stability is provided 
by a core, shear walls and/or wind bracings. 

- The wall frame structure, which consists of vertical load-bearing walls and horizontal 
slab units. 

- The cell structure, which are composed of composed of completely precast concrete 
cells. 

These above structural systems may be completed by a floor system, roof system, and/or, a 
façade system. Examples of floor systems are hollow-core floors, ribbed soffit floors, massive 
slab floors, and composite floor-plate floors. Additionally, hollow core floors can be used in a 
roof system; prestressed ribbed units and prestressed saddle-roof units are also available 
options.  
To specify a building system, the building stock, especially the precast concrete building stock, 
is analyzed. The buildings that are interesting for reuse have a long structural lifetime but a 
shorter functional lifetime because these buildings are more prone to becoming vacant and 
being demolished when the structure is still in good condition. Therefore, office buildings are 
chosen to be further analyzed. The trends and needs in office buildings change approximately 
every ten years; an important trend change is the preferred location of offices [34]. In the last 
ten years, 2718 office buildings were demolished in The Netherlands. Of these demolished 
buildings, 67% were built between 1970 and 1989. 

Table 1. Demolished buildings in The Netherlands between 2011 and 2020 [9]. 

Construction period % 
before 1950 9 
1950 – 1959 4 
1960 – 1969 15 
1970 – 1979 33 
1980 – 1989 34 
1990 – 1999 4 
2000 – 2009 1 
after 2010 - 

 
The graph in Figure 9 shows that the buildings from this period still occupy a significant part 
of the current national office stock [9]. 
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Figure 9. The construction period of the office building stock, The Netherlands (2020) [9]. 

Due to high market demand, many buildings from this period were built cheaply and quickly 
with newly innovated precast concrete. The office users at that time had different needs than 
the current office user. Therefore, many structurally sound office buildings have become 
outdated and vacant. The number of vacant buildings can increase with the current trend of 
working from home [10]. If the building is in a desired location, refurbishment is a valuable 
solution. However, dismantling or demolishment is the only option for buildings in unwanted 
areas. 

2.2.2 Available elements for reuse 
Some of the precast building systems consist of a combination of a façade system, a skeletal 
system, and floors. This can be translated into a building with load-bearing façades, with 
hollow core slabs spanning up to 18 meters in between. A row of columns and beams is added 
for larger buildings to complete the system [35]. This building system allows for large column-
free spaces, and therefore flexibility in floor plans. This is the building system, as shown in 
Figure 10, on which the research will be focused.  

 
Figure 10. Visualization of the precast concrete building system considered in this thesis. 

From this building system, multiple precast concrete elements can be extracted. Load-bearing 
façade elements are located on the outside of the structure. These elements contain relatively 
many openings for windows. On the inside of the structure, load-bearing walls can be found. 
These can be oriented in the same direction as the façade elements and the perpendicular 
direction. The floor and roof system consist of hollow core slabs. The most used standard width 
for these slabs is 1200 millimeters. Square columns and inverted T-beams support the middle 
of the building. Dimensional tolerances are already important to be considered with new prefab 
elements [24]; these tolerances become even bigger with reused elements because the 
dismantling process is not as precise as the fabrication process.  
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2.2.3 Structural integrity 
The most essential requirement to have structural integrity in a precast structure, is to create 
a coherent entity from individual parts. Structural coherence is a critical issue in precast 
concrete because it involves the framework in total, the precast concrete elements themselves, 
and the connection in-between those elements. 
The walls, façades, and columns carry the vertical loads from the hollow core slabs to the 
foundation. It is difficult to create moment-fixed connections between precast elements for 
horizontal forces; thus, horizontal stability can be achieved with the following systems: 

- restraint of columns in foundations 
- in-plane stiffness of shear walls 
- diagonal bracing 
- floor and roof diaphragms 

As shown in Section 2.2.2, the system retrieves its stability from its floor and roof diaphragms 
and the in-plane shear stiffness of the load-bearing façade elements. To ensure this system 
works, sufficient connections between the walls must be made which transfer shear, tensile, 
and compressive forces. Furthermore, the floor-to-floor connection needs to facilitate 
diaphragm action. To make the facades and floors collaborate, the connections between the 
different element types are crucial; the principal way to achieve a coherent structure is by ties. 
[24] The structural details that are needed to provide the element collaboration as described 
are marked in Figure 11. 

 
Figure 11. Locations of important connections. 

The connections circled in dark blue have been analyzed by Volkov [36] and are shown below. 
Not all connections as proposed by Volkov are validated, and for the connections circled in 
red, no example was found. Therefore, more research is needed regarding these connections.  

 
Figure 12. Floor - wall connection [36]. 

 
Figure 13. Wall - foundation connection [36]. 
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Figure 14. Column - foundation connection [36]. 

 
Figure 15. Wall - wall connection (shear) [36]. 

 
Figure 16. Column - Beam - Beam - Column 

connection [36]. 

 
Figure 17. Floor - beam connection [36]. 

 
Figure 18. Floor - floor connection [36]. 
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2.3 Digital building design 
Digital design has existed for over 55 years. Figure 19 shows the timeline from the start of the 
development until now. 

1965 2018

1965
First CAD systems

1980
Introduction PC
CAD Software

1987
Development 

Parametric Modelling

1987
First BIM software launched

2016
Stagnation of digitalization

2007 - 2016
Increase digitalization of construction 

industry in The Netherlands

 
Figure 19. Timeline of digital building design evolution. 

Initially, digital design was used to save time for architects by replacing paper and pen. This 
was done on specialist Computer Aided Design (CAD) systems by specialized users. Later, 
when the PC was invented, architects could use CAD as software. New developments started, 
and parametric modeling and assigning attributes to model objects became an option. These 
developments lead to the origin of Building Information Modeling. BIM saves time and effort 
for designers by facilitating the creation of graphic presentations and managing data in an 
organized manner.[37] Today, BIM is widely used in the construction sector in the Netherlands, 
which has, together with other digitalization strategies such as using robots, increased the 
sector’s productivity.[14] This has not yet been the case in the UK [38], which is visible in 
Figure 20, where the productivity of the construction industry since 1970 is shown. 

 
Figure 20. Productivity of the UK construction industry, 1970 to 2020 [39]. 

Digitalization in the construction industry has many advantages. The efficiency in data 
management increases, which prevents mistakes. Additionally, companies can use data to 
analyze their processes and to make substantiated decisions.[40] In the past few years, the 
digitalization rate of the construction sector in The Netherlands has decreased significantly. 
The industry must keep increasing its digitalization by applying digital design methods to keep 
up with other sectors to increase its productivity. In the next subchapters, the digital design 
methods which apply to this specific thesis will be named and explained.  
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2.3.1 Algorithm-Aided Design (AAD) 
Algorithm-Aided Design refers to using algorithms to aid in the design process. An algorithm 
can be defined as “Any well-defined computational procedure that takes some value, or set of 
values, as input and produces some value, or set of values, as output. An algorithm is thus a 
sequence of computational steps that transform the input into the output.” [41] This definition 
is visualized in Figure 21. Every well-defined method with an input to reach a goal can be 
classified as an algorithm. 

Input

Set of rules 
to obtain the 

expected output 
from the given 

input

Output

Algorithm
 

Figure 21. Visualization of an algorithm. 

The real power of AAD emerges when a computer performs it. The computer allows for 
executing complicated, labor-intensive algorithms, and many repetitions of the same algorithm. 

2.3.2 Software for Algorithm-Aided Design 
For the application with a computer of AAD, profound knowledge is needed on both the 
construction industry and programming is required because all design and calculation steps 
must be converted into code before a computer can perform them. However, most architects 
and structural engineers do not have the skills to do this. Therefore, software platforms with 
a user interface are created, allowing the designer to use pre-scripted elements in their projects.  
For algorithm-aided design, the algorithms must be very goal-specific. Therefore, there are no 
general AAD software platforms. Consequently, the user must specify their own algorithm for 
the design problem at hand. Visual programming environments have been developed, which 
make the use and creation of digital algorithms widely accessible. Visual programming works 
by creating a network of nodes that are connected by data streams. Each node contains a piece 
of code that represents an algorithm. The user connects nodes in a specific order, resulting in 
one big code. The visual connection method allows the user to have a clear overview of the 
structure of the code. Programmers create the nodes, which designers and engineers can use 
for their specific design goals. Grasshopper is an example of a well-established visual 
programming environment. It works within Rhinoceros 3D and is used worldwide by architects, 
designers, and engineers [42]. Figure 22 shows a small part of visual script in Grasshopper in 
which a cube is created. The script starts with a component that makes a 2D rectangle based 
on a plane, an x-length, a y-length, and a corner radius. The resulting rectangle is, together 
with a height, used as an input for the component which creates the cube.  
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Figure 22. Grasshopper script for cube creation. 

The result from this script can be viewed in Rhino and is shown in Figure 23. 

 
Figure 23. Rhino 3D result from Grasshopper script. 

Components can be created and shared freely; multiple component packages can be 
downloaded from the sizable Grasshopper community on the internet. 

2.3.3 Application in this thesis 
The construction sector needs persons who have knowledge about both the built environment 
and programming to take full advantage of the possibilities within the sector’s digitalization. 
In this thesis, components for Grasshopper will be programmed to remove barriers and increase 
productivity in the reuse process of precast concrete. An algorithm will be developed, which 
will be incorporated into a set of Grasshopper nodes that allow the user of the components to 
create and assess multiple design options. It will be possible for the user to make quick, 
substantiated design decisions based on data during the design process.
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3 Analysis of the design process 
In this chapter, the design process of an office building is analyzed. This analysis is based on 
the original process, which was realized, and a design process in which a limited element stock 
was used to create a building with the same design brief. Both designs were made by hand.  
The design goal is a new office building for the Van Berkel Group. A plan of requirements and 
an initial analysis were acquired from Buro Kade. In the figure below, the area plan is shown. 
Besides the office, the area includes industrial halls, parking spaces, and a workshop.  

 
Figure 24. Area view 

The design process concerns the office building; the other functions are left out in this design 
analysis. A plot of 30 by 60 meters in the area plan is designated for the office. According to 
the requirements from the client, important aspects of the building design are practical 
useability, durability in terms of use and materials, the working climate, and environmental 
friendliness. Multiple functions must be present in the design; the list of all functional 
requirements can be found in Appendix A.1. The desired appearance of the building is 
described as distinctive and timeless. Furthermore, it is important that the building emphasizes 
the company’s social culture.  

3.1 Traditional design process 
BuroKade created the realized design of the office for the Van Berkel Group. Architect Gijs 
Hoeijmans was interviewed about his design process for this project. The interview transcript 
can be found in Appendix A.3. A summary of this design process is schematized in Figure 25. 

Vision for tender
Establishment of 
requirements with 

client
Plan of requirements

Complete building 
design

Draw plans and 
elevations Add structural design

 
Figure 25. Original design process of the office for Van Berkel Group 
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An important note from this design process in the context of this thesis is that the building 
has been architecturally designed with little regard to the impact on its structural design. 
There has been some consideration of the structure by the definition of a grid; however, this 
has not been very influential on the final design, which is visible in the figure below. 

 
Figure 26. Realized building 

Figure 27 shows the structural design that was fitted to the architectural design. The ground 
floor consists of mainly concrete columns and walls (in grey) and some steel columns (in red), 
supported by a strip and footing foundation. On top of these, a wide slab floor is placed. The 
wide slab floor supports the steel columns of the first floor that support steel beams. Hollow 
core roof slabs (in blue) are placed on the steel beams. The brown façade elements are made 
from timber and are not load-bearing.  

 
Figure 27. Structural design created by Hooijen Konstruktiebureau B.V. 

This structure contains approximately 1120776 kg of concrete, 9449 kg of steel, and 36750 kg 
of calcium silicate brick. The weights of the materials, multiplied with their kilogram of carbon 
dioxide equivalent per kilogram (kgCO2e/kg) from the ICE database results in a total 
embodied carbon value of 166836 kgCO2e. [43] 
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3.2 Design process with reused concrete elements 
In this subchapter, a building is designed for the same building brief as in the previous 
subchapter. Figure 28 shows a flowchart that summarizes all steps in the design process.  

Establish requirements 
& create room designs

Define and calculate 
element stock Creation of grid

Add floor slabs to grid Add floor plans to floor 
slabs

Add columns, beams, 
façades and walls

 
Figure 28. Design process as performed in the redesign by hand 

The plan of requirements, as shown in Appendix A.1, was used as the starting point for the 
redesign process. From this plan of requirements, it can be concluded that at least 1200 m2 of 
available floor space is needed to fit all rooms. Other constraints for the design are a maximum 
of two stories (by the architect from the mass study), a building depth that is maximal 2.5 
times the window height plus the hallway width, and the building must be placed within the 
30 by 60-meter plot.  
Based on the expected square meters, an element stock for the redesign is chosen. The element 
stock is based on the research of Glias [17], from which ‘stock A’ was selected as a suitable 
stock. This stock was retrieved from an office building located at Hogehilweg 1 in Amsterdam. 
The element stock has been simplified, and missing information is completed and adapted 
based on known values from other prefab elements and logical guesses. These fictional 
adaptations ensure that the resulting element stock is completely viable for reuse, which allows 
for a clear reuse process. The used element stock can be found in Appendix A.4. 

 
Figure 29. Structure for structural analysis 

The figure above shows the structural system of the element stock, which shows the 
configuration in which the elements should be used. The system consists of hollow core floor 
slabs, inverted T-beams, square columns, and structural façades. In this system, the floors lay 
on top of the beams or are connected just below the top of the façades. The beams lay on top 
of columns, and in the case of multiple stories, the columns are placed vertically above each 
other with beams in between. The system is not limited to two floor spans but can be expanded 
by adding an extra row of columns. The load capacity values for each of the different structural 
elements are already defined in the stock. A calculation was performed to check which elements 
and element combinations from the stock can carry the loads of a typical two-story office 
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building, when arranged as shown in Figure 29. The roof slabs, hollow core slabs (HCS), and 
beams are checked for their maximum bending moment and shear force. The walls and façades 
are checked for maximum normal force. The loads used to perform the calculation are shown 
in Table 2. 

Table 2. Loads on a typical office building. 
 
 
 
 
 
 
 
 
 
A specific calculation approach is needed to reduce the time spent on finding all compatible 
element combinations. The chosen approach is based on checking the combinations which are 
most likely to not suffice to the unity check. The precise results of the calculations can be 
found in Appendix A.7. The calculation starts with checking the floor with the greatest span 
(6960 mm) for moment and shear with the formulas below.  

 𝑞𝑞𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻 ∗ 𝑌𝑌𝑄𝑄 + 𝐺𝐺𝐻𝐻𝐻𝐻𝐻𝐻 ∗ 𝑌𝑌𝐺𝐺 (3.1) 

 𝑀𝑀𝑒𝑒𝑒𝑒  𝐻𝐻𝐻𝐻𝐻𝐻 =
1
8
∗ 𝑞𝑞𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 ∗ 𝐿𝐿𝐻𝐻𝐻𝐻𝐻𝐻2 (3.2) 

 𝑉𝑉𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 =  
1
2

 ∗ 𝑞𝑞𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 ∗  𝐿𝐿𝐻𝐻𝐻𝐻𝐻𝐻 (3.3) 

 𝑈𝑈𝑈𝑈𝑀𝑀 𝐻𝐻𝐻𝐻𝐻𝐻 =  
𝑀𝑀𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻

𝑀𝑀𝑟𝑟𝑟𝑟 𝐻𝐻𝐻𝐻𝐻𝐻
  (3.4) 

 𝑈𝑈𝑈𝑈𝑉𝑉 𝐻𝐻𝐻𝐻𝐻𝐻 =  
𝑉𝑉𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻

𝑉𝑉𝑟𝑟𝑟𝑟 𝐻𝐻𝐻𝐻𝐻𝐻
  (3.5) 

This check is okay, from which we can conclude that a floor with the same moment and shear 
resistance but a smaller span will also suffice.  
Next, the longest beam is checked in combination with the largest floors using calculations 3.6 
to 3.10.  

 𝑞𝑞𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  
𝐿𝐿1 𝐻𝐻𝐻𝐻𝐻𝐻 ∗ (𝑞𝑞𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑊𝑊𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 )

2
+ 
𝐿𝐿2 𝐻𝐻𝐻𝐻𝐻𝐻 ∗ (𝑞𝑞𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑊𝑊𝑒𝑒𝑒𝑒  𝐻𝐻𝐻𝐻𝐻𝐻 )

2
  (3.6) 

 𝑀𝑀𝑒𝑒𝑒𝑒  𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
1
8
∗ 𝑞𝑞𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2 (3.7) 

 𝑉𝑉𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  
1
2

 ∗ 𝑞𝑞𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗  𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (3.8) 

 𝑈𝑈𝑈𝑈𝑀𝑀 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  
𝑀𝑀𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑀𝑀𝑟𝑟𝑟𝑟 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
  (3.9) 

 𝑈𝑈𝑈𝑈𝑉𝑉 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  
𝑉𝑉𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑉𝑉𝑟𝑟𝑟𝑟 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
 (3.10) 

Roof  1st floor & Ground floor 
Permanent loads  Permanent loads  
Self-weight HCS 2.7 kN/m2 Self-weight HCS 2.7 kN/m2 
Concrete topping 1.0 kN/m2 Concrete topping 1.0 kN/m2 
Roof cover 0.2 kN/m2 Finishing 0.2 kN/m2 
    
Variable loads  Variable loads  
Roof not accessible 1.04 kN/m2 Office 2.5 kN/m2 
Solar panels 0.15 kN/m2   
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The bending moment in the beam with a length of 7100 caused by the two largest floors is 
442.3 kNm while the resistance of the beam is 189 kNm. Therefore, this beam – floor 
combination is not useable. A beam length smaller is tried until the unity check of the beam 
is below 1.0. From here, it can be concluded that all shorter beams with the same strength will 
also be able to carry that same floor combination. Thus, the rest of the same strength beams 
do not have to be checked, resulting in a reduced number of calculations. This process is 
repeated for each floor combination.  
Finally, the structural capacities of the columns, façades, and walls were considered with the 
calculations below.  

 𝑁𝑁𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑞𝑞𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 �
1
2
𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2 + 

1
2
𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏1� +

𝑊𝑊𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏1 + 𝑊𝑊𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2

2
+ 𝐹𝐹𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (3.11) 

 𝐹𝐹𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑁𝑁𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑊𝑊𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (3.12) 

 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  
𝑁𝑁𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑁𝑁𝑟𝑟𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (3.13) 

The only column type in stock has a normal force resistance of 2789.7 kN. When this column 
is combined with the two largest beams (7100 mm) and the two largest floors (6960 mm) the 
load on the column due to the roof is equal to 685.97 kN, and due to a floor 1667.3 kN. From 
which can be concluded that the column is able to carry one floor with a roof. Due to the 
requirements, the building will not have more than two stories. Therefore, all the possible 
element combinations can be used for the columns. Equations 3.14 to 3.17 show the calculations 
which are used to determine the maximum floor capacity of the façades and walls. 

 𝑁𝑁𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝐿𝐿𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  
𝐿𝐿𝐻𝐻𝐻𝐻𝐻𝐻 ∗ (𝑞𝑞𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑊𝑊𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 )

2
+ 𝐹𝐹𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (3.14) 

 𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  
𝑁𝑁𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑁𝑁𝑟𝑟𝑟𝑟 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 (3.15) 

 𝑁𝑁𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝐿𝐿𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 � 
𝐿𝐿1 𝐻𝐻𝐻𝐻𝐻𝐻 ∗ (𝑞𝑞𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑊𝑊𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 )

2
+ 
𝐿𝐿2 𝐻𝐻𝐻𝐻𝐻𝐻 ∗ (𝑞𝑞𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑊𝑊𝑒𝑒𝑒𝑒  𝐻𝐻𝐻𝐻𝐻𝐻 )

2
� + 𝐹𝐹𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (3.16) 

 𝑈𝑈𝑈𝑈𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =  
𝑁𝑁𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑁𝑁𝑟𝑟𝑟𝑟 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 (3.17) 

From these calculations it is concluded that the facades and walls also have enough resistance 
to carry at least two stories with the largest floors. 
All required rooms were designed to fit within a grid width of 3600 mm. This was done based 
on the interview with the architect Ivo van den Thillart, which can be found in Appendix A.3. 
The standardization of the rooms makes it easier to fit the rooms into a structural grid later 
in the design process. The room designs can be found in Appendix A.6. The design of the 
building shape started with laying out a grid based on the width and length of the available 
hollow core slabs, as shown in Figure 30. Multiple grid options were created in which the 
maximum building depth and the number of floors in stock were present as limiting factors.  
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Figure 30. Structural grid 

The grid in Figure 30 resembles the shape of the original design of the building; therefore, this 
grid was chosen to be elaborated into floorplans. To save time, no other grid configurations 
were translated into floor plan designs. However, it would be interesting to be able to explore 
multiple design options if the process was less time intensive.  Figure 31 and Figure 32 show 
the floor plans placed on the grid.   

 
Figure 31. Floor plan ground floor 

 
Figure 32. Floor plan 1st floor 

After the floor plans were created, the structure was added to the design with the structural 
restrictions in mind. The most difficult part of this design step was to find combinations of 
wall and beam lengths that fit with the floor plans because the wall, beam, and floor dimensions 
do not match perfectly. Additionally, the wall openings need to fit with the daylight 
requirements of the rooms. Therefore, the rooms were divided into three daylight requirement 
categories, as shown in Figure 33.  
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Figure 33. Daylight requirements 

The walls were fitted to the floor plan by starting at one side of the building and measuring 
the needed wall length, then the light requirements were checked at that location, and a wall 
was chosen which fits the requirement. The wall was placed, and its length was deducted from 
the total length. These steps were repeated until the remaining wall length came close to zero 
or negative. If the total wall length was too big, the last wall was removed, and a smaller wall 
was tried, and if that was not close enough, two walls were removed. This process was repeated 
until a right configuration was found. The resulting structural design from this process is visible 
in the figures below. 

 
Figure 34. Front 3D view of the structure. 

 
Figure 35. Back 3D view of the structure. 

If the walls are fitted perfectly with the floor plans, the difference in length between the placed 
walls and the floor plans is zero. In this design, the flexibility in this difference is increased by 
adding customized façade parts at the entrances, where new materials are used. Another option 
to increase flexibility is to create connection parts for the corners of the building. It would be 
interesting to create a design for a reusable modular corner connection element for projects 
like this. Another option would be to add a new complete wall or beam element to overcome 
the difference. 
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Figure 36 shows a more detailed view of one of the corners of the structure; here, it becomes 
visible how the elements are placed in relation to each other.  

 
Figure 36. Section view. 

The figure below gives an isolated view of the placed beams and columns along the internal 
grid line, along with perpendicular structural walls.  

 
Figure 37. Beams, columns, and walls. 

In total, 294 hollow core slabs, 24 beams, 24 columns, and 53 façades are used in the structure. 
The structure contains approximately 984000 kg of reused concrete. This weight is a slight 
overestimation because the weight of the façades was calculated without openings, and the 
beams were calculated as if they had rectangular sections. A final structural check of the 
designed structure is not performed because all elements are used in configurations that have 
been marked as viable in the calculation at the beginning of the process. The building is 
stabilized by the load-bearing façades which surround the complete building and the internal 
walls.  
Most steps in the performed design process were quite laborious. Therefore, for each design 
step, the first option that sufficed to meet the requirements was chosen. Consequently, only a 
few options were explored, and better options might exist.  
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3.3 Comparison of the design processes  
The functional design and the architectural vision for the building are the common thread in 
the traditional design process. The complete architectural design and functional design are 
created before the structural design is considered. The structural design is fitted with the rest 
of the design. The design process is completely different when a limited element stock is used. 
The available structural elements and, therefore, building shapes need to be considered from 
an early point in the process. The functional design will be made with the restrictions of the 
available floor slabs. And the architectural design is largely dependent on the final structural 
and functional design.  
It is difficult to compare the material usage in both designs because different structural systems 
are used, and both numbers are not exact numbers but approximations. Additionally, no 
numbers can be found in the literature on the embodied carbon in reused concrete. However, 
it can be deduced that great amounts of materials can be saved by reusing concrete.  
Reusing concrete elements reduces the architect’s freedom of design; however, many design 
options are still available. The exploration of these design options is laborious because the 
coherence to the element stock must be checked for each adjustment. Consequently, the design 
process becomes more of a puzzle, and the possibilities for creativity are limited. Integration 
between the element stock and the architectural, functional, and structural design is very 
important. This might put off architects and structural engineers from building with reused 
concrete. 
With the help of a design algorithm discussed in Chapter 4, the steps performed in the 
redesign become clearer and easier to reproduce. The design process by hand is analyzed to 
include the steps in an algorithm. This design process could be iterative, meaning steps are 
repeated, adjusted, and repeated until a solution is found. For this thesis, it is tried to create 
a linear process, which will be more easily accessible due to easier understandability and 
shorter calculation time.  
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4 The design process in an algorithm  
This chapter presents the algorithm that is created based on the findings in Chapter 0. Figure 
38 shows a summary of the algorithm visualized in a flowchart.  

Requirements

Load building stock

Load capacity 
calculation

Grid generation and 
floor slab placement

Design of 
floorplans

Placement of beams, 
columns, façades, and walls

Structural 
analysis

 
Figure 38. The general algorithm in a flowchart 

Each step of the algorithm will be discussed in more detail below. A small example is shown 
in the framed parts of the text.  

4.1 Requirements 
The requirements needed for the design process are the building plot dimensions, the maximum 
number of stories, the maximum building coverage ratio, the building function, the maximum 
building depth, and the desired area. Some small calculations are performed to check if the 
requirements do not contradict each other. The algorithm flowchart is visible in Appendix 
A.9.1. An example set of requirements is shown below. 

Example requirements 
Function: Residential 
Maximum stories: 2 
Maximum building coverage ratio: 70% 
Desired area: 100 m2 
Maximum building depth: 10 m 
Plot: 14 x 9.5 meter 

 
Figure 39. Plot outline 

4.2 Building stock  
The building stock contains all elements available for the reuse process. Multiple element types 
are possible, including floors, beams, columns, façades, and walls. Each element has geometrical 
properties, including its length, height, and width, and its strength for governing internal 
moment, shear, and normal forces. Additionally, the façade elements have a value that 
describes the amount of daylight that is let through on a scale from 1 to 3. An example building 
stock is shown below.  
 



The design process in an algorithm | 26 
 

 

Example building stock 
The elements in the building stock below are created for the example, they do not refer to 
a real element stock or real elements.  

Table 3. Example building stock 
Type Qty L (m) H (m) W (m) Mrd (kNm) Vrd (kN) Nrd (kN) Daylight 
Floor 1 6 4 0.2 1.2 60 80 - - 
Floor 2 15 7.5 0.2 1.2 60 80 - - 
Beam 1 1 1.0 0.45 0.72 100 200 - - 
Beam 2 1 2.6 0.45 0.72 100 200 - - 
Beam 3 1 2.6 0.45 0.72 150 300 - - 
Column 1 1 0.3 2.6 0.3 - - 500 - 
Column 2 1 0.4 2.6 0.4 - - 890 - 
Façade 1 4 1.5 3.05 0.1 - - 300 1 
Façade 2 2 2 3.05 0.1 - - 300 1 
Façade 3 2 1.5 3.05 0.1 - - 250 2 
Façade 4 3 2 3.05 0.1 - - 250 2 
Façade 5 7 1.5 3.05 0.1 - - 200 3 
Façade 6 13 2 3.05 0.1 - - 200 3 

xx 

4.3 Structural calculation 
The structural calculation consists of a preliminary assessment of the building stock in 
combination with the requirements. The same formulas are used as described in Section 3. 
Loads are applied on the floors based on the building function, and the resulting internal 
moment and shear forces are compared to each floor’s capacity. Every floor that can withstand 
the loads is then checked in combination with all the beams, façades, and walls. The beams 
are checked for shear force and moments, and the façades and walls are checked for normal 
forces. Each combination that suffices the checks is stored. Not every column–beam–floor 
combination is checked to reduce calculation time and size. Instead, the beam-floor 
combinations are grouped based on the lengths of the beams and the floors, regardless of their 
other properties. And from each group, for one combination is checked how many floors could 
be carried by the column. The calculations corresponding with the example stock are shown 
below.  

Example structural calculation 
Check 1: floors 

Table 4. Floor calculation 
Floor Imposed load Own weight M (kNm) V (kN) UC M UC V 
Floor 1 4.89 kN/m2 2.7 kN/m2 15.18  15.18 0.25 0.19 
Floor 2 4.89 kN/m2 2.7 kN/m2 53.37 28.46 0.89 0.36 
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Check 2: beams 
Table 5. Beam-floor combination calculation 

Beam Floor A Floor B M (kNm) V (kN) UC M UC V 
Beam 1 Floor 1 Floor 1 3.16 12.65 0.03 0.06 
 Floor 1  Floor 2 4.55 18.19 0.05 0.09 
 Floor 2 Floor 2 5.93 23.72 0.06 0.12 
Beam 2 Floor 1 Floor 1 21.39 32.89 0.21 0.16 
 Floor 1  Floor 2 30.73 47.28 0.31 0.24 
 Floor 2 Floor 2 40.09 61.67 0.40 0.308 
Beam 3 Floor 1 Floor 1 21.39 32.89 0.11 0.11 
 Floor 1  Floor 2 30.73 47.28 0.15 0.16 
 Floor 2 Floor 2 40.09 61.67 0.20 0.21 

 
Check 3: columns:  

Table 6. Column-beam-floor combinations 
Combi Beam length A 

(m) 
Beam length B 
(m) 

Floor length A 
(m) 

Floor length B 
(m) 

1 1 1 4 4 
2 1 2.6 4 4 
3 2.6 2.6 4 4 
4 1 1 4 7.5 
5 1 2.6 4 7.5 
6 2.6 2.6 4 7.5 
7 1 1 7.5 7.5 
8 1 2.6 7.5 7.5 
9 2.6 2.6 7.5 7.5 

They can be combined with two different columns, which results in 18 combinations in 
total. If each beam of 2.6 meter would be considered in a distinct combination, 36 
combinations would be made.  

Table 7. Column calculation 

 
 
 
 

Combi kN / floor Max stories column 1 Max stories column 2 
1 25.30 19 35 
2 45.54 10 19 
3 65.78 7 13 
4 36.38 13 24 
5 65.47 7 13 
6 94.56 5 9 
7 47.44 10 18 
8 85.39 5 10 
9 123.34 4 7 
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Check 4: façades 
Table 8. Façade calculation 

 
 

Façade kN / floor 1 Max stories floor 1 kN / floor 2 Max stories floor 2 
1 18.98 15 35.58 8 
2 25.30 11 47.43 6 
3 18.98 13 35.58 7 
4 25.30 9 47.43 5 
5 18.98 10 35.58 5 
6 25.30 7 47.43 4 

4.4 Grid generation and floor slab placement 
The grid generation starts with the choice of a point randomly somewhere along the plot 
perimeter line. Next to this point, the first grid cell is placed. The sizes of the grid cells are in 
one direction determined by the width of the floors in stock and the number of floors that will 
be placed simultaneously, and in the other direction by the lengths of the floors in the element 
stock. Starting from the first grid cell, the rest of the plot is populated with other cells. An 
example of the grid generation is shown below.  

Example grid generation 

 
Figure 40. Example grid generation 

 
The placement of the floors starts at the location of the first grid cell. The distance to all the 
other grid cells is determined from this point. The grid cells will be considered for placement 
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of floors one by one, with the closest grid cells first. Before a grid cell is filled with floors, the 
following requirements must be met: 

- There are enough floors of this length in the floor stock. 
- The building width does not exceed the maximum building width by filling this grid 

cell with floors. 
The placement of floors stops when the desired area is reached when each cell has been analyzed 
for placement or when the floor stock is empty. Below, an example of the floor placement is 
shown. 

Example floor placement 

 
The described process can be performed multiple times and will yield different results. 
Afterward, the results are analyzed based on the resulting area, conformity with the beam and 
façade stock, and volume/envelope-area ratio. A multi-criteria analysis is used to choose the 
best result. In this analysis, the adherence to the area requirement, the coherence between the 
expected element use and the element stock, and the volume-envelope ratio are weighed.  

4.5 Design of floor plans 
The architectural floor plans must be designed onto the placed floor slabs because the slabs 
form the basic shape of the building. This design can be made by hand or by an algorithm.  
The design of the floor plans itself is out of the scope of this thesis, and therefore, no algorithm 
is designed for this purpose. Below an example of a floor plan design is shown. 
 
 
 

 
Figure 41. Floor placement 
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Example design of floor plans 
 

 
Figure 42. Floor plan design 

4.6 Placement of beams, columns, and façades 
The placement of the beams and columns is a separate process from the placement of the 
façades. First, the locations on which the beams and façades need to be placed are identified 
based on the already placed floors.  
The beams need to be placed where two floor-ends meet each other to support those floors. 
This results in beam locations in terms of a location line. These lines are then considered for 
beam placement in a specific order. To ensure that the columns for each story are placed on 
top of each other, all location lines that are vertically placed above each other will have beams 
located to them at the same time. This results in multiple groups of vertical lines. These groups 
will be ordered based on the grid distances next to them, with the lines next to the greatest 
grid distance first. As a result of this order, the beams which carry the highest loads will be 
placed first. This reduces the material use when a new beam needs to be used instead of a 
reused beam. The beams are assigned to a location line by finding the combination of beams 
that best fits the length of the location line.  

Example placement of beams 
 

 
Figure 43. Beam location line. 

 
 

The length of the beam location line is 3.6 meter. In the figure below, all possible 
combinations with the beams from the stock are made. 
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Figure 44. Beam stock and possible combinations. 

The combination which has a length of 3.6 meter is chosen. In the figure below, the 
combination is placed into the structure.  

 
Figure 45. Placement of beams. 

 
The placed beams determine the locations on which the columns need to be placed. Placement 
of the columns takes place per set of column locations that are vertically above each other. 
For each column, it is determined how many columns, and therefore floors, are above it. 
Combined with the knowledge of which beams and floors they support, the corresponding 
column-beam-floor combinations are selected. From which the column with the lowest 
resistance is selected for placement.  

Example placement of columns 
 

 
Figure 46. Placement of columns. 
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For the placement of the façades, first, the floor plan outlines are analyzed to determine the 
daylight requirement of each part of the façade. From here, the outlines are divided into smaller 
lines with the same daylight requirement. Then, the best length combination of façade elements 
with this daylight requirement is determined. For each façade length in the combination, 
placeable façades with equal lengths are found. Then the façade with the lowest strength and, 
therefore, highest unity check is placed.  

Example placement of façades 

 
Figure 47. Placement of façades. 
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5 Digitalization of the algorithm 

5.1 The complete design process in components 
The Rhinoceros and Grasshopper environment was used to bring the algorithm from Chapter 
4 into practice. As already explained in Section 2.3.3, Grasshopper gives the possibility to 
design in Rhino through visual code, for which pre-scripted components that perform an 
algorithm are used. The algorithm from Chapter 4 has been incorporated into a series of 
Grasshopper components visible in Figure 48. 

 
Figure 48. Grasshopper script. 

The components are created in Visual Studio, an integrated development environment where 
developers can write and edit code. Within Visual Studio, an extension called ‘RhinoCommon 
and Grasshopper templates for Rhino 7’ was used. The extension provides a template (included 
in the script booklet item B.1) for an empty Grasshopper component for Rhino 7. Every 
component was built with the help of this template. The C# scripting language was used to 
code the respective algorithms within these components. 
Within Grasshopper, the components can easily be switched out for other components or by 
manual data input in line with the input requirements for the subsequent components. The 
component package can be expanded by adding components with similar functions, including 
different algorithms and components that perform new algorithms. This gives the user more 
influence on the process because a choice can be made on which components will be used. 

5.2 The components in detail 
In this subchapter, every component used in the complete script is discussed from a technical 
point of view. The actual code inside the components can be found in the script booklet. 

5.2.1 Import building stock 
The component loads the building stock from a Microsoft Excel spreadsheet file into the 
Grasshopper environment. The script can be found in script booklet B.2. 
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Figure 49. ‘Import Building Stock’ component. 

The code inside this component uses the Microsoft.Office.Interop.Excel assembly, which allows 
interoperation between a Microsoft Excel file and a C# script. With this assembly, an Excel 
sheet is analyzed row by row, and from this data, a list containing all stock data is created. 
The used Excel file should be constructed in a specific way, as shown in Figure 50. If this 
formatting is not applied correctly, the stock import will fail.   

 
Figure 50. Excel input screen. 

The amount of detail included in the aforementioned Excel table is limited in line with the 
scope of this project. For instance, holes in walls and facades or cut-outs in beams are not 
considered. For this to be possible, another import method could be created which supports 
geometry data, such as IFC files, or an import by hand in Grasshopper. Another useful addition 
might be to add an element ID. In the other components, the elements are identified by the 
combination of their properties; this process becomes easier and faster if a unique ID is used.  

5.2.1 Define constraints 
In this component, the user can set the constraints of the design process to be performed. The 
script can be found in script booklet B.3. 

 
Figure 51. ‘Define Constraints’ component. 

The code inside this component is very simple. Multiple inputs are taken in and checked to 
see if they are of the correct data type. Some checks are performed to find contradictions, and 
a warning is given if one is found. Finally, the inputs are combined into one output list.  
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5.2.2 Stock calculation 
This component defines the possible element combinations. Its script can be found in script 
booklet B.4. As input, it takes in the results from the previously discussed components. 

 
Figure 52. ‘Stock Calculation’ component. 

The script contains the calculations as discussed in Section 3. All elements loaded by the Load 
Stock component (section 5.2.1) are assumed to be geometrically compatible and fitting in the 
load-bearing façade system.  
In the current script, internal walls are left out because they are not used in the building 
system of the scope. If components were to be made for other structural systems, a wall 
calculation must be added for structural systems in which internal walls have an essential 
function. Furthermore, an addition to the script could be made, including automatically 
calculating elements' structural load capacities. Due to this addition, the script will not be 
dependent on the inclusion of element properties in the stock.  

5.2.3 Floor placement 
The component that takes care of the placement of the floors is shown in Figure 53. Its script 
can be found in script booklet B.5. All inputs, except the Direction Factor, are outputs of the 
previous components. The Direction Factor, on which will elaborated in Chapter 0, is added 
by the user.  

 
Figure 53. ‘Floor Placement’ component. 

The generation of the grid starts with the definition of a starting point. In the script, this point 
is chosen randomly somewhere on the plot outline. It is an option to let the user pick this 
starting point, which allows for more influence on the design. Next, the grid is created, the 
grid generation starts with the creation of a list of placeable grid lengths. This list is based on 
the floors in the element stock and in which ratio they are present. After the list with all 
lengths is created, the list is randomized. For the placement of the first grid cell, the first 
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length of the list is taken and a cell with this dimension is created. This is repeated for the 
other grid cells while looping through the list. This creates a semi random grid cell placement, 
a more structured method of defining the grid distances can be developed with a specific 
algorithm. 
The Direction Factor is defined by a 3D Point, where each coordinate equals a direction factor. 
The factor multiplies the x, y, and z distance of the grid cells to the starting point. The higher 
the factor in a certain direction, the less prone the script will be to place floors in that direction.  
Every time the script runs, n * m floor placement options are generated. In the current script, 
n is equal to the maximum story height defined by the constraints, and m is equal to 5.  For 
n times, the number of floors considered is alternated between 1 and n. These values could be 
adjusted to explore more design options, but they are kept quite low to reduce calculation 
time.  
A multi-criteria analysis is used to assign a score to each generated result. The analyzed criteria 
are adherence to the area requirement and the volume-envelope ratio. For each result, the 
difference between the area requirement and realized area, and the ratio between the volume 
of the building and the façade surface is calculated. These numbers are normalized and placed 
on a scale from 0 and 100. For each result these scores are summed up and the score is reduced 
with a reduction value if the expected element usage does not match the stock. The floor 
configuration with the highest score is selected as the output. In the current script, the 
reduction value is set at 10 because this value will have a significant impact on a score between 
0 and 200. This reduction value and the rest of the scoring system have not been analyzed 
thoroughly. A study on this subject might improve the results given as output from this 
component. It is an option to provide the user with influence on which features are more 
important in the scoring system.  

5.2.4 Design of floorplans 
The floor plans are generated with the help of a Grasshopper plugin called Magnetizing Floor 
Plan Generator [44].  The outlines of the placed floor slabs, together with the desired rooms 
and corresponding areas, are input for the component. The output consists of a set of surfaces, 
one for each placed room. The floor plan generation itself is not part of the scope of this project 
and is merely used to easily run and test the rest of the script without manually creating floor 
plans. The floor plan generator components do not work perfectly; for example, it cannot 
design multiple stories simultaneously. However, in this research, the components give a fast 
method to work through the complete design process. It is recommended that the method is 
improved or a better approach is created for future use in practice.   

5.2.5 Floor plan to structure 
The component that takes care of the placement of the beams, columns, and facades is visible 
in Figure 54. The script can be found in script booklet B.6. The inputs of the component are 
all results from the previous components. Therefore, the user can not influence the outcome of 
this component.  
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Geometrical Lines define the locations where 
the beams and façades need to be placed. It is 
tried to find the combination of beams or 
façades which match the line as closely as 
possible. In the software science environment, 
this problem is called the Subset Sum Problem 
(SSP). This problem often arises in practical 
applications, for example, when a truck must 
be loaded as full as possible without exceeding 
a weight limit. The solution to this problem is 
discussed in the next subchapter. In the 
current script, the combination closest to the 
goal length is chosen to be placed. It could be 
an option to add more criteria, such as the 
number of beams, and use a multiple criteria 
analysis to find the best solution.  
The outputs of this component can be used to 
visualize the designed structure in Rhino. 
They could also be imported into a CAE 
environment for thorough structural analysis;  
however, it is important to understand the  

 
Figure 54. ‘Floor Plan to Structure’ component. 

output of this component and the inner workings of the CAE tool to ensure the results are 
correct. Furthermore, a connection to a BIM environment could be made. 

Subset sum problem 
The goal of this subset sum problem is to find the combination of lengths (beam and façade 
elements in element stock) closest to the goal length (location line on which elements need to 
be placed). The simplest solution is an iterative solution; it contains a generic algorithm that 
creates every possible combination. This approach results in 2n possible combinations, resulting 
in an exponentially increasing calculation time for each extra length in the set. This is not a 
problem for small element stocks; however, when the amount of placeable elements grows, the 
calculation time increases in like manner. The calculation time can be reduced by developing 
a specific algorithm for the situation. The resulting algorithm is shown as a flowchart in 
Appendix A.9.5. A piece of code was written which performs this algorithm. In this code, 
recursive functions were used. Recursive functions are pieces of a script that call themselves 
within their own code. This allows for the generation of many combinations without a huge 
number of lines of code. Two cases are used to demonstrate the difference between the iterative 
method and the recursive method. The situations are described below, and the test results are 
shown in Table 9. 

- Case 1 
Goal length = 175 
Set = { 9, 17, 17, 22, 43, 75, 77, 102, 138, 184, 184 } 

- Case 2 
Goal length = 3000 
Set = { 6, 15, 36, 58, 79, 90, 103, 167, 375, 457, 743, 903, 1034, 2634, 3742 } 
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Table 9. Subset sum results comparison. 

 Iteration method Recursion method 
Case 1   
Best 5 found subsets 17, 17, 22, 43, 77, sum = 176 

9, 22, 43, 102, sum = 176 
75, 102, sum = 177 
17, 22, 138, sum = 177 
9, 17, 75, 77, sum = 178 

102, 43, 22, 9, sum = 176 
77, 43, 22, 17, 17, sum = 176 
138, 22, 17, sum = 177 
102, 75, sum = 177 
77, 75, 17, 9, sum = 178 

Average elapsed time 163.3 ms 20.3 ms 
Case 2   
Best 5 found subsets 36, 58, 79, 90, 103, 2634, 

sum = 3000 
15, 36, 58, 90, 167, 2634, 
sum = 3000 
6, 90, 103, 167, 2634, 
sum = 3000 
6, 58, 167, 375, 457, 903, 1034, 
sum = 3000 
6, 36, 79, 103, 167, 375, 457, 
743, 1034, 
sum = 3000 

2634, 167, 103, 90, 6,  
sum = 3000 
2634, 167, 90, 58, 36, 15,  
sum = 3000 
2634, 103, 90, 79, 58, 36,  
sum = 3000 
1034, 903, 457, 375, 167, 58, 6, 
sum = 3000 
1034, 743, 457, 375, 167, 103, 
79, 36, 6,  
sum = 3000 

Average elapsed time 10845.6 ms 99 ms 
 
From the two examples, it is clear that the recursive code performs significantly better than 
the iterative code in terms of calculation time when the lengths set becomes bigger. 
Additionally, the results from the recursive method are the same as the best results from the 
iterative method, which is the desired outcome.  
However, even with the recursive method, keeping the goal length and set size as small as 
possible is still important. When the combination count becomes too large, a computer does 
not have enough memory to continue the execution of the script, which results in an error.   
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6 Study case and model validation 
A case study is done to show the results that the script produces and to validate the script. 
The same design brief was used as in Chapter 3 - Analysis of the design process. The plan of 
requirements and the element stock can be found in Appendix A.1 and Appendix A.4. The 
inputs and outputs of the components are discussed below. 

6.1 Design generation 
The design process starts with defining the constraints, as shown in Figure 55. The ‘Rotate’ 
component allows the user to place the grid in another direction on the plot.  

 
Figure 55. Input constraints. 

In the ‘Floor Placement’ component, the user can 
influence the design with the Direction Factor, which 
is visible in Figure 56. 

Both Figure 57 and Figure 58 have a Direction Factor 
of (10, 1, 1), which results in a favor for placing floors 
in the Y and Z directions. The plot is rotated 90 
degrees in Figure 58. Figure 59 shows a result with 
the same rotation as Figure 58 but with a Direction 
Factor of (1, 1, 1). With this Direction Factor, the 
shape of the building will be more irregular.  
 
 

 
Figure 57. Floor configuration 1. 

 
Figure 58. Floor configuration 2. 

 
Figure 59. Floor configuration 3. 

Figure 56. ‘Floor Placement’ with Direction Factor. 
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The ‘Floor Placement’ component was run multiple times until the configuration, as shown 
in Figure 60, was found. This configuration was chosen to perform the rest of the design 
process because of the simple shape, which would make floor plan generation easier. The 
floor plan area is 1483 m2, 17 m2 below the desired area.  

 
Figure 60. Chosen floor configuration. 

Onto this floor configuration, the floor plans are generated, and all necessary information is 
put into the ‘Floor Plan to Structure’ component. The figures below show the placed beams, 
columns, floors, and the general shape of the building.  

 

Figure 61. Placed beams and columns. 

In total, 321 floors, 31 beams, 27 columns, and 
67 façade elements were placed. Which 
approximately results in a total of 1038025 kg 
of concrete. This value is determined based on 
façades without openings and rectangular 
beams; therefore, there will be some 
overestimation.  

 

  

 

Figure 62. Placed floors. 

 

Figure 63. Building shape. 
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The figure below shows the daylight requirement of the generated floor plans together with 
the daylight properties of the placed façades. Yellow means little to no daylight, orange means 
medium daylight and red is a high daylight requirement. The dark blue parts are new façade 
elements. From the pictures, it can be concluded that the placed façades match quite well with 
the daylight requirements.  

 
Figure 64. Façade and floor plan daylight requirements for the ground floor (left) and the first floor 

(right). 

In Figure 64, it can be seen that 16 new façades (shown in dark blue) were used, which cover 
44 meters of the complete façade distance. Therefore, the reused façade length is equal to 
85.3% of the total perimeter. Figure 65 shows the presence of new elements for the beams, 
columns, and floors. The green elements are reused, and the red elements are new. For the 
columns and slabs, 100% of the elements are reused. Five new elements have been used for the 
beams, which have a total length of 14.50 meters. This is equal to 89.7% of reused beam length.   

 
Figure 65. New and reused elements. 

Table 10 shows the average calculation time for each component in this study case. This shows 
that the complete design process can take place in 20.17 seconds.  

Table 10. Calculation times of the components. 

Component Calculation time 
Define Constraints  < 1ms 
Load Building Stock 4.32s 
Stock Calculation 44.6ms 
Floor Placement 368.8ms 
Generation of Floor Plans 15s 
Floor Plan to Structure 432.2ms 
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6.2 Structural design verification 
To verify if the generated design is structurally sound, a calculation by hand was performed.  
The loads in the beams, columns, and façades, due to imposed loads, were calculated, for which 
the same calculations were used as in Section 3. A table with results can be found in Appendix 
A.7. The results show that all elements can withstand the imposed and dead loads on the 
structure.  
A situation was found that was not considered in the ‘Stock Calculation’ component. This 
situation occurs at the location where the size of two stories is different, as shown in Figure 
66. Here, a façade is supported in two points, on top of another façade and on top of a column. 
The façade will behave like a big beam. And the column will support the weight of seven floors, 
three beams, and two facades.  

 
Figure 66. Unaccounted for situation. 

Within this study case, this unaccounted-for situation does not cause problems because all 
columns have enough capacity. However, when more stories are added, or if the columns have 
less strength, problems might arise. Therefore, in all similar situations a new column will be 
placed. The strength of the column can then be adapted to the specific situation. Another 
problem arises when there are multiple consecutive façades without support. Here, extra 
columns, or a supporting beam, or wall, should be added manually. 
Apart from the situation mentioned above, all element configurations are considered in the 
calculation component. Most elements in this study case have a great overcapacity. Therefore, 
the study case was performed again with an additional set of elements with lower strengths. 
This confirmed that elements will not be placed if they will not suffice the unity check.  
In terms of functionality, the script can be executed in a short amount of time, and the facades 
are matched very well to the daylight requirements of the floor plans. Additionally, the placed 
floor plan area is close to the desired floor plan area, and the use of new elements is limited.  
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7 Discussion 
The project aims to ease the architectural and structural design process of buildings with 
reused precast concrete elements and to optimize the use of reused elements in these buildings. 
The developed algorithm and corresponding Grasshopper components show that a building 
can be designed quickly with a limited number of new elements. However, a scope was 
embedded for the project’s feasibility. This chapter discusses the consequences of this scope 
and what steps will be needed to create an all-encompassing solution.  
This discussion is divided into two parts. The first part concerns the general subject of this 
thesis: the design process and the reuse of precast concrete elements. The second part discusses 
specifically the inner workings of the scripted components.  

7.1 General 
The algorithm is specifically made for an element stock of a load-bearing façade system. This 
excludes all other building systems. If other structural systems are to be included, the order of 
the general algorithm can stay the same. However, the selection of which elements to place 
and how they relate to each other will differ for each building system. For example, for a 
system in which internal walls stabilize the structure, beams would need to be placed instead 
of façades. Additionally, the placement of structural walls would have to be included, as the 
stability of this system is not automatically guaranteed. For the case of this project, it is 
assumed that the load-bearing façades stabilize the building, and further stabilizing measures 
are not needed. Therefore, they are not incorporated into the algorithm.  
Furthermore, the geometrical properties that are included in the script are limited to a width, 
height, and length. This causes a limitation, for example for the placement of the façades in 
which the size and location of the windows cannot be taken into account. This might cause a 
problem when a beam is connected directly above a window.  
The designed framework is not limited to reused precast concrete; it could apply to every 
structural system with a limited element stock. These situations will become more prevalent 
in the future due to more and more buildings being designed to be demountable.  

7.2 The script 
Multiple adaptation options can improve the results generated by the script.  
Firstly, in the current script, the geometric compatibility of the elements is not considered.  
The only geometrical properties that are considered are the lengths of the beams, façades, and 
floors. It is assumed that all elements that are loaded into the building stock can be placed 
together in one structural system. This means that the user must make a correct selection of 
geometrically compatible elements before using the script. If this is not done, the resulting 
design might not be feasible for construction.  
Secondly, regarding the ‘Floor Placement’ component, the multi-criteria analysis for floor 
placement has not been thoroughly tested. It is certain that positive properties are favored, 
and negative characteristics are disfavored. However, the exact influence of each criterion is 
unknown. Furthermore, it depends on the specific situation which criterion might be more 
important, therefore, it is not guaranteed that the best solution will be chosen.  
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Third, the ‘Floor Plan Design’ components are just used to run the rest of the script without 
the need for a floor plan design by hand. The floor plans that are created with these 
components are not useable in real situations.   
Finally, in the ‘Floor Plan to Structure’ component, the subset sum problem solution works 
very well for placing the beams. However, the chosen combination is the one that comes closest 
to the goal length. There are no other criteria on which the choice is based, and there might 
be other subset combinations that better adhere to the floor plans. Additionally, at this 
moment, the subset combination lengths are made to exactly fit the length of the location line 
by replacing the smallest element in the subset combination with a new element with exactly 
the right length to create the goal length. This results in a new element in almost every 
combination, which would rather be avoided. Furthermore, the floor plans are designed before 
the structure placement component is executed so that they can be taken into account for the 
placement of the columns and the beams. At this moment, this is not incorporated into the 
code. This could result in columns placed at undesirable locations on the floor plan. 
Additionally, the columns are not placed in a specific order; this could result in sub-optimal 
use of the available element stock because columns with high strength might be placed in 
locations with relatively small loads. Later, no columns might be left in stock for a location 
with higher loads, and a stronger new column should be used, which could have been avoided. 
The most important flaw in the script is mentioned in Chapter 6.2. An unaccounted-for 
structural configuration was found in the study case. This configuration occurs when two 
vertical stories do not have the same shape. This results in façades that are not located on top 
of another façade. Due to this flaw, a design that is not structurally sound might be generated. 
A ‘new’ column will always be used in this configuration to make sure the placed column is 
strong enough, and a manual check is needed to make sure the façades are correctly supported. 
However, in an ideal situation, the ‘Stock Calculation’ component and ‘Floor Plan to Structure’ 
Component will include this configuration so that the generated design is correct. 
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8 Conclusions 
For this thesis, an algorithm and script implementation were developed to perform multiple 
steps of the design process with reused precast concrete elements. With the goal to ease the 
architectural and structural design process and to minimize the use of virgin materials. This 
was achieved by answering a set of sub-questions defined in Chapter 1.3. All in all, the 
combination of the knowledge acquired provides an answer to the main research question. 

8.1 Sub-questions 

Which precast structural concrete elements can be extracted from old buildings, and 
what are their relevant properties for a new design? 
In this thesis, it was chosen to focus on a structural system consisting of hollow core floor 
slabs, inverted T-beams, square columns, and structural façades. This system is also used in 
the Prinsenhof A building, which is the pilot of the Recreate project. Additionally, much 
information on the system can be found in literature. In this system, the floors lay on top of 
the beams or are connected just below the top of the façades. The beams lay on top of columns, 
and in the case of multiple stories, the columns are placed vertically above each other with 
beams in between. The elements’ length, width, and height are important for the shape and 
size of the building design. The strength properties, including shear strength, normal resistance, 
and moment resistance, determine in which configurations the elements can be used.  

Which structural, architectural, and practical requirements are important to consider 
during a design process with (reused) precast concrete elements? 
All elements used for the design should be geometrically compatible within the same structural 
system, and they should be placed according to this system. The structure should be strong 
enough and stable, and all desired functions should be included in the floor plan design. For a 
usable final design, it is critical that the designed structure does not interfere too much with 
the functional design of the building. Furthermore, the designer must have enough influence 
on the shape and size of the building for the architectural design.  

What does a design process with a limited structural element stock look like, and what 
are the difficulties in this process?  
A building can be designed using reused precast elements in multiple ways. A common method 
is to create the architectural and functional design first, and afterward, the right structural 
elements are found to fit within this design. Another option is to make the structural design 
first and later fit the architectural and functional design to the structure. The final method is 
creating the architectural, functional, and structural design simultaneously. In this thesis, the 
latter approach is chosen because only looking at an optimal structure creates an unusable 
building, and purely looking at functionality results in the unnecessary use of new elements 
and, thus, unnecessary environmental impact. The most difficult part of this design process is 
the element stock’s influence on the functional and architectural design.  

What algorithm can be created to encompass the above-mentioned design process, 
considering the before-mentioned requirements and minimization of material use? 
An algorithm is created in which the elements are analyzed, the grid is generated, and the 
floors are placed. Next, the floor plans are created, and finally, the beams, columns, and façades 
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are placed. This design order allows for a compromise between useability and structural 
element use. The floor slabs are placed based on the requirements, and a pre-check is done to 
see if there are enough structural elements to place the rest of the structure. The floor plans 
should easily be fitted to the floor slabs due to the requirements that are met. The facades are 
placed based on the floor plans so that light requirements are met. Additionally, the placement 
of beams and columns could be based on the floor plans to prevent interference. 

How can software be used to perform the above-mentioned algorithm?  
A set of Grasshopper components was developed in Visual Studio. They each include a part 
of the algorithm. These components allow users with limited programming knowledge and 
Grasshopper to run the code and perform the algorithm. The users can influence the design 
process by adapting the inputs of the components, and extra components can easily be added 
to include more or different functions.  

8.2 Main research question 

How can the design process of buildings in The Netherlands, with reused precast 
concrete elements, be eased by digitalization? 
An algorithm is constructed which addresses the difficulties in the design process with reused 
precast concrete elements. This is done by combining knowledge of precast concrete structures, 
the design process with a limited element stock, and algorithm-aided design. This algorithm, 
combined with knowledge about programming and digital design environments, is used to 
create a set of components for Grasshopper. These components use the calculation ability of a 
computer to perform the design algorithm. With the help of the components, a user can 
perform a complete design process in 20 seconds. Multiple design options are considered within 
the components, and one is chosen based on a multi-criteria analysis. The straightforward 
order of the design process in the components ensures that the designed structure is structurally 
viable and useable from a functional point of view. Additionally, the process is easy to 
understand, and calculation time is kept low compared to an iterative process. Improvements 
in the components could allow for even better integration between the structural and functional 
design and a more optimal use of the available element stock. The set of components can easily 
be adapted and expanded to include more structural systems, not only for reused concrete but 
also for other types of element stocks. A finished set of components can easily be distributed, 
so that everyone who has access to Rhinoceros and a bit of knowledge of Grasshopper can use 
them.  
To conclude, the project has shown the potential to digitalize parts of the design process with 
reused precast concrete elements. With the help of a set of Grasshopper components, barriers 
to building with reused precast concrete elements can be removed. This is done by reducing 
the time spent on the process, simplifying the design process, and optimizing the use of the 
element stock. 
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9 Recommendations 
This thesis provides the first steps in digitalizing the design process with reused precast 
concrete elements. More research, improvements, and additions are needed to create an all-
encompassing digital tool that can be used in practice. Therefore, a set of recommendations is 
given. The recommendations are divided into two parts. The first part concerns the general 
subject of this thesis: the design process and the reuse of precast concrete elements. The second 
part gives recommendations specifically for the inner workings of the scripted components.  

9.1 General 
A couple of extra components could be added to expand and improve the functionality of the 
component package. The first addition is an option to incorporate more geometric properties 
via other import methods, such as an IFC import or the import of 3D Rhinoceros objects. 
Second, an extra component that checks the geometrical compatibility of the imported 
elements could be added, which makes a selection of elements based on the requirements. This 
ensures that the final design will always be feasible for construction. Third, a better method 
to create floor plans might be included. It could be a sensible idea to let the user design all 
rooms by hand first and let an algorithm place these rooms onto the floor slabs, as was done 
in the study case redesign by hand. Additionally, compatibility for more structural systems 
can be added, which includes adding structural walls and a thorough stability check. For 
example, a difference between two types of façades can be made in the element stock, 
stabilizing and non-stabilizing. At the end of the design process, it could be analyzed if there 
are enough structural façades to stabilize the building. This could be done by analyzing the 
orientation and location of the stabilizing elements in combination with the building outlines 
and comparing this to existing designs. If there are not enough stabilizing elements, an analysis 
would be needed, which determines where walls can and need to be placed to stabilize the 
structure. 
Furthermore, it would be a useful addition to integrate the results from the ‘Floor Plan to 
Structure’ component in a CAE environment such as SCIA or Karamba. This needs to be done 
precisely because if the input is wrong, the results will be useless. The final step could be to 
export the results of the components, including connection details, into a BIM environment 
(E.g., Autodesk Revit).   

9.2 The script 
The following changes may improve the components that have already been created.  
In the ‘Floor Placement’ component, the multi-criteria analysis can be investigated further so 
that the results become more reliable, and the user can be given more influence on each 
criterion’s importance in this analysis. 
In the ‘Floor Plan to Structure’ component, the placement of the beams and columns can be 
optimized to reduce the possible interference with the floor plans. The subset sum calculation 
determines which set of beams matches the goal line the best and selects this. This selection 
could also consider the number of beams in the set. The fewer beams, the fewer columns will 
be placed; therefore, the chance of interference with the floor plans is smaller. Additionally, 
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the configuration in which beams are placed can be improved. The distance from columns to 
internal walls could be measured for each possible configuration to select the configuration 
with the closest distance to the internal walls. Furthermore, the use of new elements could be 
minimized in the ‘Floor Plan to Structure’ component. At this moment, the smallest element 
in the selected combination is replaced by a new element that exactly fits the remaining length. 
This new element use could be reduced by modifying the rest of the structure, adding a margin 
that can be solved with detailing, or adapting the length of one or more element(s). The use 
of elements can be optimized as well by placing the columns in a specific order; the columns 
that support the most floors and the biggest grid distances should be placed first.   
Finally, the unaccounted-for configuration, as described in Chapter 6.2, must be incorporated 
into the script or its occurrence should be prevented. To prevent the situation, each story 
should have the same shape for this building system, which limits the number of design options. 
Incorporation in the script adds a great amount of complexity to the calculation of the stock 
and the placement of the elements. Therefore, it is recommended to keep the shape of the 
building equal through all stories. 
 



49 | Bibliography 
 

10 Bibliography 
[1] “Nederland circulair in 2050 | Circulaire economie | Rijksoverheid.nl.” 

https://www.rijksoverheid.nl/onderwerpen/circulaire-economie/nederland-circulair-in-
2050 (accessed Dec. 16, 2021). 

[2] “Recreate | Reusing precast concrete for a circular economy.” https://recreate-
project.eu/ (accessed Dec. 16, 2021). 

[3] P. Friedlingstein et al., “Global Carbon Budget 2020,” Earth Syst. Sci. Data, vol. 12, 
p. 63, 2020, doi: 10.5194/essd-12-3269-2020. 

[4] “Open Data Platform.” https://data.footprintnetwork.org/#/ (accessed Oct. 31, 2022). 
[5] statista, “Population worldwide”. 
[6] A. Hanemaaijer et al., “Integrale Circulaire Economie Rapportage 2021,” 2021. 
[7] C. Müller, J. Reiners, and S. Palm, “Closing the loop: What type of concrete re-use is 

the most sustainable option?,” 2015. Accessed: Oct. 20, 2022. [Online]. Available: 
www.ecra-online.org 

[8] “Betonmarkt in Nederland | Betonhuis.” https://betonhuis.nl/cement/betonmarkt-
nederland (accessed Oct. 31, 2022). 

[9] NVM Business, “Kantoren in cijfers 2021 Statistiek van de Nederlandse 
kantorenmarkt,” 2021. 

[10] “Dankzij thuiswerken kunnen meer kantoren worden omgetoverd tot woonruimte | NU 
- Het laatste nieuws het eerst op NU.nl.” 
https://www.nu.nl/economie/6206238/dankzij-thuiswerken-kunnen-meer-kantoren-
worden-omgetoverd-tot-woonruimte.html#coral_talk_wrapper (accessed Jun. 15, 
2022). 

[11] Provincie Gelderland, “Prinsenhof.” 
https://www.gelderland.nl/themas/duurzaamheid/circulaire-economie/prinsenhof 
(accessed Jun. 13, 2022). 

[12] “Recreate | Reusing precast concrete for a circular economy.” https://recreate-
project.eu/ (accessed Oct. 31, 2022). 

[13] “Recreate | Reusing precast concrete for a circular economy.” https://recreate-
project.eu/ (accessed Dec. 16, 2021). 

[14] “De productiviteit in de bouw neemt toe door nieuwe technologie - ING - Kennis over 
de economie.” https://www.ing.nl/zakelijk/kennis-over-de-economie/uw-
sector/building-and-construction/de-productiviteit-in-de-bouw-neemt-toe-door-nieuwe-
technologie.html (accessed Jun. 16, 2022). 

[15] “Insert.” https://marktplaats.insert.nl/ (accessed Jun. 13, 2022). 
[16] “Circulaire-bouwmaterialen.nl - Circulaire Bouwmarkt.” https://www.circulaire-

bouwmaterialen.nl/ (accessed Jun. 13, 2022). 
[17] A. Glias, “The ‘Donor Skelet,’” Delft University of Technology, 2013. 
[18] S. Dawczyński, J. Brol, and K. Adamczyk, “Reuse of precast structural elements,” pp. 

36–38, 2013, [Online]. Available: 
https://www.vttresearch.com/sites/default/files/pdf/technology/2014/T200.pdf 



Bibliography | 50 
 

[19] A. Aydin and A. Basu, “The Schmidt hammer in rock material characterization,” Eng 
Geol, vol. 81, no. 1, pp. 1–14, 2005, doi: 10.1016/j.enggeo.2005.06.006. 

[20] R. J. N. J. Luiken and J. P. Straman, “Demontage en hergebruik van flatgebouwen,” 
Cement, pp. 80–83, 2001, [Online]. Available: 
https://www.cementonline.nl/artikel/demontage-en-hergebruik-van-flatgebouwen 

[21] G. J. van den Brink, “Designing with recovered precast concrete elements - A study on 
the possibilities of reusing structural precast concrete elements, from disassembled 
office buildings, in new apartment buildings,” Eindhoven University of Technology, 
2020. 

[22] I. Bertin, M. Saadé, R. le Roy, J. M. Jaeger, and A. Feraille, “Environmental impacts 
of Design for Reuse practices in the building sector,” J Clean Prod, vol. 349, no. 
March, 2022, doi: 10.1016/j.jclepro.2022.131228. 

[23] E. Neufert and P. Neufert, Architects’ Data, Third Edit. Blackwell Science, 2000. 
[24] Fédération internationale du béton (fib), Planning and design handbook on precast 

building structures. 2014. 
[25] J. H. Köhne, “Demonteren en opnieuw beginnen in middelburg,” Cement, no. 8, pp. 

40–45, 1986, [Online]. Available: https://www.cementonline.nl/artikel/demonteren-en-
opnieuw-beginnen-in-middelburg 

[26] J. H. Köhne, “Demontage en hergebruik in middelburg succesvol verlopen,” Cement, 
no. 1, pp. 20–21, 1988, [Online]. Available: 
https://www.cementonline.nl/artikel/demontage-en-hergebruik-in-middelburg-
succesvol-verlo 

[27] H. van Nunen, “Hergebruikt bouwen met naoorlogse systeembouw.” 2000. 
[28] Superlocal, “SUPERLOCAL Play publicatie,” 2017. 
[29] “SUPERLOCAL Uithijsmoment daverend succes – SUPERLOCAL.” 

https://www.superlocal.eu/superlocal-uithijsmoment-daverend-succes/ (accessed Jul. 
22, 2022). 

[30] K. Jansen, “Betonkolos krijgt tweede leven in verschillende nieuwe gebouwen | 
Betonhuis.” https://betonhuis.nl/betonhuis/betonkolos-krijgt-tweede-leven-
verschillende-nieuwe-gebouwen (accessed Jun. 13, 2022). 

[31] “Provincie Gelderland start circulaire sloop Prinsenhofgebouw - architectenweb.nl.” 
https://architectenweb.nl/nieuws/artikel.aspx?ID=51708 (accessed Jul. 22, 2022). 

[32] “Prinsenhof A - Vlog 3 - YouTube.” 
https://www.youtube.com/watch?v=lsL6kLMDdis (accessed Oct. 31, 2022). 

[33] A. Glias, S. Pasterkamp, and P. Peters, “Betonskelet als donor,” Cement, pp. 46–51, 
2014. 

[34] L. van Meijel and T. Bouma, “Kantoorgebouwen in Nederland 1945-2015 
cultuurhistorische en typologische quickscan,” pp. 1–20, 2013. 

[35] H. W. Bennenk and A. A. Jongeneelen, “Kantoorgebouwen en dragende gevels,” 
Bouwen in Prefab Beton, pp. 1–176. 

[36] M. Volkov, “Structural connections in circular concrete,” 2019, [Online]. Available: 
www.tudelft.nl 



51 | Bibliography 
 

[37] J. Loikkanen, “Algorithms-aided Building Information in an Early Stage of Residential 
Design”. 

[38] “The digitisation of the construction industry - UK Construction Online.” 
https://www.ukconstructionmedia.co.uk/features/digitisation-construction-industry/ 
(accessed Jun. 20, 2022). 

[39] “Productivity in the construction industry, UK - Office for National Statistics.” 
https://www.ons.gov.uk/economy/economicoutputandproductivity/productivitymeasu
res/articles/productivityintheconstructionindustryuk2021/2021-10-19 (accessed Jun. 
16, 2022). 

[40] ING Economisch Bureau, “Digitalisering in de bouw,” 2021. 
[41] T. H. Cormen, C. E. Leiserson, R. L. Rivest, and C. Stein, Introduction to Algorithms. 

2001. doi: 10.1017/CCO9781139424783.002. 
[42] J. Coenders, C. Perez Alba, J. Mirtsin, and N. Hofstee, “Construeren met Grasshopper 

en Geometry Gym,” Cement, vol. 1, no. 7, pp. 24–27, 2018. 
[43] “Embodied Carbon Footprint Database - Circular Ecology.” 

https://circularecology.com/embodied-carbon-footprint-database.html (accessed Oct. 
21, 2022). 

[44] G. Egor, S. Sven, D. Martin, and K. Reinhard, “Computer-aided approach to public 
buildings floor plan generation. Magnetizing Floor Plan Generator,” Procedia Manuf, 
vol. 44, no. 2019, pp. 132–139, 2020, doi: 10.1016/j.promfg.2020.02.214. 

[45] S. Brand, How Buildings Learn: What Happens After They’re Build. New York: 
Penguin Books, 1995. 

  



Appendices | 52 
 

11 Appendices 

A.1. Table of requirements for office Van Berkel Group 

Name Amount Notes 
Main entrance 1 Must be connected to planning counter. 
Side entrance 1 Entrance to 24-hour zone. 
Office 1 person with sofa 2 For managing board. 
Office 2 people 1 For procurement administration 
Office 3 people 2 Communication & ICT 
Office 4 people 2 KAM & flex office audits 
Office 5 people 3 HR, Financials, project administration 
CAD-office 5 people 1 Business office 
CAD-office 6 people 1 Executors 
Office 6 people 1 Planning 
Focus working space   
Meeting while standing spot close to office   
Open conversation rooms / place to call   
Meeting room 4 people 4 At least 1 on ground floor, spread over 

building, close to workplaces. 
Meeting room 6 people 1 Ground floor, in and external meetings 
Meeting room 8 people 1 Ground floor, in and external meetings 
Meeting room 12 people 1  
Class/Instruction room 2 For 16-20 persons. 
Presentation room 1 For > 20 persons. 
Counter space employees and counter 
space weighbridge  

1 Next to planning.  

Canteen / Multifunctional room 1 35 sitting + 75 standing places, bar, 
planning board and mailboxes 

Kitchen 1 Next to or part of canteen. 
Multifunctional outside area: lunch, 
meeting, events 

1 Next to canteen. 

Pantry on each floor 1  
Staircase 1  
Emergency staircase 1  
Elevator 1  
Circulation space 1  
Toilets on each floor 1 For guests and visitors. 
Toilet for disabled 1 At least 1 in the building. 
Toilets for field staff 1 Ground floor. 
Locker and dressing room 1 Big hand washing capacity, 50 lockers 
Copy room on each floor 1 May be combined with plotting and 

repro. 
Plotting room 1  
Repro room 1  
Server room  1 Above ground level. 
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Technical room heating 1  
Technical room general 1  
Cleaning cupboard on each floor 1  
Storage cleaning agents 1  
Storage office supplies 1  
Storage marketing and communication 1  
Storage kitchen 1  
Archive room financials 1  
Archive room projects 1  
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A.2. Mass study by BuroKade 
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A.3. Interviews with Ivo van den Thillart and Gijs Hoeijmans  

Ivo van den Thillart, Architect, date 
Could you describe your design process when you design with a limited element stock? 
I work with the idea of a circular building box. The program is captivated in a building block 
which is as simple as possible. After an analysis which we have performed, it turned out that 
the complete building program of an office and a production location can be grasped within 
two grid sizes.  
An important factor in our designs are the shearing layers of Stewart Brand, (figure added for 
reference). The outer shells have the lowest rate of change, which means that the structure of 
building is very important in its environmental influence. Therefore, the structure needs to be 
flexible because this allows adaptation to every possible function.  

 
Figure 67. Shearing Layers of Stewart Brand [45] 

We have tried to create a design with reused prefab concrete elements for the WeenerXL 
building. The original idea was to reuse floor slabs from a parking garage. These parking 
garages have a high rate of standardization due to the limitations of parked cars. The approach 
that was taken, was to start with a program of requirements, from here a grid size was chosen 
in which all room functions can be fitted. Sadly, the complete process was dependent on the 
dismantling and supply of the slabs, which took too long, therefore another structural material 
was chosen. 
 
Multiple disciplines come together in one design, (i.e., architectonic/functional design, 
structural design, building physics, costs, and urban design.) Which one is the most important 
in this design process? 
When we look back at the shearing layers of Stewart Brand, the structural design becomes 
very important in terms of environmental impact. We think it is important to not only look 
at the impact during the construction stage, but also during the lifetime of the building. 
Therefore, we favor the use of the “skeleton and infill” principle. This might cause the structure 
to be more expensive, but it allows the building to have a significantly longer lifetime due to 
a very flexible functional design. Due to the use of this skeleton structure, the structural design 
becomes more important in the architectural design. It might even become the most important 
discipline, or its at least determinative. The concept of form follows function becomes more 
important.  
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Which difficulties arise in the design process with a limited element stock? 
For the functional design, it can be quite difficult that you are limited within a specific grid. 
This is especially the case if there is limited space or a more complex shape.  
 

Gijs Hoeijmans, Architect, date 
What was the first step in the design process of the office for the Van Berkel Group? 
The start of the design process was driven by an invitation to tender. For the tender, a vision 
was created. An important wish from the client is equality between all employees, which also 
should be visible from the building. The connection from the office and the management board 
to the rest of the company is important. 

 
Figure 68. Vision for office building by BuroKade 

A vision was created in which the office lays in a rolling landscape like a villa. The ground 
floor lays partly underground as a concrete bunker. In the bunker storage and other facilities 
are placed, on the light side of the ground floor, working places are places. The entire first 
floor is used as social space in which the canteen and meeting areas are located. Also, an idea 
for the appearance of the building was created, a grid and floor plans were created within this 
appearance. This vision had been created based on the wishes of the client and is still a 
preliminary design. The vision as created for the tender is shown in Figure 68. 
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Figure 69. Preliminary floor plans 

Based on this vision, BuroKade was rewarded the possibility to create the final design for the 
office.  
How did the regular design process take place? 
From here the design process started again, but with the vision as presented in the tender as 
a starting point. 
The first step was to have a good conversation with the client about the requirements of the 
building. From here a plan of requirements is created for the rest of the design, which is shown 
in Figure 70.  
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Figure 70. Visualized plan of requirements of the office for Van Berkel Group 

With the plan of requirements in mind, the complete building, including floor plans and façades 
were designed.  
Did you take the structural design into account in your architectural design? 
During the design process the structure was considered in terms of a grid which was placed in 
the design on which the floor plans are created. However, the real structural design was created 
after the final design was finished. The structural design did cause some minor changes in this 
final design stage. Aside from those minor changes. the structure did not have a big impact on 
the final design. This is the case in most design processes, the architect does not like to change 
its architectural design in favor of a more logical or simpler structural design.  

 
Figure 71. Final design render 
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A.4. Element stock for redesign 

Nr Element Quantity L 
(mm) 

H 
(mm) 

W 
(mm) 

Concrete Steel min. 
Mrd 
(kNm) 

min. 
Vrd 
(kN) 

min. 
Nrd 
(kN) 

1 Beam 20 4960 450 720 B60 Feb 500 189 282.2 - 

2 Beam 4 3160 450 720 B60 Feb 500 189 282.2 - 

3 Beam 4 5270 450 720 B60 Feb 500 189 282.2 - 

4 Beam 4 5230 450 720 B60 Feb 500 189 282.2 - 

5 Beam 4 6990 450 720 B60 Fep 1860 517.0 340.0 - 

6 Beam 5 5380 450 720 B60 Feb 500 189 282.2 - 

7 Beam 2 5480 450 720 B60 Feb 500 189 282.2 - 

8 Beam 1 5170 450 720 B60 Feb 500 189 282.2 - 

9 Beam 1 7100 450 720 B60 Feb 500 189 282.2 - 

    45              
10 Column 38 400 2860 400 B45 Feb 500 - - 2789.7 

    72 
 

            
33 Wall 5 6180 3370 180 B45 Feb 500 - - 5314.2 

34 Wall 5 3490 3370 180 B45 Feb 500 - - 2600.0 

35 Wall 5 3460 3370 180 B45 Feb 500 - - 4000.0 

36 Wall 5 3930 3370 180 B45 Feb 500 - - 2600.0 

38 Wall 5 3800 3370 180 B45 Feb 500 - - 2500.0 

40 Wall 5 4160 3370 180 B45 Feb 500 - - 2255.9 

41 Wall 5 2480 3370 180 B45 Feb 500 - - 4000.0 

42 Wall 5 2480 3370 180 B45 Feb 500 - - 4000.0 

44 Wall 5 3980 3370 180 B45 Feb 500 - - 4000.0 

45 Wall 5 5270 3370 180 B45 Feb 500 - - 2657.1 

    50              
46 Façade 

element 
20 4960 3370 130 B45 Feb 500 - - 1100.0 

47 Façade 
element 

12 4960 3370 130 B45 Feb 500 - - 1500.0 

48 Façade 
element 

16 4960 3370 130 B45 Feb 500 - - 1000.0 

49 Façade 
element 

8 6760 3370 130 B45 Feb 500 - - 800.0 

50 Façade 
element 

4 5540 3370 130 B45 Feb 500 - - 1100.0 

51 Façade 
element 

4 5540 3370 130 B45 Feb 500 - - 1000.0 

52 Façade 
element 

4 7336 3370 130 B45 Feb 500 - - 1100.0 
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53 Façade 
element 

4 7336 3370 130 B45 Feb 500 - - 800.0 

54 Façade 
element 

4 2963 3370 130 B45 Feb 500 - - 1500.0 

55 Façade 
element 

4 3090 3370 130 B45 Feb 500 - - 1000.0 

56 Façade 
element 

4 6100 3370 130 B45 Feb 500 - - 1100.0 

57 Façade 
element 

4 6980 3370 130 B45 Feb 500 - - 800.0 

58 Façade 
element 

4 4290 3370 130 B45 Feb 500 - - 1000.0 

59 Façade 
element 

2 5380 3370 130 B45 Feb 500 - - 1100.0 

    115              
79 H.C.S. 160 6960 200 1200 B60 - 39.90 14.70 - 

80 H.C.S. 200 5000 200 1200 B60 - 39.90 14.70 - 

    430              
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A.5. Geometries of the walls and façade elements 
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A.6. Standardized room designs 
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A.7. Structural calculations of design by hand 

Check 1: floors 

Floor length Med (kNm) Mrd (kNm) Ved (kN) Vrd (kN) 
6960 mm 32.51 39.9 18.7 19.7 

Floor 5000mm will have a lower moment, it has the same resistance, so no check is needed. 
 
Check 2: beams 

Beam Floor A Floor B Med (kNm) Mrd (kNm) Ved (kN) Vrd (kN) 
7100 mm 6960 mm 6960 mm 442.3 189 249.2 282.2 
5480 mm   263.5 189  282.2 
5380 mm   253.9 189  282.2 
5270 mm   243.7 189  282.2 
5230 mm   240 189  282.2 
5170 mm   234.5 189  282.2 
4960 mm   215.9 189  282.2 
3160 mm   87.6 189  282.2 
6990 mm   428.7 517 235.3 340 

7100 mm 6960 mm 5000 mm 368.7 189  282.2 
5480 mm   230.3 189  282.2 
5380 mm   222.0 189  282.2 
5270 mm   213.0 189  282.2 
5230 mm   209.8 189  282.2 
5170 mm   205.0 189  282.2 
4960 mm   188.7 189  282.2 

7100 mm 5000 mm 5000 mm 331.0 189  282.2 
5480 mm   197.2 189  282.2 
5380 mm   190.0 189  282.2 
5270 mm   182.4 189  282.2 

 
Check 3: columns  

Column 
(mm) 

Beam A 
(mm) 

Beam B 
(mm) 

Floor A 
(mm) 

Floor B 
(mm) 

Ned roof 

(kN) 
Ned floor 

(kN) 
Nrd (kN) Max 

Floors 

2860 6990 6990 6960 6960 685.97 1667.3 2789.7 2 
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A.8. Used elements from stock 

Stock nr. Element Length Amount 
79 HCS 6960 144 
80 HCS 5000 150 
1 Beam 4960 22 
2 Beam 3160 2 
46 Façade 4960 4 
47 Façade 4960 7 
48 Façade 4960 8 
49 Façade 6760 4 
50 Façade 5540 4 
51 Façade 5540 2 
52 Façade 7336 4 
53 Façade 7336 4 
54 Façade 2963 3 
55 Façade 3090 4 
57 Façade 6980 4 
58 Façade 4290 3 
59 Façade 5380 2 
10 Column 2860 24 
New Wall 3434 1 
New Wall 3440 1 
New Wall 5224 2 
New Wall 5240 3 
New Wall 5250 1 
New Wall 5420 1 
New Wall 5620 1 
New Wall 5810 2 
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A.9. Algorithm flowcharts 

A.9.1.  Requirements 

Building functionBuilding plot Max building depthMax amount of floors

Area

Max BCR

Multiply

Enough room for 
desired area?

Warning

No

Between 0 and 
100?

Building functionBuilding plot Max building depthMax amount of floors Max BCRArea

Yes

No

Error

Closed 
curve?

Yes

Yes

Error

No
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A.9.2.  Stock calculation 

Element 
stock

Building function

Determine loads

Floor stock

Beam stock

Wall stock

Column stock

Façade stock

Perform Unity Check
on each floor type

UC ok?

Add floor to floor 
stock selection

Yes

Discard floorNo

Contains 
elements?

UC for every possible 
beam-floor combination

UC ok?

Add floor – beam 
combination to 

combinations list

Yes

Merge combinations with 
same spans into resulting 

combinations

Calculate maximum 
amount of floors in this 

configuration

Maximum 
amount of floors 

>= 1?

Discard 
combination

No

Discard 
combinationNo

Add configuration 
to list

Yes

ErrorNo

Contains 
elements?Error No

Beam – column – floor 
configurations

UC for every possible 
facade-floor combination

UC for every possible 
wall-floor combination

UC ok? UC ok?Discard 
combination

No
Discard 

combination
No

Add facade – beam 
combination to 

combinations list

Yes

Add wall – beam 
combination to 

combinations list

Yes

Facade combinations Wall combinations

Yes
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A.9.3. Grid generation and floor placement 

Floorstock Area

Enough floor 
surface?

Yes

Warning

No

Plot outline

Determine startpoint on 
outline for floorplacement

Determine grid distance 
order based on floorstock

Placement of grid from 
startpoint

Determine distance of all 
grid cells from grid cell at 

startpoint and order in list.

Floor slabs left in stock?
Building width below maximum?

BCR below maximum?
Something below?

Take next grid cell in list.

Desired area 
reached?

Yes

Place floorslab(s) in grid cell 
and remove grid cell from 

list

Placed floorslabs

Yes

No

More than 0 
items in grid cell 

list?

Yes

No

Calculate final score with 
multi criteria analysis

Best configuration

Calculate needed beam & façade 
length, and story count and 

compare to stock
Calculate area Calculate envelope-volume 

ratio

Compare to stock and assign score Compare to requirements 
and assign score Assign score

Find configuration with 
highest score
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A.9.4. Placement of beams, columns, and façades 

Find gridlines on which 
beams need to be placed & 

sort with highest grid 
distances first.

Floorplans & info Structural grid Element stockResults from calculation

Find gridlines on which 
facades need to be placed

Placement of beams (A) Placement of facades (C)

Determine column 
locations Determine wind forces

Placement of columns (B) Determine shear forces in 
building

Placement of walls (D)

Placed facadesPlaced beams Placed columns Placed walls

Group lines which are 
located vertically above 

eachother.

Determine amount of 
“new” elements
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A. Placement of beams
Grid lines grouped Beam quantities

All lines equal?

Take next group

Take first line

Yes

Divide bottom line in parts 
based on lengths of lines 

above
No

Take next part

Find combinations of beams 
which fill the line (A1)

All lines solved?

No

Yes

List with best beam 
length combination

Take next length

Find beams with matching 
lengths

Find beam with UC closest to 1.

Place beam.

Determine location of each 
length along the line.

All lengths 
placed?

No

All groups placed?

No

Placed beams

Yes

Results from calculation

Find eglible beams & store 
lengths

Enough beams 
found to fill line?

Yes

Calculate length shortageNo

Create new beam element with 
this length. 

Is placed beam length 
equal to line length?

Calculate surplus length

Yes

Yes

No

Replace smallest length by new 
length minus surplus length

Create new beam element with 
this length
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B. Placement of columns

Column locations & 
corresponding grid distancesElement stock

Group column locations 
that are above eachother

Determine how many 
columns are above

Results from calculation

Find eglible columns in 
stock

Find column with UC 
closest to 1

Place column

Remove column from 
stock

All columns 
placed?

No

Placed columns

Yes

Eglible columns 
found?

Yes

Create new column No

Take next column location

Place column
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C. Placement of façades
Lines on which facades 

need to be placed
Daylight information 

from floorplan Floorplan grid

Divide line in small parts by 
floorplan grid

For each part, determine 
the daylight requirement

Take first next part

Add to stored length

Is daylight 
requirement the 

same?

Take next part

Take stored length

No

Results from 
calculation

Identify eglible facades

Enough eglible 
facades found?

Find combination of 
facades which best match 

the line length (A1)

Yes

All parts treated? No

Place façades with UC 
closest to 1

Is placed facade length 
equal to line length?

Save placed facades 
& store length 

difference with line

Placed facades

Yes

Yes

Place facades, if any were 
found

Remove smallest facade 
from part that has biggest 

difference

Divide lines at each corner 
point

Take next line

Is placed facade length 
greater or smaller than line 

length?
No

Greater

Yes

No

Yes

All lines treated?

Caluculate length 
shortage

Smaller

Place new facade element with 
calculated length 

Still a length surplus? No

Yes
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A.9.5. Subset sum problem 

List with placeable 
lengths Goal length

Sort from small to big

Stored subsets

Find smallest element which is 
equal or bigger than the goal 

length

Is it the smallest length 
in the list?

Was a length 
found?

Take biggest length from the 
list

No

Yes

Store length and 
stop alorithm

Yes

Temporarily store length 

Find smallest length in list which is 
equal or bigger than the goal 

length in combination with the 
temporarily stored lengths

Was a length 
found?

Store length 
combination.Yes

No

Are there at least two 
smaller lenghts in the list 

than the smallest length in 
the combination? 

Take one length smaller 
from the list than the 
smallest length in the 

combination

Yes

Are there at least two 
smaller lenghts in the 
list than the smallest 

length in the temporary 
store? 

Take one length smaller 
than the smallest length 

in the temporary list
Yes

Remove smallest length 
from temporary store

No

No

Is there any length left 
in the temporary 

store?

End 
algorithm.

No

No

Subset
Store length and take one 

length smaller

Are there at least two 
smaller lenghts in the 
list than the removed 

length from the 
temporary store? 

Take one length smaller 
than the removed length 
from the temporary store

Yes

No

Is there a length in the 
list that is smaller than 
the removed length?

No

Yes

Yes
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A.10. Structural verification of digital study case 

 
Element Length Stock nr. Med (kNm) Mrd (kNm) Ved (kNm) Vrd (kNm) 
B1 3.6 New 62.5 - 63.4 - 
B2 2.68 New 34.7 - 51.7 - 
B3 4.96 1 118.7 189 95.8 282.2 
B4 3.16 2 48.2 189 61.0 282.2 
B5 2.68 New 31.6 - 47.2 - 
B6 4.96 1 108.4 189 87.4 282.2 
B7 3.16 2 44.0 189 55.7 282.2 
B8 2.81 New 57.0 - 104.0 - 
B9 4.96 1 177.6 189 143.2 282.2 
B10 4.96 1 177.6 189 143.2 282.2 
B11 4.96 1 177.6 189 143.2 282.2 
B12 4.96 1 177.6 189 143.2 282.2 
B13 4.96 1 177.6 189 143.2 282.2 
B14 4.96 1 177.6 189 143.2 282.2 
B15 4.96 1 177.6 189 143.2 282.2 
B16 4.96 1 177.6 189 143.2 282.2 
B17 4.96 1 177.6 189 143.2 282.2 
B18 3.16 2 72.1 189 91.3 282.2 
B19 6.99 5 352.8 517 201.9 340 
B20 2.81 New 41.6 - 59.2 - 
B21 4.96 1 129.6 189 104.5 282.2 
B22 4.96 1 129.6 189 104.5 282.2 
B23 4.96 1 129.6 189 104.5 282.2 
B24 4.96 1 129.6 189 104.5 282.2 
B25 4.96 1 129.6 189 104.5 282.2 
B26 4.96 1 129.6 189 104.5 282.2 
B27 4.96 1 129.6 189 104.5 282.2 
B28 4.96 1 129.6 189 104.5 282.2 
B29 4.96 1 129.6 189 104.5 282.2 
B30 3.16 2 129.6 189 66.6 282.2 
B31 6.99 5 257.5 517 147.3 340 
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Element Stock nr. Ned Nrd 
C1 10 275.5 2789.7 
C2 10 349.6 2789.7 
C3 10 371.0 2789.7 
C4 10 163.1 2789.7 
C5 10 173.4 2789.7 
C6 10 479.4 2789.7 
C7 10 597.9 2789.7 
C8 10 597.9 2789.7 
C9 10 597.9 2789.7 
C10 10 597.9 2789.7 
C11 10 597.9 2789.7 
C12 10 597.9 2789.7 
C13 10 597.9 2789.7 
C14 10 597.9 2789.7 
C15 10 476.7 2789.7 
C16 10 593.2 2789.7 
C17 10 192.7 2789.7 
C18 10 246.0 2789.7 
C19 10 246.0 2789.7 
C20 10 246.0 2789.7 
C21 10 246.0 2789.7 
C22 10 246.0 2789.7 
C23 10 246.0 2789.7 
C24 10 246.0 2789.7 
C25 10 246.0 2789.7 
C26 10 201.4 2789.7 
C27 10 251.7 2789.7 
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Element Length Stock nr. Ned Nrd  F34 4.96 47 0 1500 
F1 4.62 New 48.3 -  F35 4.96 47 0 1500 
F2 7.34 53 76.8 800  F36 0.46 New 8.1 - 
F3 4.96 48 235.1 1000  F37 2.96 54 52.2 1500 
F4 7.34 53 347.8 800  F38 4.96 47 87.4 1500 
F5 4.96 47 235.1 1500  F39 4.96 47 87.4 1500 
F6 2.98 New 141.2 -  F40 4.96 48 87.4 1000 
F7 2.96 54 0 1500  F41 4.96 48 87.4 1000 
F8 2.04 New 0 -  F42 5.54 51 97.6 1000 
F9 3.51 New 166.3 -  F43 5.00 New 0 - 
F10 2.96 54 140.3 1500  F44 0.97 New 17.1 - 
F11 2.96 54 140.3 1500  F45 4.29 58 75.6 1000 
F12 4.96 47 235.1 1500  F46 5.54 51 97.6 1000 
F13 2.96 54 31.0 1500  F47 5.00 New 0 - 
F14 2.04 New 21.3 -  F48 1.41 New 24.9 - 
F15 1.99 New 94.3 -  F49 4.29 58 75.6 1000 
F16 4.96 47 235.1 1500  F50 4.96 48 87.4 1000 
F17 4.29 58 203.3 1000  F51 7.34 53 129.4 800 
F18 6.76 49 320.4 800  F52 0.82 New 0 - 
F19 7.00 New 73.3 -  F53 4.96 48 0 1000 
F20 4.96 46 51.9 1100  F54 3.09 55 0 1000 
F21 7.34 52 539.2 1100  F55 3.09 55 0 1000 
F22 4.96 48 364.3 1000  F56 4.29 58 105.3 1000 
F23 2.59 New 190.2 -  F57 5.54 51 135.9 1000 
F24 3.09 55 227.0 1000  F58 6.98 57 171.3 800 
F25 5.38 59 395.2 1100  F59 4.96 47 121.7 1500 
F26 6.10 56 448.1 1100  F60 1.31 New 32.1 - 
F27 4.96 46 364.3 1100  F61 6.10 56 149.7 1100 
F28 2.96 54 217.4 1500  F62 4.29 58 105.3 1000 
F29 2.96 54 217.4 1500  F63 4.29 58 105.3 1000 
F30 4.96 47 364.3 1500  F64 4.96 47 121.7 1500 
F31 4.96 47 364.3 1500  F65 4.96 47 121.7 1500 
F32 7.34 53 539.2 800  F66 4.96 47 121.7 1500 
F33 2.04 New 0 -  F67 4.96 47 121.7 1500 


