
  
 

New Approaches for Structural Design of Precast 
Concrete Structures Operating Optimization 

Algorithms 
 

 

Von der 

Fakultät Architektur, Bauingenieurwesen und Umweltwissenschaften 

der Technischen Universität Carolo-Wilhelmina 

zu Braunschweig 

 

 

zur Erlangung des Grades einer 

Doktor-Ingenieurs (Dr.-Ing.)  
  

genehmigte 

 

Dissertation 

 

 

von 

 Abtin Baghdadi  

 geboren am 01.09.1984 

aus Teheran  

 

 

Eingereicht am:                         20.12.2018 

Disputation am:                          30.04.2019 

 

 

Berichterstatter/in:               Prof. Harald Kloft 

     Prof. Laura De Lorenzis 

 

 

                                                                            2019 

 



Approved by the examination commission:

Committee Chair: Prof. Dr.-Ing. Alexander von Kienlin

Supervisor: Prof. Dr.-Ing. Harald Kloft

Second Supervisor: Prof. Dr.-Ing. Laura De Lorenzis

Alternative Supervisor: Prof. Dr.-Ing. Martin Empelmann

Examiner: Prof. Dr.-Ing. Dieter Dinkler

ii



Acknowledgment:

I would like to express my sincere thanks and gratitude to my supervisor Prof. Harald Kloft, who
kindly provided me the great opportunity to join ITE(Institute of Structural design) team as a Ph.D.
candidate, and his guidance helped, me greatly in all the time of research and writing of this thesis. I
would like to thank ITE colleagues, precious support and their insightful comments and encouragement.
I would also like to thank all pioneers in this field whose tireless efforts help researchers and engineers
to overcome numerous obstacles they face in their professional life and in making higher steps which
pushes this industry ahead.

My sincere thanks likewise go to: My parents, my brother, my sister in law and especially to my wife
for her kind help and patience during these years. I must also express special gratitude to Dr.Kaveh
Mashayekhi’s guiding in various aspects of living in Germany and doing the PhD.

Last but not by any means least, I would like to deeply thank Almighty God who let me fulfill my
other life wish. Hopefully, He wants me to follow this field working in structural engineering science
throughout, in a permanent calm situation, in which I can use my gained experiences and expertise,
while improving.

Thank you all for your encouragement and spiritual supports.

Abtin Baghdadi

October 2017

iii



Abstract:

This study focuses on structure improvement, taking advantage of diverse approaches in conjunction with the
use of artificial intelligence techniques in structural engineering. It investigates the drawbacks of typical precast
structures and proposes custom and holistic optimization in all structural design parts. In this context, the main
task involves finding the improvable aspects and requires essential changes in the structural systems, in order to
construct the most optimal precast structure, which is easy to be assembled with minimum skills and equipment.
In summary, the main content of this research is to prove the possibility of operating the optimization algorithm in
the general configuration of the precast structures, which have been discussed via three new suggested approaches.

The first chapter(1) emphasizes on the necessity of new precast systems as a countermeasure to global
population growth. Following this, the drawbacks of the common precast systems and shell form-finding methods,
as well as the potential tools e.g. optimization algorithms and digital fabrication are investigated. In this
chapter(1), extensively, the essential properties of the future approaches are discussed. The second chapter(2)
starts with the definition of optimal arches and shell form-finding, continued by the studies of the Heinz Isler’s
shell structures. These shell structures are reviewed as the guideline for the suggested form-finding approach.
Additionally, weaknesses of the applied form-finding methods, such as their independence from the designing
process, versus the potential use of artificial intelligence are discussed. In continuation, structural element
optimization, used methods and their limitations, along with building systems, dry joints and digital fabrication
are reviewed. In the third chapter(3), the used tools, including software, script-coding, testing machine and
material properties are described. Ultimately, the employed steps of optimization algorithms and analysis strategy
are discussed.

The fourth chapter(4) describes the Isler’s shell geometry back engineering approach and the result of the
Isler’s eight shells evaluation. The evaluation has different aspects, e.g. geometrical evaluation, deformation,
stress results and forces amount. Buckling analysis and loads eccentricity are also discussed to calculate the
criteria for the proposed form-finding optimization. At the end of this chapter as a need for the suggested
approaches, suitable precast joints are designed, simulated and tested. In the fifth chapter(5), firstly, a new Shell
Form-Finding Approach(SFA), by applying directive geometries for minimizing the eccentricity of forces are
applied and described by examples. Finally, based on the analysis, some points for segmenting and assemblage of
the precast shells are mentioned. In the building structure sections, two types of building-approaches called Wall-
Floor(WFA) and Beam-Column(BCA) are suggested. These methods propose solutions for applying optimization
algorithms to the design and construction of the buildings. In the Wall-Floor approach, wall locations are chosen
as the variables and optimized in the described steps, leading to a general assembling system with minimum time.
In addition, due to the beams irregular pattern of WFA, the method of finding the beam layouts are illustrated
by means of optimization-problem examples. In the Beam-Column building system, a method for finding the
optimum place of joints regarding the joints properties is defined by an algorithm. These approaches(WFA
and BCA), including algorithms, details of connections and assembling processes, are illustrated by the plan of
Domino-House as examples. To evaluate their performance, the chapter ends with a comparison of WFA and BCA
to a cast in place and a commercial precast system. The comparison criteria are the building time, management
issues and essential equipment in the construction site, which conclude to the preferences of the suggested
approaches. The sixth chapter(6) is a brief review of the thesis, which recapitulates the results quintessence and
suggestions for further research and development.
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Introduction 1.1. Background

1.1 Background

Through history, the need for habitation has always been a basic necessity for humans. This is the case when,
based on experts predictions in around 40 years, human-population will grow to 10 billion [1], Fig(1.1). The
predicted population in coming years universally needs around 1,500,000 residential units. This fact indicates
the importance of improvement in the typical construction methods.

• As an improvable and adaptable construction method, the prefabricated structures are used frequently in
the construction industry, in applications such as buildings, industry halls, shells and bridges. The prefabrica-
tion approaches have the advantages like high-quality control and decreasing the construction time. Therefore,
this approach is developing rapidly in the construction industry. In some countries, 70% of the structures are
constructed by this systems1 [2]. Despite their abilities, the precast common building methods have disadvan-
tageous such as weakness against chain collapse. These three facts: 1- Demands of improvement in the typical
construction methods, 2- Adaptability and growth of prefabricated structures and 3- Disadvantages and weakness
of these systems, indicate that these structure systems must be improved and developed to a new modern style
of construction.

10
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3

2
1

1800 1927 1960 1974 1987 1999 2011 2023 2037 2055

Billion Exponential trend

(a) Population prospects (Year/Billion)
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Figure 1.1: (a) World population prospects [1] (b) Global population displacement statistics [3]

• From the other side, limited material and improvement in optimization techniques, encourage the researchers
to look for optimized constructions, for instance by material optimization on a cellular beam [4]. They generally
aim for achieving the most optimal structure regarding specific limitations. In this context, from the structural
point of view, as Douglas Wilde defined, Optimization means: “The best feasible design according to preselected
measures for the highest effectiveness” [5]. Working on optimum precast structures is not limited to material
optimization and manufacturing methods but, structural performance should also be regarded. For instance, in
the precast constructions, joints have the main role and their capable performance leads to optimal behaviour
in the overall structure. For optimizations, the structural industry can utilize artificial intelligence as one of the
most advanced achievements in recent decades.
• Additionally, development in automated production (Fig(1.2)) and computational methods in the last

decades, enables new applications of the manufacturing technology and computer in prefabrication industry. In
other words, with the synergy between the computer science, manufacturing and structural industries the con-
struction approaches and software’s performances can be considerably developed, in a way that different complex
precast structures can be designed and constructed, optimally.

For benefiting from: 1- Prefabrication technology 2- Advanced optimization algorithms and 3- New manufac-
turing process, in improving the typical construction method, “New Approaches for Structural Design of
Precast Concrete Structures Operating Optimization Algorithms” are necessary. These method should
develop the construction methods regarding future structural needs. However, they have more challenges on the
way, which during an evolutionary process should be faced.

1The concrete made prefabricated structures are the only discussion point in the current study.
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Introduction 1.2. Current Challenges

1780s-1860s 1870s-1960s 1970s-2010s 2020s-Future

Figure 1.2: The industrial revolution process with innovative technology in 3D printing [6]

1.2 Current Challenges

The benefits and abilities of precast systems or optimization methods usually come with some difficulties or
limitations in designing and construction process. That, normally, leads to preference of the typical construction
methods and design approaches or avoiding to apply optimization methods entirely. Some of the main challenges
can be summarized as:

• Generally, structural optimization main obstacle is related to the configuration of existing building ap-
proaches. Typical precast configurations disable the optimization algorithms, due to the lack of minimum required
variables for defining the optimization problem.
• Despite that, plenty of software exists to find optimal forms, a form-finder software in which the form can

be analyzed and optimized at the same time, has not been suggested. However, some software for finding the
form (mainly just regarding the gravity load) and some for calculating the structural forces exist, individually.
• The common precast construction approaches are not flexible and generally have fixed geometries [2],

especially in tilt-up or panel systems. It means for changing a parameter such as moving a wall, special provisions
must be considered, which demans more time and material [7].
• In typical precast approaches it is not possible to place the joints and elements in desirable locations,

considering the effect of the forces.

Figure 1.3: Chain collapse during construction [8]

• The precast connections do not usually have ac-
ceptable performance and mainly work as anchors or
pinned supports, just against gravity. Hence, the pre-
cast strutures perform ineffective under the horizon-
tal loads [9] (Fig(1.3). Due to no resistance against
the bending moments in the joints, the related ele-
ments must be designed more robust. Additionally,
the shapes of the connections are limited, and cannot
be used in different applications.
• Usually for connecting the precast segments steel

elements, e.g. re-bar roots, are in the connection parts
placed, then the empty spaces filled with concrete. It
causes the structures not be detachable. Whereas,
with capable dry connections, the structure can remain
totally detachable in which damaged element can be
replaced.
• The majority of the structures do not use the

partition-walls or architectural items as structural el-
ements. That leads to extra weight, wasting material and time consumption. Using structural elements as
architectural details, requires a cooperation between the optimizer, architect and engineer. It needs the archi-
tectural plan to be designed based on the optimum and adjustable locations of the structural elements e.g. wall
locations.
• Normally, in order to make the construction process in site easier and to minimize the human errors, the

3



Introduction 1.3. Current Potentials

structural elements are designed typical (with similar geometry). By this method, lots of extra material are
wasted. Whereas, in a robotic factories different non-prismatic complex element, considering optimal section,
can be produced without minding difficulties and human errors.
• Counstructing the common precast structures, e.g. tilt-up, needs high capacity cranes in the site [2]. Hence,

a new fast assembling approach using low capacity cranes is undoubtedly more desirable.
• The precast constructions need special complex scaffolding and framework which is considerably costly.

While, designing capable segments and connections, enables these structures to be constructed without scaffold-
ing by minimum labours in a shorter time.

With solving these problems in structural and software industry, the constructions will be improved, certainly.
It means, the new suggesting approaches for precast concrete structures must face the noticed points as well, by
using the current potentials.

1.3 Current Potentials

The building industry keeps growing towards automation in construction, by implementing digital fabrication,
modern software and artificial intelligence. These tools help structural engineers to propose new approaches for
finding optimal design and construction methods, especially in manufacturing prefabricated elements.

• Artificial Intelligence Computations

The optimization concept has been applied for several centuries by engineers in their designing. For instance,
Heinz Isler optimized the shell-forms by unique methods, e.g. making physical models. In recent decades,
Artificial Intelligence(AI) and revolutionary algorithms developed toward the most optimaum design. Artificial
intelligence means the ability of computers in mimicking humans intellectual processes and reasoning methods,
coincide with learning and ultimately suggesting a successful solution [10]. This invention encourages structural
engineers to merge it with their structural ideas for constructing optimal structures, in a way that was out of
the ability of earlier engineers. This powerful tool can be defined by different optimization algorithms. The
essential parameter is making the relation between the variables of evolutionary algorithms and the structural
component, which has not been fulfilled practically up to now. With implementing the structural requirements
and limitations as the parameters in an algorithmic-problem, the whole designing process can be optimized by
evolutionary algorithms. The well-defined algorithms provide the possibility of working beyond the limits of
natural intelligence. This is the main concept of the suggesting approaches by the current study.

• Digital Fabrication

One of the most advanced industrial achievements which belongs to the fourth generation of the industry, is
digital fabrication. This powerful tool including technological application, such as robots and computers, has
the ability to create 3D elements with a wide variety of geometry and size. Automation has been actively and
successfully used in many industries, but its application in the construction industry is not properly exploited.
This ability can be used in the printing concrete components, like shell segments or can be utilized with tools
such as CNC or Water-jet(Fig(1.4)) to produce precise components, such as dry joints. Many researches in these
usages are being conducted, including new designs for portable and prefabricate-able elements production [12].

Figure 1.4: Digital Building Fabrication Laboratory and Technical features of the DBFL [11]

4



Introduction 1.4. The Approaches Requirements

Regarding these potentials, the future of the construction industry can be improved by digital fabrication
and artificial intelligence. Nonetheless, using digital fabrication, demands fundamental changes in the typical
structural geometries (Fig(1.5)). Hence, developing new approaches for the structural design of precast structure
is essential, for utilizing these two potentials.

Proceedings of the International Association for Shell and Spatial Structures (IASS) Symposium 2015, Amsterdam 

Future Visions 

 

Depending on the geometric constraints the resulting hybrid structural systems and elements in three 

dimensional space can work as beams and surfaces as mainly bending loaded components or function 

as membrane structures 

 

Figure 3: Coffered ceiling with a hybrid grid of shell and spatial elements. 

2. Experimental analysis of shell joints 

The high precision shell jointing systems shows high load bearing potential in compression and 

bending tests (Lehmberg et al. [1] and Mainka et al. [3]). In the previous tests the joint design B2 of 

dovetail anchors which are shown in the matrix of parameters for shell joints (Figure 4) showed a 

good overall result for bending and compression. To be able to design a modular hybrid T-beam 

(Figure 12 right) the bending strength of the plate joint had to be increased and the joint shear strength 

had to be evaluated with a shell thickness of 15 mm. 

 

Figure 4: Matrix of parameters for shell dovetail anchor joints, divided in width / height ratio and 

anchor angle 

2.1. Compression tests with UHPFRC joints 

In compression tests (Figure 5 left) shell joints with a width of 200 mm were tested. It is shown in 

Figure 5 (right) that the compressive strength of UHPFRC is transferred through each joint type well. 

Therefore each joint type is able to transfer the high compression loads in the structure and can thus be 

used for shell joint design where only compression is present. 

(a)
(b)

Figure 1.5: a) Coffered ceiling with a hybrid grid of shell and spatial elements, b) Non-standard joints
in a combination of beam and shell elements to a modular hybrid curved spatial structure [12]

1.4 The Approaches Requirements

As mentioned, the challenges and shortages for improving the typical construction systems have different back-
grounds, sec(1.2). Artificial intelligence and digital fabrication(sec(1.3)) along with new high-quality materials
such as ultra high-performance concrete, can help in solving these issues. The endurable necessary development,
is achieving novel approaches for structural design of precast concrete structures. These approaches should sug-
gest and apply practical solutions, that utilize all existing potentials. Some solutions can be summarized as:

• To find the most optimal form for shells,
a new powerful software or links between
optimization algorithm and analyzer soft-
ware should be established. Additionally,
an authoritative idea as the optimization-
problem must be found that guides the
algorithms in finding the optimal perfor-
mance, instead of just making geometrical
noises, Fig(1.6).

• New dry joints that can be disassem-
bled and have the ability to resist against
bending moments for different applications
should be designed.

• Precast structural systems should be sug-
gested that can be designed and con-
structed without sizable or heavy elements.
This lets the site use the small cranes and
lower human resources.

CHAPTER SIXTEEN: EIGENSHELLS   197

16.1.1 Shape modification

Before discussing the specifics of the structural 

problem, we consider a generic way of describing our 

problem, which is not related to structural properties, 

that is, to find a ‘nice’ set of shape modifiers for a given 

shape, which will allow us to search a solution space 

using some optimization algorithm and generate a 

pattern on the result, so that we can control the direc-

tionality and scaling according to some criteria.

In general, it is not practical to optimize a shape 

by assigning a displacement variable to every node of 

the geometry (described as a mesh) because it leads 

to systems with numerous variables for optimization, 

and, more importantly, most algorithms will yield 

solutions characterized by considerable geometric 

noise (Fig. 16.2).

modified by changing the linear combination of these 

eigenfunctions. The eigenfunction computation of the 

Laplacian matrix is carried out using the Arnoldi 

algorithm, which is a common method to compute 

eigenvalues. The domain of the eigenfunctions does 

not have to coincide with the shell; this allows for 

partial optimization (Fig. 16.5a). Furthermore, these 

eigenfunctions can be made to vanish at the bound-

aries, which is an ideal property in cases where we 

want to preserve the geometry of the perimeter of a 

shell, that is, impose boundary conditions (Fig. 16.5b).

Given the number of variables involved in shape 

optimization problems, stochastic methods such as 

genetic algorithms and simulated annealing have been 

widely adopted in the past. For the shape optimi-

zation, we selected simulated annealing owing to 

its simplicity of implementation, assuming a single 

objective function.

16.1.2 Structural analysis

The problem becomes specifically structural because 

we use a Finite Element (FE) analysis step in the 

objective function of the optimization process, and 

we employ the principal stress directions to drive the 

pattern. The technique would remain valid if we were 

to use some solar analysis results for the optimization 

phase and some fabrication/geometric constraints for 

the patterning phase.

16.1.3 Principal stress directions

Structural pattern optimization deals with the gener-

ation of structural grid-like patterns that specifically 

follow the principal stress directions. In this case, 

we adopted a method used in computer graphics – 

the most active field of research in computational 

geometry. The selected algorithm (periodic global 

parameterization algorithm with curl reduction 

(Ray et al., 2006)) not only allows us to generate 

consistent networks of orthogonal curves following 

the stress directions, in effect, quadrangulating the 

surface, but also allows designers to control the 

scaling of the pattern by manipulating a simple 

scalar field (Fig. 16.6). The decoupling of pattern 

directionality and pattern scaling offers interesting 

design opportunities and makes it possible to map 

(a) (b)

Figure 16.2 Result of applying simulated annealing 
to optimize (a) a cantilevering plate, using each node’s 
displacement as a separate optimization variable, yielding (b) 
geometric noise

Therefore, it is desirable to define appropriate ways 

to deform a shape, which can cover a wide range of 

solutions with the least number of variables when 

searching for an improved shape. With information 

regarding the definition of the shape to be optimized 

– for example, if it is defined by some parameterized 

function or NURBS – one could use the parameters 

of the function or the control points of the NURBS 

surface as optimization variables. In our case, we opt 

to find a set of shapes that are intrinsically linked to 

the geometry of the shell, which allow the designer to 

select the types of deformations that are visually satis-

factory. For this purpose, we used the eigenfunctions 

of a discrete Laplacian defined over the shell (Figs. 

16.3 and 16.4). These functions define scalar fields 

over the shell and form a series of standing waves of 

increasing spatial frequency. The shape of the shell is 

Figure 1.6: Applying simulated annealing to opti-
mize process, using each node’s displacement as a
optimization variable, yielding geometric noise [13]

• Structural approaches in which for example AI can be used for calculating the optimum place of walls,
column and beam should be generated. These methods should calculate the elements’ optimum locations
in addition to finding the best place of the joints.

• AI should be utilized in all level of designing and site construction process. It gives an entirely optimal
approach for future precast structures.

Making a transformation in this industry needs new optimal approaches with entire details of joints and
other elements. It, also, needs a global tendency to omit obstacles and apply a new approach for designing and
constructing the future progressive structures.
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1.5 Dissertation

The necessity of novel approaches for the design of optimal precast structures regarding the challenges and
potentials was discussed. For this reason, in this dissertation, three novel approaches for the structural design
of precast constructions are suggested. Including an approach for precast shells and two approaches for precast
buildings. In these approaches optimization algorithms operated along with considering the details, possibility
and workability of each approach. These approaches are proposed to make sustainable structures with minimum
construction time and cost in the site. The structures are portable properties, because of using detachable
dry joints. It plays a key role in the manufacturing process, not using the scaffolding and in the following
construction maintenance. The suggested approaches face with the current challenges (sec(1.2)) in addition,
provide the possibility of utilizing the mentioned potentials (sec(1.3)) by applying the noticed solutions (sec(1.4),
to fulfill the future structural needs (sec(1.1)).

1.5.1 Methods Strategy

In order to achieve these goals, a variety of tools and methods were used. For basic analysis, typical structural
analysis methods, e.g. finite element (FE) method were selected. The way of their usages are described in each
related section. To inspire by the structures designed by Heinz Isler and Le Corbusier [14], an interface between
MATLAB, Rhino and Grasshopper were established for remodelling of the structures. Then, eight Heinz Isler
shells were simulated and their performances evaluated, in SAP2000 and Abaqus parallel. In MATLAB some
algorithms such as Particle Swarm Optimization (PSO) and Genetic Algorithm (GA) are coded which is described
in the Methodology chapter. These evolutionary algorithms were connected to powerful structural design software
such as SAP2000 and ETABS, to analyze and optimize the structures coincidentally. Later by using MATLAB
independently, optimization operations were performed e.g. on wall or connection location-allocation. In order
to evaluate the suggested segments and connections, Abaqus was employed to simulate the performance of them.
Physical bending tests for evaluating the suggested joints performance were used. Throughout the study, in order
to verify the results, parallel analysis in two different software were performed. The other results by analytical
calculations either by physical test verified. Finally, site-construction schedule for four assumed precast systems
in MATLAB, including the two suggested building approaches were modelled. These models were connected to
the optimizer in MATLAB and the optimized outcomes were compared.

1.5.2 Dissertation Outlines

This dissertation includes 6 chapters. In the Literature Review (chapter(2)), after describing the shell definition
and methods of form finding, e.g. the Isler’s method, a background of optimization in structural engineering is
mentioned. Then, types of prefabricated buildings, precast joints and digital fabrication abilities are described.
In the Methodology (chapter(3)), the tools including software and machines are explained. Then, the material
properties, parameters and other assumption are documented. Later the inspirational structures are discussed
and followed by the definition of the analysis strategy and the applied optimization algorithms.

The main body of the dissertation has two chapters including the chapter of primary analysis and the chapter
in which the precast approaches suggested. The Primary Analysis (chapter (4)), prepares the essential parameters
for the suggested approach, by discussing the performance of shells and dry connections adequately. This chapter
begins with describing the method of finding the geometries of the Isler’s shell and their analysis results. These
analyzes are necessary to find the optimization criteria for form finding. Formerly, the necessary dry connections
for the following precast approaches were suggested and evaluated. The Suggested Approaches (chapter (5)),
describes the three new proposed approaches for design of precast concrete structures. First, a new approach for
shell form finding and possible segmenting method, by using directive form is proposed and evaluated (Shell Form-
Finding Approach(SFA)). Then, a new approach for making precast buildings with flat elements is discussed. It
finds the optimum wall and beams locations regarding the structural parameters, parallel with suggesting the
necessary details (Wall-Floor-Approach(WFA)). Finally, another approach by finding optimal joints location,
considering their mechanical properties is proposed entirely (Beam-Column-Approach(BCA)). At the end of the
chapter, the proposed methods are compared with the other building systems. In Conclusions (chapter (6)), after
a review on previous chapters, the main results are highlighted and further studies suggested.
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Literature Review 2.1. Shell Structures

Preface

This chapter describes the main studies about
the shell structures, form finding in shells,
optimization in building structures, precast
building and connections. A brief review of
related or similar studies, as well as some
definitions beginning with the basic concept
of shell, arch and their optimal forms, the
old methods of form finding followed by the
Isler’s method as optimal structure, are cho-
sen and described. Then, evaluation of shells
and also the Isler’s quick calculation’s de-
scription are discussed. Additionally, con-
temporary form-finding methods as the foun-
dations for the suggested form finding ap-
proach are discussed. Followed by different
types of optimization, e.g. topology, shape
and material optimization, which are briefly
described in building structure.

XXXXXX
2. Literature Review:

Ch.2.

2.1.Shell Structures

2.1.1.Form
Finding Solutions

2.1.2.Heinz
Isler’s Analysis

2.1.3.Contemporary
Form Finding Methods

2.2.Structural
Optimization

2.3.Precast
Building Structures

2.4.Precast Joints

2.4.1.Joints Evaluation

2.4.2.New Invented Joints

2.5.Digital Fabrication

Then, the main type of joint evaluations and different kinds of new precast connections and the result of
their evaluations, which will be developed in the fallowing chapters are argued. Finally, digital fabrication as the
process which should be selected for manufacturing of the three suggested approaches and the related studies,
e.g. the dry joint production are illustrated.

The goal of the current study, as mentioned in the introduction, is applying optimization in precast structure
towards new approaches. Additionally, the elements of these precast approaches should be manufacturable
by digital fabrication methods. Hence a review of present systems, calculation methods, digital fabrication
performance and finally few possible precast connections, along with some definitions, which are the related
foundation for the individual parts of the suggested approaches e.g. for optimization, calculation and configuration
are discussed. In other words, this current study which develops the current details e.g. dry-connections, needs
this method in manufacturing process e.g. digital fabrication or suggests new approaches parallel with other
methods (e.g. shell form-finding approaches) discussed in this chapter 2.

2.1 Shell Structures

Structural systems can be classified based on their shape, their performance and the materials from which they
are made. For instance, one category with five possible types of structure can be assumed as shown in Fig(2.1a),
but in the current study, only shell structure (vaulted type) and then frame made structures (Building systems)
are discussed. Plates are part of the structure with thin skins illustrated by x,y,z coordinates. In fact, if the
thickness are not considered, plates can be a 2D object in 2D area. The bending stiffness of thin plates is
remarkably low and their stress can be calculated by the theory of bending.

Shells can be divided into two thin and thick layered categories, a thin shell is a 2D object in 3D area, having
more resistance because of curvatures in compare with plates, which commonly with membrane stress resisting
against external works, in brief the differences between shells and plates is in the curvatures of shells [15]2. In
other words, shells are form-passive structures, that exhibit a direct interaction between form, loading, support
conditions and structural behavior resisting forces through their forms [16]. Therefore, two main points regarding
shells first performance analysis and their optimal form which are interrelated, would be viewed. Optimization
in each arch and shell in both structural and economical aspect has a direct relation with height to span (h/L)
ratio, which depends on the context, which in arches usually must be around 0.275(0.25 < h/L < 0.3). This
ratio, as well as the shape of the arches and shells in a various situation, is unique. In all shells and arches
to find the optimal form (like other structures) are internal forces e.g. shear(V), bending moment(M), Axial
load(A) and their relations must be regarded. The optimal force ratio in arches, assuming eccentricity(e=M/N)
by hypothetical point calculation and connection, the Pressure line can be calculated, presumed the line for a
specifically assigned load on the axis of the arch bending moment in the structure would tend to zero which is
ideal for the concrete made arches that are weak in tension.

2 This type of behavior, e.g. vaulted shell is the case in current study.
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Figure 2.1: (a) Category of structures (b) Pressure line location on arches [17]

Fig(2.1b) y, η are the arch and Pressure line wide (in y direction), respectively, which can be defined according
to x.

y = f(x) and η = ψ(x)

If y = η the Pressure line would be matched on arch axis. If in this picture the K point assumed on Pressure
line, all the bending moment forces in the left side of K, around it, should be zeros.

Mk = VAx−Hη −
J∑

i=1

Pi(x− ai) = 0

In which, J is the number of Pi loads in the left side of K and a is the place of Pi. Accordingly:

η =
VAx−

∑J
i=1 Pi(x− ai)
H

If the same load on a typical beam causes Mo(bending moment):

η =
M0

H

Hence, the economically most favorable arch in which central coordinate matches the pressure line would be:

y =
M0

H

That means the optimal shape under vertical loading follows the bending moment diagram of a simple beam
in the same position (Fig(2.1b)). However, that’s the main parameter for optimization in arches and shells, in
shell finding Pressure area is more challenging considering simultaneous of form finding and its self-applied load
and supports possible location in 3D space. Shell calculation even without optimization is a difficult task. Due
to the complexity of the geometries, these trials are usually restricted to exactly calculated simple shapes, e.g.
by Timoshenko and Winowsky [18]3.

3Some methods of calculation such as differential, Isler calculation and a suggested simple method discussed later in
Isler section.
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Figure 2.2: (a) Form finding using hanging chains, by Friedrich Gösling, c. 1890 [13] (b) Dome of
St.Peter, Rome as the reverse chain line [20]. (c) St. Peters Cathedral, Rome(1506-1626) sketch
showing Poleni’s hanging model [13]

2.1.1 Form Finding Methods

However, a few structure engineers taking mathematical points into view, worked on more accurate geometries
towards more optimal shells like hyperbolic paraboloid shape are designed by Felix Candel [19]. In those studies
shell type and symmetries were usually the most important components of calculations, however, the shell
designers usually have a poetic overtone looking for multi free-form shapes which were unachievable with the
exact feasible calculations.

On the other side, another practical method for finding the shell form without intensive calculations utilizing
mimicking natural structural shape method found its place in a wide range of usages (Fig(2.2)). Mimicking
natural structural shape has two advantageous reasons, which encouraged the designers to follow these simple
method. 1-Selecting the shape by hanging and finding its geometry according to the effect of weight and gravity
which forms the shape under pure tension. 2-The behavior in these structures can be scaled independently from
the final size, which means that making and testing small physical model can be a quick practical method. Once,
the mimicking natural structural shell form get inverted, since it was formed under pure tension later under
compression retains a form, which is the most optimal and economic one. In which the rigidity of the testing
material plays an important role.

This concept mentioned by Galileo Galilei(1564-1642), called the square-cube law, in which the area increases
with the square of the scale factor, volume, and hence the mass, increase as the cube of the scale. Simon
Stevin(1548-1620) was one of the earliest developers of the forces vectors based on mathematical representation.
The Principles of the Art of Weighing was(in 1586) published by Byvough. It describes parallelogram of forces
based on the models of funicular (2D,3D) shapes. Later, Robert Hooke(1635-1703) with Christopher Wren(1632-
1723) designed a Cathedral in London using inverted catenary models. Christopher Wren sketched a 33m
diameter dome, showing usage of suspended chain method in a building. That is one of the well-known use
of a physical model used satisfactorily in structure, resistant towards compression, which increased Hooke and
Wrens confidence in this method. In evaluation of hundred-year-old 50m diameter dome (Fig(2.2c)) Giovanni
Poleni(1683-1761) employed Hooke’s method in Rome, that formed however minor cracks [13].

Michelangelo(1475-1564) as an architect and engineer reduced the weight of structure using double skin shell
method suggested by Filippo Brunelleschi(1377-1446). Later in the 1580s, to decrease the outward thrusts,
Giambattista Della Porta(1535-1615) added the height to the span ratio of the dome by extending the lower
parts. Followed by 2 and 3 dimensional arches used by Friedrich Gösling(1837-1899) in few modelings, in the
1890s(2.2b). This method was further developed by Antoni Gaudi(1852-1926) who employed hanged bags form
strings in modeling several masonry shells. Frei Otto(1925-2015) an army pilot looking for a shelter started to
use models as stabilizer solution made by cable networks or other membrane elements in order to determine the
tension, which was due to lack of computers during his active time more or less not feasible. Finally, Heinz
Isler(1926-2009) as the most famous physical concrete shell builder, in the twentieth century, designed and built
several complex stable shells in Europe by the same method similar to Hooke’s. He founded his forms by hanging
watered polyester and adding some folding in the edges based on his own experience (increasing the shells
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(a) Isler calculation

Hanging membranes by Heinz Isler

(b)

Figure 2.3: (a) Isler calculation for a shell [21] (b) Hanging membranes model(top) [22] Hallenbad
Brügg [23](down)

stiffness), then in order to freeze them he left them outside and finally scaled and reproduced their funicular
geometry [13]. He also used simple calculation shown in the Fig(2.3a), based on the assumption that there is no
bending moment, however there exists a negligible in support parts, which are discussed in coming section.

2.1.2 Isler’s Models and Analysis

The importance of Isler’s model and their acceptable performances, after many decades has encouraged the
designers to evaluate and inspire them, which requires to find the optimal loads and become confident that in
these structures, for instance, the eccentricity is low. The Naturtheater Grötzingen shell(1977) with 42m, 28m
span and 10m height, covers approximately 650m2 of area made using 220Ton reinforce concrete was simulated
2013 in SAP2000 in four decades after the building time [24] (Fig(2.4)). The results of the analysis show that
the maximum normal forces are 1, 152kN/m in tension, which is mainly in the supports and near the edges, and
2, 785kN/m in compression.
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Figure 2.4: (a) The normal force in the x-direction is found by averaging stress over the thickness of
each element (b) and (c). The different values of the maximum principal stresses in the top layer(top)
and the bottom layer(bottom) of the shell show that there are bending moments in Naturtheater
Grötzingen [24](kN,m)

The evaluation of the structure in Norwich Sports Park, using 3D scans of pre-models and simulating in FE
software is called NURBS [25]. This model shows that in the curvature bending moment distribution changes
between the synclastic top part of the shell and the anticlastic long edges of the shell increase, which shows
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the effect of edges stiffeners. These studies continued by using numerical method e.g. working on the Deitingen
Service Station, Coop Distribution Centre, Bürgi Garden Centre and on other Isler’s shells [26], [27], [28] and [29].
These shells are all made in places without any powerful lateral load such as an earthquake. Isler added that
just based on his experience stiffed the shells against the buckling, prone to collapse in these structures, therefore
these two aspects of shells behavior and lateral load effects has not yet been evaluated properly.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: The distributed internal normal force in x-direction as contour plots, in cross section 1 and 2 
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Fig. 12: The distributed internal normal force in x-direction as contour plots, in cross section 1 and 2 
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Figure 2.5: The distributed normal force in x-direction as contour plots, in cross section 1 and 2 [25]

Isler Quick Calculation

As shown in Fig(2.3a) and clarified in Fig(2.6) on the square plan, he could approximately calculate the stress in
the shell, under its gravity load in a few lines. These calculations come after finding the model when weight and
the angles of the shell with membrane behavior are known. First, he calculated the whole weight of shell and
then divided it to the number of supports to find the supports reaction, which is the key load in these concrete
shell structures. Then the load inclination based on geometry at the support of shell must be calculated, which
can be converted in the horizontal direction(H). From the other side, the symmetry of the shell shows the same
load in the opposite support. In the other words, shell is a link between these supports to transmit the calculated
vertical load when resisting against that, which is the main structural performance of the shell. It means if this
amount of the load (here 100Ton)get divided by distributed resistance area(2m2) of the cross-section can give
the average stress (here 50Ton/m2) which is indeed low [25]. The other calculation methods along with the FE
method is differential calculation, which is more complex than being practically used in free-form shells. Hence,
another simple new method for stress calculation in such as optimal shell has been suggested and described
paralleled with a partial differential method in the appendix and proved by a FE software. Few results of this
new computation method are summarized in the concluding chapter.

2.1.3 Contemporary Form Finding Methods

Beside Isler used form-finding methods, there are other contemporary methods, which need to be looked upon.

Dynamic Relaxation

Dynamic relaxation(DR) method was implemented in 1965 by Alistar for designing a large span (50m × 50m)
pavilion and shelter on an island in Caribbean sea representing a numerical form finding method. This method
considers the stiffness of elements in an unstrained grid shell base on the designer proposed design system. The
DR generates and solves a set of nonlinear equations, by tracing the motion of the structure through time and
load application. Basically, this system is similar to the Leapfrog and Verlet methods, using Newton’s second
law integrated through time. Its motion under the load, during the time, step by step in each (t+ ∆t) increment
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Figure 2.6: Isler calculation example: H = 100Ton, Span = 20m, Thikness = 0.1m resisted Area =
2m2, average Stress 100Ton
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was traced and reach equilibrium till the structure comes to rest. Meanwhile, parameters like kinetic energy
and greatest stiffness has been calculated. Since ratios of all numerical quantities (EA, EI and load) affect
the shape, during the form-finding process, the ratio of bending stiffness EI to the weight controls the relative
effect of bending stiffness. So, while the absolute amount of stiffness was set to minimum, the result is going
to be the maximum. However, this method has its own weaknesses. Those are difficult in both physical and
computer modeling i.e. in low tension parts, wrinkles start to develop. The model strength is its ability to
consider geometry and stiffness parameters for construction, without any inflations in basic equilibrium allowing
the model scaling. However, DR resulted shell form must be analyzed in a FE solver after materialization and
denationalization [30].

Force Density Method

FDM(known as Stuttgart approach) is another numerical form finding method, which has been used in designing
of many grid shells such as Olympic size swimming pool (25m×50m). It is able to generate solutions for discrete
networks, through linear systems of equations, in an exact state of equilibrium, as convergence and iterations are
not essential. It enables the designers to quickly find the solution based on force densities and loads. It has two
other advantages. First, the method is independent of the material in the form finding process. Second, without
changing the geometry of the shell the load can be increased [31](Fig(2.8)).

   

     
       
       
        



        



        

      

     
     

      
 


 

        


    





       
      

       
       

      
       




       

























 






















 



























































  



(a) A masonry arch of arbitrary geometry

   


     

      

    

     
    



  

 



 

(b) Ice and polyster experiments by Isler

Figure 2.7: Vault sketch using thrust line method shape and one model of Isler which only evaluted
under the gravity without IA [13] and structural analysis
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P
1
,P

2
,P

3
,P

4
 in three-dimensional space in an ‘anticlastic’ 

configuration, meaning that of the opposite pairs of 

points, P
1
,P

3
 must be ‘high’ and P

2
,P

4
 must be ‘low’ 

points, or vice versa.

The four elastic bars a,b,c,d between these points, 

are connected as pin-joints. In their slack state the four 

bars are too short to be connected at P
0
. Consequently, 

tension forces F
a
,F

b
,F

c
,F

d
 are generated when they are 

connected at P
0
. A fifth force, representing self-weight, 

is applied as an external load P
z
 at node P

0
.

6.2.2 Translation to equations

Now that we have modelled the prestressed net as a 

spatial, four-bar, pin-jointed network, the question is 

how to find a state of equilibrium and the resulting 

geometry. To this end, we first formulate three basic 

relationships:

1. Every individual bar is increased in length due 

to the tension force acting in it. The difference 

between the non-stretched and elastically stretched 

length of the bar results from material behaviour.

2. In the prestressed state of the net, every length of 

an elastically extended bar has to be equal to the 

distance of the nodes to which it is connected. This 

describes the compatibility between the elongation 

of the bars and the geometry of the net in the final, 

prestressed state.

3. The tension forces and self-weight applied to the 

unsupported node must be in equilibrium.

If we translate these three basic facts to mathematical 

formulae, we obtain the following relationships, for a 

single node and its four neighbours.

First, Hooke’s law of elasticity applies without loss 

of generality to the changes in length. The tension 

force F
i
, with i = a,b,c,d, in each of the four bars is

 F
i
 =   [   EA ___ 

l
0

    e ]  
i

 . (6.1)

where EA is the (axial) stiffness of the material, l
0
 is 

the non-stretched length, and e the elastic elongation 

of the bar.

Second, the length l
i
 of every elastically elongated 

bar must be exactly equal to the spatial distance 

between the nodes at its ends

 l
i
 =  √

_____________________
   (x

k
 − x

0
)2 + (y

k
 − y

0
)2 + (z

k
 − z

0
)2  , (6.2)

where x,y,z are the coordinates of the nodes, and 

k = 1,2,3,4.

The elastic elongation e is the difference of stretched 

and non-stretched lengths l and l
0
, so by substituting 

l with equation (6.2), the elongation of each of the 

four bars

 e
i
 = l

i
 − l

0,i
. (6.3)

Third and last, there must be equilibrium in every 

node. This must also hold in each of the three dimen-

sions, x, y and z. We decompose the force F
i
 in each 

(a) (b) (c) (d)

Figure 6.3 A thought experiment resulting from (a) four hanging, (b) four standing rubber bands and alternately (c, d) 
tensioning them
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Figure 6.4 A single node with four forces and a load

   



















    





   


   






























 






        




 
   

















 






  


 

 

 








        


 






















 

        








         


 







 





    

 





























 

(c)

Figure 2.8: A thought experiment resulting from (a) four hanging, (b) four standing rubber bands (c)
A single node with four forces and a load [13]

Nonlinear Force Density Method

NFDM is nonlinear numerical form finding method, 1970 which has been used in designing of Multihalle timber
grid-shells and the Solemar Therme glulam shell roof is a nonlinear solution of shells based on the least-squares
method. In this approach, after considering the variables, the system of equation is written, based on the
chosen components aiming at the optimal form, considering the targets and initial shape. In this method, after
applying the constraints, the first derivations would be made, then the whole systems defined matrices would be
assembled. Finally, after applying some changes to equations, the systems get solved and updated. This process
can be repeated till optimal threshold point. In addition, having matrices based equilibrium helps a designer to
define and manipulate using several software easily, which lowers the computation time. This approach is flexible
and allows multiple constraints timber shell structures be considered. It can offer a good approximation solution,
i.e. timber shell structures [13].

Best Thrust Network Analysis

TNA 2011 used for designing a pavilion in Austin, TX, USA for covering 20m in 15m area. Without considering
the earthquake constructed by un-reinforced stone, the best thrust network location could show the optimal
form. TNA technique was used in order to evaluate the structural feasibility of a vaulted masonry structure. For
applying it, the initial form and the topology matrix shape must be drawn, and then next the forces diagram be
defined and updated. Further, the support points must be selected and the weight of structure be calculated,
finally the node height be visualized in a network. If the outcome isn’t satisfying, this process can be repeated.
This method used for finding the best fit thrust network as a structural optimization solution based on the
self-dominant load, in a derivation of new geometry (Fig(2.9)). First targets defined, and the loads generated.
Then centroidal dual (dual vertices of a node of centroids of the original graph faces) and Rescale reciprocal
(two planar diagrams or graphs working parallel dual of the other) were generated. In further optimization, the
force diagram and densities incorporated. This process is repeated till the convergence lead to the diagram of
the forces (Rhinoceros, RhinoVault) [13].
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Figure 13.5 Result of the optimization process: the best-fi t funicular network for the given target surface and loads
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downwards (multiplied by the sign of the vertical 

coordinate differences). The difference between both 

approaches is particularly evident near open edges of 

a vault (Fig. 7.13). The nodal force flow vectors are

  f 
x
 = −   w

 ___ 
|w|

    Dx,

  f 
y
 = −   w

 ___ 
|w|

    Dy, (7.15)

  f 
z
 = −   w

 ___ 
|w|

    Dz,

with w = Cz.

Furthermore, the prevention of sliding failure 

and full three-dimensional structural action is 

achieved using tessellation bonds in which neigh-

bouring discrete pieces interlock. Fabrication and 

material-related parameters are taken into account by 

constraining the length of the edges of the tessellation 

pattern to a specific value, or within a given range, 

informed by machining limitations and maximum 

block dimensions. In this assisted design process, 

the best solution of a tessellation for a given surface, 

driven by the force flow, edge length restrictions 

and the topology, is found using an iterative solving 

algorithm based on a relaxation approach.

7.5.2 Voussoir geometry

In a next step, individual voussoirs are generated from 

the tessellation, the thrust surface and data regarding 

the local thickness of the structure, which is calcu-

lated based on the non-funicular live load cases (see 

Chapter 13). Each contact face is described by lofting 

through a set of lines normal to the thrust surface, 

resulting in an alignment normal to the force flow. 

The resulting contact faces are twisted ruled surfaces 

(Fig. 7.14).

The load-transmitting contact faces should have 

a flush alignment, and thus also a high geometric 

accuracy in the fabrication process, in contrast to the 

upper and lower surfaces of the voussoirs. Circular 

blade stone cutting fulfils these precision require-

ments and is at the same time one of the most efficient 

stone-machining processes (Fig. 7.15). However, to 

use this technology requires planar cuts. An iterative 

procedure was thus developed to planarize most 

contact faces. Computer numerical controlled (CNC) 

machines with five or more axes are used to process 

the voussoirs. In contrast to the planar contact faces, 

the upper and lower surfaces can only be approxi-

mated by progressively using parallel cuts tracing the 

doubly curved geometry.

(a) (c) (d)(b)

Figure 7.13 (a) A simple vault, with (b) vectors of steepest descent, that is, the rainflow analogy, (c) internal forces and (d) 
vectors from forces

surface  normal

force field

voussoir

contact face

Figure 7.14 The tessellated vault geometry, showing 
voussoirs, their contact faces, surface normals (blue) and 
force field (grey)

(b)

Figure 2.9: (a) The best-fit funicular network optimization process (b). The tessellated vault geometry,
showing voussoirs, their contact faces, surface normal (blue) and force field (grey) [13]
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Discrete Topology Optimization

Discrete Topology Optimization is a method for structural optimization applying on irregular grid shells. This is
employed for reducing the weight of structure in order to reduce the cost of optimization, Genetic Algorithm(GA)
in a grid-shell structure, e.g. Webb Bridge over the river Yarra in Melbourne(FE solvers). Initial population as a
geometrically defined, moves the nodes by Moving Least Squares(MLS), followed by considering load parameter
in Delaunay triangulation spatial decomposition in a Voronoi diagram. So, the topology get modified can be
evaluated by FE analyses till achieving the optimal form. It is a global optimizer that applies a filtering process.
This solution can be used only for preliminary design, which requires further evaluation in a FE software [13].

Multi-Criteria Grid Shell Optimization

Multi-Criteria Grid Shell Optimization is a structural optimization method for complex surfaces. Non-Uniform
Rational B-Spline modeling(NURBS) pioneered by Pierre Bezier and Paul de casteljau controls the geometry
based points utilization. This shows how surface parameterization techniques can be used to create and control
the layout of a grid structure, which can be used by designers to find the optimal shells with multi parameters.
First NURBS converted to triangulated meshes and input parameters, including member size and load case, then
plenty of rod direction and grid geometries get generated, which can be interfaced to FE modeling for iteration
and evaluation. GA algorithms is a common operator for this type of optimization [13].

Structural Patterns on Modal Forms

Computer simulation methods gave a great possibility in designing and researching by only defining the geometry
and assigning the material and elements properties, while manipulation and visual supervision are possible. It
offers an approach that integrates the architectural objectives and structure effectively. All initial shape loads
and boundary conditions are defined to calculate the Eigenvalue of the structure matrix and finally solved by
Laplacian operator. This method can use most of the optimization algorithms, e.g. annealing and FE software
abilities, while by calculating the Eigenvalue vector instead of internal forces, takes lower computation cost.
Furthermore, it shows that optimizing a shall by choosing the hypothetical points coordinates over it as the
variables is not practical. In chapter 4 by adding some parameters and changing assumptions, these variables
can be re-considered [13].

Homogenization Method

This approach is a topological evolutionary optimization method using the distribution of material densities as
used in commercial software. In fact, the aim is flexibility minimization in generated shells, which is related to
the energy of internal forces of structure deformation. After defining the properties, e.g. boundary conditions,
then geometry optimization parameter can be defined, then homogeneous material distribution optimization can
start. After structural analysis and evaluation of the objects, their sensitivity can be determined and filtered.
Finally, there would be as many iterations to achieve the desired optimization target. This computationally
intensive method is integrated into major FE software, however, the obtained mathematical solution cannot be
considered as the final results, but is useful as a topology optimizer for finding the first design concept as utilized
in chapter 4 and 5 of the current study. These processes must be repeated in any analysis case such as buckling,
standards common loads and seismic load till showing any weaknesses [13].

Computational Form Finding and Optimization

For finding the form or optimization, three main steps must be considered: 1-The type of solver, which can
include the previously mentioned calculation or FE or other methods. This step in fact does the duty of assessing
the structure parameters like stress and forces. 2-The other step is to select and apply different types of the
optimization algorithm, e.g. GA algorithm, which mostly used in the majority of shell form finders. 3-Defining
the goal and parameters of optimization. Up to now, different optimization cost functions were considered
but, the major functions indeed are the objective and multi-criteria optimization. They could be classical, like
minimizing weight or mass or maximizing ultimate load, having homogeneous stress state or minimizing strain
energy equivalent to maximizing the stiffness. This last parameter can be a very promising objective for shells.
Further objectives may also be used, such as maximizing ductility and toughness or avoiding certain frequency
ranges. Through these three steps, one can analyze and optimize all types of structures in an appropriate way [32].
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2.2 Structural Optimization

The optimization in the structure is divided into three main parts Topology, Shape and Material [33]. These
methods in structure field have wide application, while some meta structural parameters like time and contracting
easiness as the main general goals, can be regarded as well. In the past, the correlation between optimization
and structure knowledge was employed in different parts of structure engineering, for instance, to find the form
of a shell or doing topology optimization in trusses [34]. However, the optimal location for structural elements
should be calculated after or coincide with the architectural design which caused this application limitation.
Also AI was utilized, e.g. in calculating beam-slab optimal place [35], [36] in which genetic algorithms (GA)
employed for composite structure [37] or as shape optimization in finding the shape of an element by applying
non-prismatic section to a beam [38]. Further, Rayleigh-Ritz method for shape optimization, used in a variety
of optimization [39].

Mentioned structures are divided into five groups (Fig(2.1a)), however, here shells and buildings are merely
discussed. The aim of the contrary study is after shell optimization topic concentrating on precast concrete
optimization. Building structure is a structure with wall and roof standing in a place in order to be a shelter.
Nowadays, a wide range of categorizing, e.g. auto industry, aerospace, civil and structure engineering, are
confronted and possess plenty of valuables data with practical operations in these industries. While optimization
of structures dating back to the eighteenth century [40], [41] [42] and with the need of aerospace industry to
design and minimizing the weight of the structure, finite element method and structure optimization found a
drastic boast, then its translation found its way into building industry looking for minimizing material and
energy with light durable structures. Earlier optimization for an acceptable approximate answer, even as a
typical daily problem was complex. The researchers initially had to implement simple methods with low analysis
costs. Therefore, they applied the mathematical solution on a Real-valued function and then approximated
trimming away purification methods of these problems. The three main steps of these methods are derivative
based sensitivity, defining an estimated analysis trimming a way purification which leading to a better efficiency
and reliability. In text steps, optimal criteria and multi-step optimization were defined. These problems were
mainly emphasized based on single elements in two-dimensional space while for instance, skeletal structures were
the most common type which encountered. Therefore, looking for other methods by adding more structural
theorems like reciprocal work thorium and concepts like flexibility and stiffness matrix was essential for defining
new methods, e.g. Force and Graph theory method [43].

In 1965 name of Artificial Intelligence(AI) for the first time initiated a novel branch in science based on
a computational calculation that had been already started in 1950 by Alan Mathison Turing who later was
called the father of artificial intelligence. The goal of AI is making systems thinking and practicing human type
logic. It can have an extensive range of hidden concepts such as the ability to recognize the similarity and
differences, analyzing the data giving true or false meaning, etc. Evolutionary algorithms as a main subdivision
of AI is, in fact, a powerful searching machine that starts from few points in the response area. The main
differences between this optimization and the other are: 1-Is not evaluating an optimal point, but multiplied
results paralleled. 2-It is not dependent on supplement data and only defining the target functions affect the
results. 3-There is no limitations for defining the target goals. 4-Offering a couple of answers instead of a
unique one. For assigning these methods different algorithms were generated [44] [45]. For instance, Heuristics
algorithms which are divided into exact and approximate algorithms is one of them, which has three subdivision:
1-Heuristic 2-Meta-Heuristic and 3-Hyper-Heuristic. Nature was a perfect master of evolutionary algorithms and
some famous algorithms employed in structural optimization studies such as Genetic Algorithms(GA) and Particle
Swarm Optimization(PSO) were made inspiring from nature. Considering the improvement of computers and
their speed as well as their connections to a huge amount of information, made the presences of AI in structural
optimization unavoidable.

2.2.1 Topology Optimization and Element Allocation

Topology is a Greek word and a branch of mathematics discussing the spaces and their continuous deformations
and mapping4. Topology optimization is a mathematical method dealing with the material layout, loads locations
and boundary conditions with the aim of maximizing the performance of a structural system [46]. This definition
can cover form finding, shape and material optimization, but in plenty of studies topology optimization has the
method of moving structural elements into the optimal locations, mainly by heuristic optimization using FEM.
Topology optimizations are used for shells, developing computational models of free-form thin shells with the goal
of finding fast, and relatively easy design solution that combines mathematical programming with finite element

4In chapter 6 Another possible method for finding optimal shell form by mapping was suggested, for further studies.
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techniques considering displacements and principal stresses as target [47] with the similar concept in buildings
case in current studies.C. Talischi, G.H. Paulino / Comput. Methods Appl. Mech. Engrg. 283 (2015) 573–598 575

Fig. 1. Illustration of the prescribed boundary conditions defined on the design domain Ω . In a density formulation, each admissible shape ω ⊆ Ω
can be associated with some density function ρ ∈ L∞(Ω;


δρ , 1


).

Before concluding the introduction, we briefly describe the notation adopted in this paper. As usual, L p(Ω)
and H k(Ω) denote the standard Lebesgue and Sobolev spaces defined over a domain Ω with their vector-valued
counterparts L p(Ω;Rd) and H k(Ω;Rd), and L p(Ω; K ) = { f ∈ L p(Ω) : f (x) ∈ K a.e.} for a given K ⊆ R.
Symbols ∧ and ∨ denote the min and max operators, respectively, and when applied to functions are taken pointwise.
Of particular interest are the inner product and norm associated with L2(Ω), which are written as ⟨·, ·⟩ and ∥·∥,
respectively. Similarly, the inner product, norm and semi-norm associated with H k(Ω) are denoted by ⟨·, ·⟩k , ∥·∥k
and |·|k , respectively. Given a bounded and positive-definite linear operator B, we write ⟨u, v⟩B ≡ ⟨u,Bv⟩ and the
associated norm by ∥u∥B ≡ ⟨u, u⟩

1/2
B . Similarly, the standard Euclidean norm of a vector v ∈ Rm is denoted by ∥v∥

and given a positive-definite matrix B, we define ∥v∥B =

vT Bv

1/2. The i th components of vector v and the (i, j)th
entry of matrix B are written as [v]i and [B]i j , respectively.

2. Model problem and regularization

We begin with the description of the compliance minimization problem which is used as the model problem in
this work. Let Ω ⊆ Rd , d = 2, 3 be the extended design domain with sufficiently smooth boundary. We consider
boundary segments ΓD and ΓN that form a nontrivial partition of ∂Ω , i.e., ΓD ∩ ΓN = ∅, ∂Ω = Γ D ∪ Γ N and
ΓD has non-zero surface measure (see Fig. 1). Each design over Ω is represented by a density function ρ, that is, a
non-negative field bounded above by one, whose response is characterized by the solution uρ ∈ V to the elasticity
boundary value problem, given in the weak form by

a(u, v; ρ) = ℓ(v), ∀v ∈ V (1)

where V = {u ∈ H1(Ω;Rd) : u|ΓD = 0} is the space of admissible displacements and

a(u, v; ρ) =


Ω
ρ pCϵ(u) : ϵ(v)dx, ℓ(v) =


ΓN

t · vds (2)

are the usual energy bilinear and load linear forms. Moreover, ϵ(u) = (∇u + ∇uT )/2 is the linearized strain tensor,
t ∈ L2(ΓN ;Rd) is the prescribed tractions on ΓN and C is the elasticity tensor for the constituent material. Ob-
serve that the classical Solid Isotropic Material with Penalization (SIMP) model is used to describe the dependence
of the state equation on the density field, namely that the stiffness is related to the density through the power law
relation ρ p [12–14].1 The bilinear form is continuous and also coercive provided that ρ is measurable and bounded
below by some small positive constant 0 < δρ ≪ 1. In fact, there exist positive constants c and M such that for all
ρ ∈ L∞(Ω;


δρ, 1


),

|a(u, v; ρ)| ≤ M ∥u∥1 ∥v∥1 , a(u,u; ρ) ≥ c ∥u∥
2
1 , ∀u, v ∈ V. (3)

1 We use the classical SIMP parametrization with a positive lower bound on the densities. The reason is that later, we will consider Taylor
expansions in 1/ρ.
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Figure 2.10: (a) Illustration of the prescribed boundary conditions defined on the design domain looking
for admissible shape [48] (b) 2D truss optimization [49] (c) Optimal thickness distribution of a plate [5]

This optimization on truss optimal form has wide usages, the goal of reducing the cost in the structure while
all of the standard design rules are convinced, was an attractive object for this assessment, meanwhile, keeping the
time of analysis low [50]. It showed that stress-constrain can be an acceptable measure for topology optimization
proved by a numerical example [51]. As a platform for defining the optimization pattern usually MATLAB as a
powerful software with its matristic operation that can be a good environment for finite element or classical matrix
analysis and optimization algorithms chosen [52]. Few methods for improving the outcome implemented, mainly
by using evolutionary optimization in trusses, e.g. Firefly and Imperialist Competitive algorithm [53], [54] [55]. In
the last decades, observing earthquakes in several buildings and economic considerations encouraged constructors
to evaluate skeletal structures, using a non-dominated sorting genetic algorithm (NSGA-II) Differential Evolution
operators to solve the optimization problem and pushover analysis based on Federal Emergency Managment
Agency(FEMA) standards [56]. In these structures PSO and charged system search(CSS), considering a large
number of designed examples, displayed good performances [57]. Finding the optimal place of the elements is not
only limited to total elements members or configuring the big elements, but is extended to all parts. For instance,
the importance of pre-stressed elements, optimal design and reducing the amount of material and human resources
encouraged engineers to utilize this optimization method in a beam or bridges pre-stressed tendon layout as well
as the rebar places [58], [59], [60]. It has become a consequence that this usage can change the quality of precast
pre-stressed elements, while they could fulfill the standards, e.g. American Association of State Highway and
Transportation Officials(AASHTO) Standards in these optimizations.

These evaluations are not only about the pre-stressed elements strands but the configurations and layout
reinforce beams are investigated. For instance, in [36] PSO algorithm, with the ability of discrete search, for
designing beam-slab layout in a rectangular floor was utilized and power of this algorithm was shown. Evo-
lutionary algorithms and GA of a binary strings chromosome on beam-layout of several floors were computed
satisfactorily [35]. In another context, some architectural companies with the goal of reduction in the indus-
try’s dependence on unskilled human resources and their limitation used optimization algorithms in finding the
suitable arrangement for the location of rooms, corridors, etc. in a given plan.

2.2.2 Shape and Material Optimization

Shape optimization is a component of optimal control theory by defining the problem in a differential equilibrium
influencing the cost. Shape optimization in structural engineering have the same basic definition, but in practice,
the defined problem variables and their complexity encourage researchers to employ other methods. Heuristic
optimization methods, which instead of traditional controlling functions in structure optimization reduce the
material, while finding the optimum geometry have been used in different elements [61], [62]. Shape Optimization
is not about moving the elements in order to find an optimum configuration, but improving the performance
of elements with the goal of increasing the stiffness or avoiding the material with low stress or replacing them
with others to reduce the amount of material were used. For instance, shape and material optimization using,
I-shape and Box-shape segments against bending moment and tension, are what designers are using as an optimal
form. These shape optimizations can also be used on the other elements of a building such as a column. For
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Figure 2.11: (a) An example of an architectural floor plan (b) a grid (c) a beamslab layout [35]

instance, [63] a full-range elastic-plastic analysis on a column steel which was filled by concrete was evaluated
under concentric load in FORTRAN. Or the joint and amount of their flexibility in connections of column bases
and frames and effect of them on the cost of the building by the genetic algorithm were studied [64], [65], [66].
The composite material in different industries as aerospace, auto and structure industry is commonly used,
while for encountering their orthotropic behavior, applying the evolutionary algorithm in their optimization is
essential. The complexity of this optimization in modeling and analyzing was evaluated [67]. The fiber reinforced
polymers(FRP) as a composite material has become more attractive for structure engineers, but the majority
of applications have been designed based on the experiences leading to over-designing. In this respect, various
optimization methods applied to improve elements behaviours [37]. Composite evaluation has been studied on
bridge steel box girders based on AASHTO as well [68]. One of the main usages of optimization is on the beams.
The FE software like Abaqus finds the optimal section shape under cyclic load [69] or an optimum geometry
for the section of a bumper beam [38] under the designed loads such as lateral buckling [39] or in order to
reduce the material and parts making truss shape of a full beam by a mesh generation algorithm [70], [71]. This
material reduction can also be done by defining suitable locations and dimensions for the beam holes and their
pattern [4], [72](Fig(2.12)).
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Figure 2.12: (a) Optimal designs with different global displacement constraint:(top) V = 57.8%, dmax =
6.49× 10−5m:(down) V = 53.6%, dmax = 6.69× 10−5m [71] (b) Geometrical optimization parameters
of a cellular beam [4](V:Remained volume, d:Deformation

2.3 Precast Building Structure

Precast element is an element that is made in any place except the assumed place in the structure, and if completed
with more cast-in-place concrete, it is called composite precast element. The designing goal in these structures
like typical buildings is fulfilling the safety, acceptable performance and having stability. Designing methods in a
majority of standards are design-strength and ultimate-limit-state, as other concrete made structures, that can be
completed with extra factors or other ultimate-limit-state method [73]. The sustainability of the precast concrete
structures must be fulfilled in all stages of production, transportation, and assembly. In these segments, local
damages or exploration and effect of one element failure on the collapse of the other elements failure as a chain
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failure must be controlled. The meaning of chain failure is the consecutive collapse of precast elements domino
effect after the failure of the first one. In the building with big plates, lack of proper joints between walls and
floors, the possibility of chain failure is high. It may happen due to losing a connection and moving an element
out of the load or collapse of a structural wall or yield of a connection under vertical load. The experienced
specialized workforce and employing tools, machinary and other equipment for automated production are the
other differences between the precast concrete structures and cast-in-place [74].

Precast concrete system is not new William H. Lascelles(1832-85) of England invented a type of prefabrication
in concrete wall panels(3 ft×2ft×1 inch thick) that was reinforced by iron bars, finding the concept of prefabrica-
tion in concrete in late nineteenth century, however, the dimension of these elements because, of their self-weight,
was limited to lifting capacity of two laborers. Finally, it could find its palace soon in developing the structural
systems. Francois Hennebique(1842-1921) for constructing a mill structure used prefabricated concrete, which
was the first prefabricated, reinforced concrete frame (Fig(2.13a)) as a part of a large complex mill building. At
the same time, Louis Gustave Mouchel(1852-1908, owner of the Mouchel Group as one of the United Kingdom’s
largest engineering consultancies, used a mix of cast-in-situ and prefabricated concrete in making a wide range
of framed building during the next 12 years [75].





(a) (b)

Figure 2.13: (a) Weavers Mill, Swansea, the first precast concrete skeletal frame in the United King-
dom(Jolly, 2013) [75] (b) Structural ’grey’ precast frame at Nottingham, UK [76]

The high-control quality, less building time, cost, ability to construct in difficult situations, lower labor
amount, storability, and the ability of permanent usage advantages over cast-in-place systems especially in frozen
zones or with adverse climatic conditions, [77] helped the precast concrete structures to find its place in the
industry. Reduction in formwork (75% to 90%) requirements, the necessity for scaffolding (75%), independence
from the weather issues in the building process and finally reduction on-site supervision versus the cast in-
situ concrete buildings are the advantages, which boost these systems develope more rapidl [77]. This type of
construction gives earlier return on the investment, due to building time reduction which means more projects
and incomes with limited economic and human resources. Specially finalizing the project more rapidly with an
earlier completion of the project is another advantage of this system. Based on the statistical data, a precast
structure takes lest 20% less time than a similar cast in situ structure in its building process, and the amount of
the lost reinforcement on site is reduced by 80− 90%. Automated production in factories ensures accuracy and
quality of production in comparison with typical building structures, while the in site human labor reduced to
between 50− 80% [77].

2.3.1 Precast Systems

One of the aims of the current study is proposing a new optimized precast approach for buildings, to this end the
contemporary adopted precast system was briefly discussed. Prefabrication method is used in plenty of different
structures, e.g. factory halls, shopping centers or elements, such as precast pre-stressed floors, segmented bridges,
soundproof walls, decoration buildings, sports stadiums, parking places, etc. Based on the usage or connections
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performance, they have been categorized and classified (Fig(2.16a)), as rigid, semi rigid5 and pinned frames6.
However, there is no uniform consensus categorization regarding different aspects of these strutures [74]. One

school of thought considers frame-systems and cell-systems division, another school classifies them more clearly
to 4 groups, based on their element-systems and construction-systems [78].

Floor and Roof Systems

The main concept of this systems is transmitting the vertical load to vertical-load-resisting structural part. These
systems commonly have stabilizing parts to transmit horizontal load by the diaphragms performance. In order to
have transverse load distribution because of point load, however, these elements work integrally, then a degree of
interaction between them can be considered. This can prevent vertical displacement, that can be also managed
by shear key action as well. Commonly these floor systems are hollow-core and double-tee. The composite floor
precast concrete can be used as a formwork for the cast in-situ diaphragms. Type of systems-connections:
1-Slab to slab at longitudinal interior joints 2-Slab to edge elements at longitudinal edge 3-Slab to slab at interior
support 4-Slab to end support

a) b)

c)

(a)

a) b)
(b)

a) b)

(c)

Figure 2.14: (a) In-plane action under shear force (b) under tensile and compression forces (c) Bearing
wall systems with load-bearing facade walls [78]

Walls Systems

This system can be divided into the bearing and non-bearing walls, in which bearing walls support the bridging
elements like the floor, roof or beams and non-bearing mainly get used as architectural element or in facades.
However, these elements, must also carry their self-weight, and the horizontal connections must resist the weight
of the wall above. The structural walls can carry a part of horizontal load in their plate in which interaction
between this unit of structure and other parts should be considered as well as required shear, tensile, compression
forces and necessity connections. Type of systems-connections:
1-Wall to wall at interior and exterior vertical 2-Wall to wall at interior and exterior horizontal 3-Wall to base/
foundation

One of the precast common structures based on these two systems is building made by panels which include
walls and floors. One of the most important measures in these panels is considering the effect of their hollow
inside parts on the rigidity of them [79]; moreover, their large size and high weight cause important performance
impact during the earthquake that must be considered in these structures. Mainly shear precast walls get used
to transmit the seismic load to the earth, [80], [81] (Fig(2.14)). Therefore, the system performance against the
earthquake is not like typical frame or other; hence, finding behavior factor for each structure is important [82] [83].
With increasing the number of spans, the behavior factor reduces, however, their performance mainly depends
on their connections.

5In semi-rigid and pinned systems normally bracers e.g. prefabricated walls utilized in fulfilling the buildings stability.
6In the cast in place building normally frames are rigid while concrete hinges can be defined.
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Beam and Column Systems

The beam and column system can be used in the single story or multi-story buildings in them beam performing as
rafters. If in frame systems columns correspond to more than one floor, the form and performance would be more
skeletal (Fig(2.15a)). The main elements in these systems are frames and evaluating their performance under
different conditions, e.g. column removal [84] or different loads such as radial and cyclic loads is essential [85].
Undoubtedly, finding their behavior ratio such as panel-systems is essential [86]. In lower than 4-story buildings
the ratio is as in a typical concrete building and in higher one is higher. However, this effect is considered for
a specific type of the connection, in which its type can have a considerable effect on the frame systems perfor-
mance. Hybrid-joints as a recently used type of connection shows acceptable performance in this type of precast
buildings [87], [88].Type of systems-connections:
1-Beam to column 2-Beam to beam 3-Column to column 4-Column to base

Prestressed concrete or cold rolled steel purlins and eaves gutter

Gable column

Concrete spine beam for some interior columns

Edge columns with hanuch or corbel

Typical bay 6-8 m

Typical span 20-30 m

Presstressed I-section rafter with slope

Presstressed concrete splitter beams for brickwork support

Typical arrangment of portal frames.

(a)

b)

c)

Figure 2.15: (a) Typical arrangement of portal frames [76] (b) closed (c) open cell system [78]

Moment Resisting Frame System

It can be used both in portal and skeletal frame systems, which can be made monolithic by a combination of
suitable connections of H or L shape elements, which are made by closed or opened cell, in modular form, as an
independent or combined system (Fig(2.15b,c)).

2.4 Precast Joints

2.4.1 Joints Evaluation

Earlier, the connection types were divided based on a specific and redundant system of classification. As numerous
studies are performed about these connections on the mechanical characteristics and studying connections and
their types as a crucial component in prefabrication systems [78]. The behavior of the connections commonly
are evaluated in the first steps by the transferred force (principal action) and related displacement, e.g. relations
between tensile forces and elongation (crack opening), bending moment and rotation. In which, usually Smax and
Stiffness K = S/u are primary interest (Fig(2.17a)). Which can be defined by Secant module in the diagrams. It
is necessary to evaluate the effect of deformations, movements, possible restraints and ductility behaviors in detail
as a desirable measure; which follows by deformation capacity, showing the maximum possible displacement to
reach before the total degradation, without discussing the process of force-deformation diagrams.
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Figure 2.16: (a) Classification of connections for precast concrete construction [89], (b) Different type
of connections for precast concrete construction [76]

Ductility Analysis

Ductility µ is a connection behavior, undergoing large plastic deformation without substantial force reduction.

µ =
umax

uy

umax =Maximum deformation without a substanational reduction of force
uy =Deformation when a plastic behavior is reached

A precast concrete ductile frame system takes advantage of the inherently discrete nature of precast concrete
by providing ductile links in the connections. These ductile connectors contain a rod that yields at a well-
defined strength, effectively limiting the load that can be transferred to less ductile components of the frame.
The ductile connectors also transfer all vertical shear forces, eliminating the need for corbels [90]. New idea for
making the ductile moment-resisting connection for precast concrete frames provide adequate flexural strength,
strength degradation, and drift capacity. They exhibited considerable higher ductility and energy dissipation
compared to similar monolithic specimens [91]; which are the most important characters of connections and has
a substantiation effect on the building general performance.
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Figure 2.17: (a) The mechanical behaviour of a structure connection characterised by a load-
displacement relationship [92] (b) Lateral load-displacement diagrams of interior Test Comparison
between FEA and test [93]
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Energy Methods Analysis

The elastic-plastic relationships are the most common behavior, but it would be difficult to assess the deformation
characteristic(uy and umax). Therefore, relative strain energy (which is consumed while the joint is strained)
can be a good measure to express ductility numerically. The strain energy (Wint) is defined based on the area
calculated by force-displacement diagram, Fig(2.17a) [78]. The Energy Methods Analysis approach of pre-cast
versus cast-in-place construction has become a widely used methodology by many designers, while the final goal
is to optimize the performance and capacity of joints characteristic, e.g. beam-to-column [94] and beam-to-
beam [95].

Wint(u) =

∫ u

0

S(u)du

For this displacement(u) strain energy can be:

ζ(u) =
Wint(u)

Smax.u

Therefore, that is a relationship between force and displacement(uu) till the maximum resistance(Smax) and
ζ(uu) for the maximum displacement capacity, showing the max strain energy capacity.

ζ(uu) =
Wint(uu)

Smax.uu

The strain energy amount is always between 0 and 1 (0 ≤ ζ(uu) ≤ 1.0) ideally elastic behavior ζ(uu) = 0.5 and
ideally plastic gives ζ(uu) = 1.0 the Fig(2.18).

Smax

Uu

Smax Smax Smax
Smax

Smax

Uu Uu Uu
UuUuξ(Uu) = 0 0 < ξ(Uu) < 0.5 ξ(Uu) = 0.5 ξ(Uu) = 0.5 0.5 < ξ(Uu) < 1 ξ(Uu) = 1

a) b) d) e) f)c)

Figure 2.18: The relative strain energy capacity dependency on the shape of the load-displacement
relationship, Engstrom(1992) [78]

Cyclic Load Analysis

Because of the weakness that precast buildings may show against cyclic load by moving the element from the
support connection location, e.g. falling from corbels or even by fatigues, cyclic load effect on the joints must
be assessed. By cyclic load, the main goal is to simulate the earthquake process towards these connections. For
evaluating the load, FE analysis [96] or experimental tests [97] are the main used approaches [95]. The main goal
is to develop an economical as well as moment resistant precast concrete connections easily constructable. An
acceptable result would be the correct use of non-adherent pre-stressing techniques in these connections under
the influence of the seismic loads, which can significantly increase the performance [98].

2.4.2 New Invented Joints

Designers are looking for novel connections in timber and precast structures [99], usually considering properties
of the material, type of usages and loads and easily assembled, but mainly steel-based, due to its high strength
(Fig(2.19)). However, steel structure is more readily affected by the ambient loads such as temperature and a
large expansion of steel versus concrete, which reduces the integrity of the structure.
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including buckling of the longitudinal steel plate in the compres-
sion zone, tensile failure of the bolts connecting the steel parts or
of the steel part itself, and bending of both end plates of the steel
elements. All failure modes, except failure in tension parallel to
the grain, are covered by the finite element model presented in
the following. The dimensions of the steel parts and the GLT beams
in the above described connection were designed to ensure failure
mode (3), i.e. shear failure of the timber. Therefore, the focus of the
investigations in this paper is put on this failure mode.

3. Experimental assessment of the timber beam-to-beam
connection

In order to determine the actual behavior of the connection and
to subsequently being able to compare the FE model of the connec-
tion with tests, full-scale laboratory experiments were performed
[25]. The connection was situated in the center of a GLT beam
tested in four-point bending, as shown in Fig. 2. The total span of
the GLT elements was 3.2 m and the connection was designed as
described in the previous section.

In total four beam-to-beam connections were tested, showing
the same geometry. One connection was tested using the two com-
ponent polyurethane based filler (Purbond CR 421 Purbond AG,
Sempach, CH) (PUR-1), the other three connections were tested

using a cement based filler (Emaco Nanocrete R4, BASF Construction
Chemicals Ltd., Manchester, UK), which contains polymer micro-
fibres (CEM-1, CEM-2 and CEM-3).

The experiments were performed according to EN26891:1991
[26], applying the load incrementally and perform partial unload-
ing and reloading, at ambient conditions of 20 ± 2 �C and 65 ± 5%
relative humidity (RH). The corresponding timber moisture con-
tent was measured as 12%. Displacements and applied forces were
simultaneously recorded. Next to the vertical displacements (indi-
cator 1 in Fig. 2c), also local horizontal deformations of the timber
(i.e. in L direction) in the tension and compression zones of the
connection are determined (see Fig. 2). The anchoring points for
the horizontal displacement indicators (Fig. 2e) were slightly dif-
ferent for PUR-1 and CEM-1, CEM-2 and CEM-3: the initial span
of the displacement indicators of PUR-1 was 50 mm while it was
80 mm for CEM-1, CEM-2 and CEM-3.

4. Modeling of the timber beam-to-beam connection under
bending

4.1. General aspects

To simulate the behavior of the timber beam-to-beam connec-
tion, FE analyses are performed, using a commercial finite element

Fig. 1. Dimensions of the new type of timber beam-to-beam connection tested in this study: 1 – glued laminated timber element; 2 – steel part; 3 – clamping bolts in
connection’s tension zone; 4 – mounting bolts for assembling on construction site; 5 – filler between timber and steel.

136 T. Gečys et al. / Engineering Structures 86 (2015) 134–145

(b)

Figure 2.19: (a) Dimensions and parts of the new type of timber beam-to-beam connection tested [100]
(b) Reinforcment detail and assembly process of composite connection [101]

Hybrid Connections

The hybrid system is one of the most advanced connection systems that work well with independent post-tension
steel and typical rebar embedded in concrete. It has the benefits of pre-stressed steel and prefabrication with
good performance in frames with bending moment against the seismic loads. The tensile steel causes a high
friction load in the surface between column and beam after assembling. During the loading process, there is an
elastic rotation in connection, in which the beams facing the column so, one gap in the top or downside of beams
appears and disappears after unloading. During the high loading process, the embedded bending rebar under
pressure and tension may yield transmitting energy. The stress in cables or tensile steel shows elastic behavior
that retracts the elements in their initial places. Hence, hybrid connections can use these two mechanisms
paralleled. The idea of the parallel performance is similar to car shock absorber that cannot be applied in the
cast in place buildings, due to re-bar non-elasticity and their duty against bending moments. As a result, the
remained displacements are not avoidable, while in Hybrid systems displacement is almost zero and avoidable.
Some of the advantages of Hybrid systems are the high speed of assembly, smooth flat faces, low damage by
earthquakes, minimum cracking, etc. However, energy production needs to be controlled stooping the building
from extra movements during the earthquake that may get increased by raising the number of bending re-bar,
which can be controlled by the degree of stress in the cables. When plastic hinge in concrete beam forms, due to
the low neutral axis in the section, the distance between the beams increased. This behavior has an adverse effect
on the performance of frames, leading to considerable damage, which would not be the case by hybrid joints.
The joints performance and amount of stress in each element by FE simulation and of the experimented test are
matching. Contrary to FE simulation during the experimented tests some of the data cannot be obtained and
monitored. There are few full-size-scale [102], [103] and 1/3 scaled studies [104]. These joints calculation is more
complex than alternative simplified, Displacement Based Design approach [98].

Carpentry Joints in Precast Concrete

European, American and Japanese joints carpentry are very similar, but Japanese carpentry uses the most
sophisticated joints with semi-rigid and elastic-plastic behavior. Carpentry joints are traditionally secured by
steel bands and bolts and because of the type of the connections characteristics, rigidity and being used in places
with a high amount of rainfall, they are mainly used in roof slop trusses. One of the main goals of the current
study is using dry and non-composite connection without metal joints. In this process, however, reviewing
carpenter connections and thousand years experiences are essential, looking for connection shapes that can be
inspired from [105]. In the last decades a lot of efforts for finding a valid method of designing the carpentry joints
have been made. It has been tried to define ways [106], for analyzing their strength [107] and their performance
against seismic and cyclic loads [108].

Scarf Joint It is one of the most famous joint types usually used in beam-to-beam connections. There have
been plenty of studies on this type of connections such as numerical and experimental analysis to evaluate their
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Undoubtedly, the modeling of the structure taking into account
the semi-rigid behavior of the joints is the best practice:

� A semi-rigid study of a structure suggests taking into account
the stiffness of the joints with regard to all the components of
the loads (normal, shear and bending). In fact, Descamps et al.
[4] have shown that for the computations of the internal forces,
the use of the rotational stiffness alone is not enough. Both axial

and rotational stiffness have to be introduced in finite element
models for an accurate study. The shear stiffness is of less
importance.
� Uzielli et al. [17] reported on research work in which different

assumptions about the joints in an old timber structure were
compared. They found a maximum difference of 20% between
the computed stresses in a semi-rigid model compared to the
experimental results, while the difference increased up to 40%
when assuming pinned or rigid joints.

Fig. 5. (a) Common and simplest halved-scarf joint (or half-lap splice joint). (a0) A lapped dovetail scarf joint is a half-lapped joint in which the lapped portions are shaped as a
dovetail joint. (b) Scarf joint. (c) Scarf joint with under-squinted ends. (d) Trait de Jupiter: particular scarf joint with wedges (key).

Fig. 6. (a and b) Skewed tenon joint under an axial load and equivalent beams and springs model. (c and d) Tenon joint under bending and equivalent beams and springs
model.

Fig. 7. Definition of a modified modulus of elasticity.
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(a)

driving of its key separates the twin-tables with a primary
mechanical force and closes the under-squinted butts with
enormous pressure.

3. Joint stiffness

Numerous examples demonstrate the excellent performance of
old timber constructions during earthquakes or exceptional wind
loads. The reason why they are still standing is not only due to
their robustness (highly statically indeterminate structures), but
also due to the semi-rigid and ductile behavior of their joints,
which allow for the dissipation of energy. Also, thanks to its
load-redistribution process, the beams and joints are able to main-
tain the capacity of the whole structure in spite of partial damage.

According to common standards, such as Eurocode 5 [10], the
rigidity of elements and joints as well as the eccentricities of the
joints have to be taken into account for the computation of the
internal forces. However, in order to simplify the analysis, joints

are usually designed by assuming an ideally pinned (or rigid)
behavior [14]. It is quite obvious that the assumption of pinned
joints is conservative, provided that the joints have enough ductil-
ity and are fashioned in a way that their rotation may develop
(deformation capacity is sufficient). Nevertheless, in reality most
of the carpentry joints are not perfect hinges. Though this is not
of major importance for the design of the members, it must be
borne in mind that the splitting of timber may occur under low
loads (because of component loads perpendicular to the grain).
Therefore, in some cases the joints are assumed to be rigid. This
is conservative for the joints and results in an uneconomic design.
Furthermore, carpentry joints usually have a significant
moment-resisting capacity even without any strengthening
devices. Test results on full-scale notched joints show that this
capacity is a function of the compression level in the rafter, the
width of the rafter, the friction, the skew angle and the notch depth
[3,15,16]. Rotational capacity is positively related to the first three
parameters.

Fig. 2. (a) Through pinned mortise and tenon (a0) blind pinned mortise and tenon (blind means not going all the way through). (b) Through tenon with outside wedges
(flatwise bending of the tenon (b0) wedged and pinned dovetail through mortise and tenon.

Fig. 3. (a) Notched joint between main rafters and tie-beam. (a0) A skewed tenon may be used to help keeping all timber pieces co-planar. (b) Peak joint with a notched joint
(main rafters and post).

Fig. 4. (a) Full lap join (pinned). (b) Half-lap joint. (b0) Cogged half-lap joint. (c) Through dovetailed lap joint or wedged dovetailed lap joint if ever the dovetail is embedded in
the member (c0).
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driving of its key separates the twin-tables with a primary
mechanical force and closes the under-squinted butts with
enormous pressure.

3. Joint stiffness

Numerous examples demonstrate the excellent performance of
old timber constructions during earthquakes or exceptional wind
loads. The reason why they are still standing is not only due to
their robustness (highly statically indeterminate structures), but
also due to the semi-rigid and ductile behavior of their joints,
which allow for the dissipation of energy. Also, thanks to its
load-redistribution process, the beams and joints are able to main-
tain the capacity of the whole structure in spite of partial damage.

According to common standards, such as Eurocode 5 [10], the
rigidity of elements and joints as well as the eccentricities of the
joints have to be taken into account for the computation of the
internal forces. However, in order to simplify the analysis, joints

are usually designed by assuming an ideally pinned (or rigid)
behavior [14]. It is quite obvious that the assumption of pinned
joints is conservative, provided that the joints have enough ductil-
ity and are fashioned in a way that their rotation may develop
(deformation capacity is sufficient). Nevertheless, in reality most
of the carpentry joints are not perfect hinges. Though this is not
of major importance for the design of the members, it must be
borne in mind that the splitting of timber may occur under low
loads (because of component loads perpendicular to the grain).
Therefore, in some cases the joints are assumed to be rigid. This
is conservative for the joints and results in an uneconomic design.
Furthermore, carpentry joints usually have a significant
moment-resisting capacity even without any strengthening
devices. Test results on full-scale notched joints show that this
capacity is a function of the compression level in the rafter, the
width of the rafter, the friction, the skew angle and the notch depth
[3,15,16]. Rotational capacity is positively related to the first three
parameters.

Fig. 2. (a) Through pinned mortise and tenon (a0) blind pinned mortise and tenon (blind means not going all the way through). (b) Through tenon with outside wedges
(flatwise bending of the tenon (b0) wedged and pinned dovetail through mortise and tenon.

Fig. 3. (a) Notched joint between main rafters and tie-beam. (a0) A skewed tenon may be used to help keeping all timber pieces co-planar. (b) Peak joint with a notched joint
(main rafters and post).

Fig. 4. (a) Full lap join (pinned). (b) Half-lap joint. (b0) Cogged half-lap joint. (c) Through dovetailed lap joint or wedged dovetailed lap joint if ever the dovetail is embedded in
the member (c0).
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(c)

Figure 2.20: (a)(a’) Common and simplest halved-scarf joint(b’) a lapped dovetail scarf joint is a half-
lapped joint in which the lapped portions are shaped as a dovetail joint (b) Half-lap joint. (c) Cogged
half-lap joint Through dovetailed lap joint(c’) or wedged dovetailed lap joint [107]

mechanical behavior. It has been confirmed that the numerical model can be used for designing joints with
different parameters in beams with different dimensions [109].

 
 

attention has to be paid to any solution that consists of wrapping the joint in an airtight textile (risk 

of decay). Furthermore, for the restoration of historic buildings, all interventions should be 

reversible; if not completely, they should not limit further interventions. For this reason, the 

injection with fluid adhesive directly into the joint is not recommended anymore [22]. Dowel-type 

fasteners have been used occasionally in timber joints, for example, to counteract any out-of-plane 

displacements which cannot be counteracted by the joint itself. This practice became common in 

the 19th century with the development of industrial production methods and the manufacture of 

low cost fasteners. Nowadays, the strengthening may aim to locally reinforce the material in the 

joint area, for example, to reinforce  the timber in shear or tension perpendicular to grain by means 

of self-tapping-screws or to avoid the detachment of the connected elements (joints that could not 

carry any tension loads for example) or to modify locally the pathway followed by the loads into 

the joint. Particularly, in seismic areas, strengthening can prevent loss of capacity and possible 

separation of contact surfaces due to the decrease of compression forces, and may maintain a 

suitable structural behaviour [2]. The first step of any reinforcement intervention is of course the 

definition of a proper model of the joint to assess its strength and stiffness. Models and 

reinforcement techniques will be discussed for the most common carpentry joints here after. 

5.1 Tenon joints 

Tenon joints have a very low stiffness that may cause premature failure of a part or the whole 

structure caused by large displacements encountered in the joint [2]. The bearing capacity of 

skewed tenon joints is a function of the angle aof the joint, the length of the tenon and the mortise 

depth [23], [24], [25]. To check the joint, one may use a simple check on all components of the 

load that appear on the surfaces as it has been discussed in Section 4.1. Each part (i) or (i') of the 

surfaces in contact is checked in compression at an angle to the grain. Kock et al. have developed 

guidelines for design that are suitable for skewed tenon joints, under axial and shear loading [26]. 

 

 

Fig. 8 – Configuration and force mechanism in a skewed tenon joint. 

 

Surfaces A1 and A2 in contact are presented in Fig 8. μH and μV are the coefficients of friction of 

A1and A2, respectively, hs and ls are the height and the length of the strut, respectively, and tx is the 

distance between the bottom surface and the loading point of H. The compression loads H and V 

on A1and A2, respectively, are defined as follows:  
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load. If M is the moment in the joint and θ is the rotation into the joint (Fig. 6c), the rotational 

stiffness of the joint is:  

���� =
�

�
 (3) 

 

Fig. 6 – (a) & (b) Skewed tenon joint under an axial load and the equivalent beam and spring 
model. (c) & (d) Tenon joint under bending and the equivalent beam and spring model. 

 

The applied moment is balanced through contact pressures on surfaces (1), (2) and (3). Those 

pressures can be assumed to be uniform or non-uniform. The effect of friction has not been 
considered. Each of the contact pressures causes a deformation that can be divided in two 

components. One component of deformation is caused by the material (i), for example, loaded in 
parallel to the grain and another component of deformation is caused by material (i'), in contact 

with (i), for example, loaded perpendicular to the grain. The stiffness Ki and Ki’ can be defined as 
proposed by Meisel et al. Ki,i’ is the equivalent stiffness of two springs Ki and Ki’ in series (in 

material (i) and (i’), respectively) [8]. Drdácký et al. have proposed another definition of the 
stiffness Ki based on a well-known model used to calculate the settlement under a rectangular 

foundation supported by a semi-infinite half space [17]: 
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If i is the deformation at surface contact (i) and (i’), Fig. 6c:  
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For small displacements, such as the surface contact (1): 
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Finally, the rotational stiffness is equal to: 
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Fig. 6d gives the equivalent spring model under bending. Some enhancements of the method, in 

particular for the definition of the stiffness Ki, have been proposed by Descamps et al. [4]: 

 Definition of a "modified modulus of elasticity" that takes into account the edge effect that 

appears when surface (i) and (i') are next to an edge. Ca is defined in Fig. 7 where  is the 
slenderness of the contact area. 
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(b)

Figure 2.21: (a) Configuration and force mechanism in a skewed tenon joint (b) Tenon joint under
bending and the equivalent beam and spring model [107]

It has been found that the joint keeps 70 − 92% beam solidity and 55 − 57% integrated bearing capacity.
FE software like Abaqus has been used to evaluate unknown stress in such joint connections [110] by plenty of
researchers to evaluate the hidden stress and other measures in the joints. This software is employed in current
research in this case as well. Another detail of carpentry joint that can be used for precast bracers in new precast
approaches is tenon joint. Bracers joints (tenon joint) can be calculated [107].

Column Foundation Joint Another type of tendon joint that was shown in Fig(2.21b) is a robust joint that
can be calculated by component method; in which the spring components establish the necessary equblirium [107]
with the global rotational stiffness which can be estimated from its geometry. This type of edge less concrete
made the connection with injecting concrete in prepaid pocket foundation after insertion of the column which
is used in precast structures commonly, with an exact calculation based on plenty of standards. This idea is
re-considered after some evaluations for connecting the walls and floor in suggested Wall-Floor approach.

High-Precision Dry-Joints

Tooth-Shaped Joints Designers are inspired by wooden tooth (finger) joints, constructing them in a variety
of geometry by UHPFRC. They test, evaluate and try to design the most optimal form of the finger joints [12].
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Figure 2.22: Test setup for vertical compression tests with different joint angles of shear specimens 0o,
15o, 30o, 45o and 60o (from left to right) [12]

They have tested them under different loads, such as bending moment and in-plane loads (shear), etc. witch con-
clude to useful performance in novel building approaches (around 33% of a full beam bending moment capacity).
These studies followed by testing and simulating the other novel types of the connections in suggesting an easy
method for making precast light structures [111], find methods in casting complex geometry [112] and further-
more, scientific efforts for having well-equipped automated robotic factory for producing different prefabricated
elements [113].

Towards this purpose, in evaluating the tooth-shaped joint and because of the slab and beam’s shear, in
the T-shape cross-section, ITE found that utilizing more rigid and efficient connections would be productive.
Hence their shear capacity were evaluated by physical tests, separately. Regarding the superior performance
of the connection type B2, this connection was tested under a variety of shear angles. Optical deformation
measurements indicated the main principal strains (in red and yellow) and cracks under the highest amount of
loading. The number of cracks at 0o and 45o angles limits the process from reaching the ultimate compressive
and shear strength. However, this mentioned failure was not seen at 60o (Fig(2.22)) [12]. This action was also
evaluated by the perpendicular load (90o). In the other evaluation, the segments, which were only connected to
each other by two teeth (B2) made by UHPFRC, were tested. In this test also, the optical measures indicate the
cracks due to the shear coincide with a failure coming from the load (Fig (2.23a) middle, right). Their (ITE’s)
results of these evaluations drawn as a Mohr’s circle, indicate the overall shear resistance. Due to the premature
failure from 0o to 45o (Fig(2.23b)), the ultimate UHPFRC compressive strength could not be achieved, therefore
the shown amount of this strength is underestimated. However, in the other angle (60o and 90o), the shear failure
occurred. Therefore the selected shear teeth are able to be used under the high shear stress in precast floor and
shells [12].

The aim of developing the connections for thin-flat components is to create a time and cost-effective conditions
for constructing segmental slabs or shells with dry-jointed and proper structural performance. From numerical
preliminary analyzes and the load transfer [116], the important criteria for the shape of the surface joints can be
mentioned . For the transmission of compressive forces the largest possible area orthogonal to the compressive
stress is necessary. The use of connection angles between 10o and 20o allows the best transmission of tensile
forces. For the transmission of the lateral force, the cross-sections should be connected as evenly as possible.
Figure (2.25) illustrates how thickening the edges for transmission of the bending moments in the joint area can
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Figure 2.23: a) Model of UHPFRC base for 90o shear tests (left), tensile strain with the plate (middle)
and inlay joint (right) at 90o load direction, b) Mohrs circle with plotted results of non-standard joints
shear tests [12]
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(a)
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(b)

Figure 2.24: (a) Matrix of parameters for shell dovetail finger joints, divided in width/height ratio and
finger angle (b) Jointed T-beam testing and anchor joints perspective [12], [114]

be useful. In this picture, is also shown how the geometry can be separated next to the fittings elements [115].
Figure( 2.25) illustrates the test results in a cylinder pressure strength diagram for the connections. The plates
with fasteners showed a similar fracture behaviour but reached a maximum of 82% of the cylinder compressive
strength due to the load concentration at the tooth joint zone (Figure(2.25)B3). In addition to the shell joints,
ITE has suggested and analyzed the connections, which can resist against various forces as axial, shear, torsional,
and bending moment. To ensure the sustainability of the connections, many high-precision connections have been
experimentally tested. Figure(2.26), shows three main types of the compounds tested under the compression. The
results show that a modular lightweight and an efficient construction system can be used to build non-standard
and low-mass concrete structures [114].

The main target of evaluating the Non-standard joint development in ITE is achieving a high mechanical
performance regarding the increased precision and geometric optimization by utilizing the members made by
UHPFRC. Hence, the connection systems by this institute were investigated for transmitting the axial and
torsional forces by thin-walled tubes along with dry-fit connections for the assemblage of the precast elements
[114]. This idea was also adapted to the structural segments of beam, shells and spatial structures. In which,
the target is increasing the capacity of structural systems by the adaption of the individual modular segments
e.g. beam and shell. They also conclude, regarding the constraints in the geometry the hybrid systems with
membrane functionality can be constructed [114]. By this combination, variety of precast structures can be
constructed (Fig(2.26).
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Im ersten Schritt wurden Fügeprinzipien in Form von 
Zahnleisten entwickelt, welche sich durch den jeweiligen 
Form- und Kraftschluss unterscheiden. Wie in Bild 2 dar-
gestellt, kann durch das Zusammenführen von vertikalen 
und horizontalen Schnittführungen im Stoßbereich eine 
Vielzahl an dreidimensionalen Fügegeometrien hergelei-
tet werden. Im folgenden Schritt wurden die Verbin-
dungstypen auf ihre Fügbarkeit in unterschiedlichen Fü-
gungsrichtungen (blaue Pfeile) und die grundsätzliche 
Fähigkeit zur Kraftübertragung für Normalkraft sowie 
Biegung und Querkraft (rote Pfeile) beurteilt.

Unterstützend wurden die Fügetypen als reale Modelle 
mittels 3-D-Printer hergestellt und auf ihre Funktionalität 
hin überprüft. Eine Auswahl der entwickelten Zahnleis-
tenverbindungen zeigt Bild 3. Solche quer zur Schalen-

2 Zahnleisten als Trockenstoßverbindungen  
für Flächenbauteile

Die Standards von Fügeprinzipien müssen immer im 
Kontext der jeweiligen technologischen, aber auch gesell-
schaftlichen Entwicklungen betrachtet werden. So waren 
die Fügetechniken zur Nutzung der Prinzipien mechani-
scher Kraftübertragung in der Vergangenheit bereits sehr 
weit ausgefeilt [9]. In unserem heutigen Baualltag sind 
uns derartige Fügeprinzipien jedoch weitestgehend unbe-
kannt. Grund hierfür ist die Umkehrung der wirtschaft-
lichen Grundsätze als Folge der Industrialisierung: Nicht 
mehr das eingesetzte Material definiert heute die Wirt-
schaftlichkeit eines Bauwerks, sondern die Lohnkosten 
für die Arbeit. Dementsprechend sind die heutigen Trag-
werke und Fügeprinzipien auch ein Abbild dieser Ent-
wicklung: Geometrisch einfache und masseintensive Bau-
teile werden entsprechend simpel zusammengefügt.

2.1 Entwicklung und Herstellung von hochpräzisen 
Trockenstoßverbindungen

Ziel bei der Entwicklung von Fügeprinzipien für schlan-
ke, flächige Bauteile ist es, die Voraussetzungen zum Bau 
von Platten oder Schalen aus segmentierten, trocken ge-
fügten Fertigteilen zu schaffen und die einzelnen Elemen-
te zu dünnwandigen UHPFRC-Bauteilen effizient und 
kostensparend zu verbinden. Für die folgenden Untersu-
chungen wurde der UHPFRC aus dem ersten Forschungs-
projekt verwendet [3]. Aus numerischen Voranalysen und 
bereits gewonnenen Erkenntnissen zur Lastübertragung 
bei trocken gestoßenen stabförmigen Bauteilen [3] konn-
ten wichtige Kriterien zur Form der Flächenfügungen ab-
geleitet werden:

– Zur Übertragung von Druckkräften ist eine möglichst 
große Fläche orthogonal zur Druckbeanspruchung 
notwendig.

– Die Verwendung von Hinterschnitten mit Anschluss-
winkeln zwischen 10° und 20° ermöglicht die beste 
Übertragung von Zugkräften.

– Für die Übertragung der Querkraft sollten die Quer-
schnitte möglichst gleichmäßig und mit geringen Ab-
ständen durch Schubzähne miteinander verbunden 
werden.

Bild 1 Prinzipskizze eines trocken gefügten, einachsig vorgespannten 
 Plattenbalkentragwerks (Grafik: Lukas Ledderose)

 Schematic diagram of dry-fit, uniaxial prestressed T-beam structure 
(graphic: Lukas Ledderose)

Bild 2 Herleitung der geometrischen Fügemöglichkeiten; blaue Pfeile zeigen 
Fügerichtungen und rote Pfeile die übertragbaren Kraftrichtungen an 
(Grafik: Lukas Ledderose)

 Designing process of different jointing types; blue arrows show joint-
ing direction and red arrows the direction of force transfer (graphic: 
Lukas Ledderose)

Bild 3 Plattenverbindungen a) als flacher Fügestoß, b) als aufgeweitete Ver-
bindung mit Zug- und Druckzone (Stoßtyp B2.2) und c) als fügungsopti-
mierte Verbindung mit zusätzlichen UHPFRC-Passstücken (Stoßtyp 
B2.4) (Grafik: Lukas Ledderose)

 Slab joints as a) thin slab joint, b) added joint in tension and compres-
sion zone (type B2.2) and c) optimized jointing concept with UHPFRC 
inlays (type B2.4) (graphic: Lukas Ledderose)
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ßerung der unter Druck stehenden und somit zusammen-
gepressten Kontaktflächen verstärkt werden. Die aus die-
sen Erkenntnissen heraus entwickelten Fügebauteile B2.2 
(Bild 3 b), B2.3 und B2.4 (Bild 3 c) leiten sich aus dem 
Stoßtyp B2 ab, der aufgrund seiner guten Tragfähigkeit 
sowie Fügeeigenschaften für die anschließenden Un ter-
suchungen weiterverwendet wird. Die Fügung B2.3 ist 
 eine Kombination aus der Fügung B2.2 mit dem 
 UHPFRC-Passstück. Mittels der Fügeprinzipien B2.2 bis 
B2.4 ist es schlussendlich möglich, die Tragfähigkeit einer 
nicht gestoßenen Platte zu erreichen. Aufgrund des Ver-
suchsaufbaus, bei dem die größte Momentenbeanspru-
chung im Bereich der Aufdoppelung liegt [7], konnte mit 
den Stoßtypen B2.2 und B2.3 sogar die Biegezugfestigkeit 
der Referenzplatte übertroffen werden (Bild 6).

In Plattendruckversuchen mit geneigten Fügeflächen 
wurde die Tragfähigkeit für querkraftbelastete Bauteile 
bestimmt. Die Platten mit lediglich zwei Zähnen stellen 
dabei einen Ausschnitt aus einem kontinuierlichen Füge-
bauteil dar. Durch die fehlende seitliche Querdehnungs-
behinderung kommt es jedoch versuchsbedingt zu einem 
frühzeitigen Versagen bei Beanspruchungswinkeln zwi-
schen 15° und 45°. Ausgelöst wird dies durch einen Riss, 
der jeweils an den Zahnwurzeln entsteht und durch die 
Platte fortschreitet (Bild 7 links). Bei einer Neigung der 
Fügefläche von 60° kommt es zu einem reinen Scherver-
sagen im Zahn (Bild 7 Mitte). Mit Scherversuchen unter 
einem Belastungswinkel von 90° konnte gezeigt werden, 
dass die Passstücke aus UHPFRC die Querkrafttragfähig-
keit von monolithischen Zahnverbindungen ebenfalls er-
reichen (Bild 7 rechts).

Abschließend kann festgestellt werden, dass im reinen 
Druckversuch mit allen Zahnleistenverbindungen gute 
Tragfähigkeiten erreicht werden können. Bei den Biege-
zugversuchen zeigte sich jedoch, dass ein Neigungs-
winkel der Zähne quer zur Platte zwischen 10° und 20° 
für die Übertragung der Zugkräfte am besten geeignet ist. 
Durch die zusätzliche Aufdoppelung des Querschnitts ist 
es sogar möglich, die Tragfähigkeit einer nicht gestoße-

wurde, aufgrund der hohen aufnehmbaren Druckkräfte 
des UHPFRC, an fünf Proben mit einem reduzierten 
Durchmesser d = 80 mm und einer Höhe h = 160 mm 
nach [13] bestimmt.

Die zwei geprüften Referenzplatten, hier als Referenz be-
zeichnet, versagen mit einem Betondruckbruch in Plat-
tenmitte. Die Platten mit Verbindungselementen zeigen 
ein ähnliches Bruchverhalten, erreichen aber insgesamt 
aufgrund der Lastkonzentration an den Zahnwurzeln 
maximal 82 % der Zylinderdruckfestigkeit (Stoßtyp B3 
nach Bild 5). Die geringen Abweichungen untereinander 
und zur ungestoßenen Referenzplatte zeigen jedoch, wie 
klein der Einfluss der Fügegeometrie auf die Drucküber-
tragung über die Fuge ist.

Im Gegensatz zum Druckversuch zeigte sich im 4-Punkt-
Biegezugversuch, dass die Festigkeit sehr stark von dem 
Fügewinkel und der Zahnlänge abhängt (Bild 6). Die Bie-
gezugfestigkeit wird hier auf die Prismenbiegezugfestig-
keit bezogen dargestellt, da diese die Vergleichsgröße zur 
späteren Dimensionierung der Bauteile darstellt. Die 
nicht gefügte Platte als Referenz zeigt bereits, dass mit 
den 15 mm dicken Platten insgesamt nur Kräfte in Höhe 
von ca. 60 % der Materialfestigkeit aufgenommen werden 
können. Diese typische Abminderung entsteht durch die 
ungünstigere Faserausrichtung bei den stehend betonier-
ten Probekörpern [14] im Vergleich zum liegend betonier-
ten Standardprisma. Dies kann durch später liegend beto-
nierte Versuchskörper vermieden werden. Aufgrund der 
ansteigenden Zahnlänge kommt es von Stoßtyp A zu 
Stoßtyp D zu einem zunehmend duktileren Verformungs-
verhalten.

Grundsätzlich ist bei allen Stoßtypen eine starke Verrin-
gerung der Biegetragfähigkeit gegenüber der Referenz-
platte festzustellen, da Kräfte größtenteils nur noch durch 
Reibung an den Zahnflanken übertragen werden können. 
Durch eine Aufdickung im Stoßbereich kann der Reiban-
teil zwischen den Zähnen erhöht werden und zusätzlich 
der Effekt der geometrischen Verzahnung durch Vergrö-
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Bild 6 Biegezugfestigkeit bezogen auf die mittlere Prismenbiegezugfestigkeit 
(40/40/160 mm)

 Flexural strength normalized to the flexural strength of prisms 
(40/40/160 mm)

Bild 7 Rissbildung nach Erreichen der Traglast bei Scherversuchen mit Zahn-
leistenverbindungen unter 30° (links), 60° (Mitte) und mit UHPFRC-
Passstücken unter 90° (rechts); gelbe Pfeile zeigen die Belastungs-
richtung

 Cracking after reaching the ultimate load in shear tests on tooth joints 
under 30° (left), 60° (middle) and with UHPFRC inlays under 90° (right); 
yellow arrows show loading direction

Figure 2.25: (Left-side) Slab joints as a) thin slab joint, b) added joint in tension and compression zone
(type B2.2) and c) optimized jointing concept with UHPFRC inlays (type B2.4) (Right-side)Results of
compression test on tooth jointing system, normalized to cylinder strength (d/h = 80/160mm) [115]
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in the torsional rigid stiff-jointed framework. Therefore the frame corner had to be designed for the bending 

strength of the pipe cross section. In the load bearing structure the weakest part is the connection joint. Therefore 

it will be placed to sections of less intense bending moment (figure 3, left). 

         

Figure 3: Modular spatial structure (left), compressive and bending strength interaction of the thin walled 

UHPFRC pipe cross section (right). 

2.1. Joints 

Connecting joints ensure the transfer of all forces from pipe to pipe and pipe to node components of the spatial 

system (figure 4). The joint geometry also has to be capable of allowing the assembly of the framework on site.   

Due to production related surface irregularities, the face of the joint geometry is not capable of transferring the 

maximum compression force as the undisturbed pipe cross section. By geometric widening of the joint face area, 

from pipe to full dimensions, the effective stress on the joint is reduced. This ensures that the joint is capable of 

transferring the full loading potential of the associated pipes. 

 
Figure 4: Modular spatial precast UHPFRC system.  

The available construction kit for joints provides different options for normal, shear, torsion and bending loads. 

To ensure the load capacity of all joint types a large amount of high precision joints were tested. Figure 5 shows 

three major types of the different joints tested in compression. 

 

Figure 5: Spatial joint system. 3D design (left), casted specimens (right) 

All joints show good compressive strength and therefore good load transfer capabilities of above 70% of the 

material compressive strength (figure 6). 

 

Figure 2.26: Spatial joint system. 3D design (left), casted specimens (right) [114]

2.5 Digital Fabrication

Digital manufacturing is a process interacting the design and construction of 3D models by enjoying the robot and
computer technology [117]. This process, based on the classifications, belongs to the last industrial revolution.
The first three industrial revolutions transformed our modern society. With each of these advancements e.g.
the steam engine, the age of science, mass production and the rise of digital technology, the world around us
fundamentally changed. Industry 4.0 or Fourth Industrial Revolution is the most updated stage, focusing on the
new methods in manufacturing, incorporate with the Cyber-technologies’ capabilities. This generation tries to
enjoy the advanced computational methods align with physical systems which lead to SMART Manufacturing
and Advanced Robotics Technologies [118].

Figure 2.27: First Industrial Revolution, 18th Mechanical Production, 19th Mass Production, 20th
Automated Production, Today Intelligence Production [119].

Manufacturing is the most touchable part of the digital fabrication, as its results in physical products [118].
Digital fabrication combines 3D modelling or computing-aided design (CAD) in the grid, solid, sheet, or mesh
form [117] with additive and subtractive manufacturing. Computer Numerical Control (CNC) is a fabrication
machine owns the proprietary software and robotic arms, which develops 2D and 3D models by G-code and
represents the functions via alphanumeric format. They can produce sheets in different thicknesses by milling
materials such as plastics, concrete, and metal with high speed. Laser cutter as another fabrication machine is a
tool which cuts materials such as steel and concrete by means of a laser. This machine can be utilized practically
in the manufacturing of physical models with flat surfaces such as building floors [120]. 3D printers enjoy a wide
range of methods and techniques to produce physical format of digital objects simulated by CAD. Normally, 3D
printers produce small plastic 3D objects [117], but recent developments indicate the ability of this fabrication
method in printing large-scale structural elements with concrete (Fig(2.28).

Another digital research made by ITE was the production of dimensionally stable formworks. Three formworks-
based materials including polyurethane foam, XPS rigid foam panel and wax were examined to study their machin-
ability, reusability and impression quality[ [121], [122]]. In this prefabrication study, two different methods are
investigated for producing the plates, including formwork which was milled with a 3-axis CNC machine [111]
and over-sized panels which were cut with a 5-axis water jet unit. Their evaluation proves that, these tools are
suitable for the production of complex geometries [115].
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Figure 2.28: Digital Building Fabrication Laboratory (DBFL), Robotic shotcrete process [11]

Postface

In this chapter shell structures, form finding methods, shell analyzes and a few Isler shell designs are reviewed.
Modelling numerical details of Isler’s, shells have not been evaluated, because of the lapse of many decades which
are dealt with in details in chapter 4. Then the Isler’s brief calculation is illustrated, different types of existing
shell model calculation methods are reviewed in appendix, where a novel workable method of calculating the
vaulted shells by the current approach is proposed. A variety of form-finding methods have been discussed. In
the following chapter, finding the Isler shells form by computational methods (chapter 4), and the result of their
simulation in the FE software including its assessments, drawbacks and computational optimization criteria are
described. The new connection, or relation between wooden connection shape and using in concrete dry joints,
as well as results achieved by the ITE, which are supposed to be developed and utilized in the following chapters
(4, 5) are discussed. The chapter of Primary Analyzes also covers the new designed similar connections. Their
calculation results were used as the basic needs for constructing the new precast approaches.

To conclude ITE’s activities, possible methods for proving the precast joints and thin-walled components
made by the UHPFRC are applied and operation of the new construction approaches, especially in precast
concrete elements are practised on different levels. It indicates that the new approaches regarding the futuristic
issues and abilities should concern the component of digital manufacturing-chains, e.g. the parameterization of
the geometries and the automated generation, utilizing the CNC machining and 3D printing, while futuristic
designing approaches try to use the novel design approaches leading to optimal performance. Indeed, the current
study is an effort on continuing and completing these assessments from the computational structural point of
view by employing optimization algorithms in suggesting new precast approaches in the generic optimal form.
For this purpose, the mentioned points, e.g. benefiting from the UHPFRC concrete strength that can conclude
to presided elements, more complicated geometrical segments by digital fabrication and using automated modern
factories are basic needs. In other words, more developing and suggesting the new optimal approach in which
the aforementioned achievements can be practically used are the main concept of the current dissertation. After
developing the discussed achievements in the chapter 4, general description of three proposed system including
two optimal precast buildings and a shell form-finding approach, in which the abilities of dry-connection, digital
manufacturing and artificial intelligence are used, follow in the chapter 5.
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Preface

This chapter deals with the tools and methods, which are
selected in the current study for finding new approaches
for the structural design. In these tools optimizing and
analyzing different shapes and structures are essential
components of the selection. To this end, various soft-
ware for structural analysis, implementing optimization
algorithms and drawing the geometry shapes are utilized.
Since the result of software might include some errors or
mistakes they were calculated simultaneously in two soft-
ware or results validated by the physical test.
Here, all used software and mechanical testing machines
are mentioned. These were used with more description
for each section in the chapters (4) and (5). Further,
the properties of the material are used in physical and
numerical models in both steel and concrete ones are
described.

XXXXXX
3. Methodology:

Ch.3.

3.1.Studies Tools

3.1.1.Software

3.1.2.Testing
Machine

3.2.Simulated Structures

3.3.Material Definitions

3.4.Optimization Algorithms

3.5.Analysis Strategy

Then the parameters and ingredient of making, calculating and assigning the properties and mechanical
behaviour of concrete were implemented in Abaqus simulation platform. It begins with the evaluation approach
for finding the simulated structures, the geometry and the models in the current manuscript, while the methods
of finding the Isler shells and then, selection of the employed optimization algorithms including PSO, GA and
ICA and finally, the type of the FEM calculation are detailed in the next chapter.

3.1 Study Tools

3.1.1 Software

In this research the necessary tools are the variety of the software and tests, which can be categorized in groups
such as: First, the software is used as the platforms for scripting the algorithms, steering the other software
or doing the mathematical calculations e.g. MATLAB and Mathcad. Then, the software which is essential for
structural calculation or applying finite element method to design the structures or to evaluate the segments’
performances e.g. Abaqus and ETABS. Next, the software for making and manipulating the geometries e.g.
Rhinoceros and Grasshopper. In addition, the four bending testing machine, which is used in two setups in order
to test the suggested connections under bending moment with and without shear forces, this tool is used coincide
with the simulations. The exact methods of these usages are described in the related sections in detail.

Abaqus

Abaqus software suite is one of the most powerful tools for the finite element analysis using numerical method
for solving problems of structural engineering. It has the ability to simulate and solve a large range of models
with complex geometries. It can simulate steel, plastic, composite, reinforced concrete as well as soil and stones
behavior in a linear and nonlinear way. Its usages are not only limited to mechanical behavior but also can assess
the temperature and electric transition with an integrated API module by writing subroutines in Fortran. It can
support also the Python programming language and MATLAB codes interfacing them to the other algorithms
and optimizer software platforms. In material part with Homogeneous section and defining a composite layer in
order to assign the re-bars for Islers shells have been defined and analyzed by Abaqus standard(Static, General).
These models have been evaluated without using Interaction modulus under their self-load. They have also
been analyzed with the same definition in buckling and Modal analyzers step. Additionally, in order to evaluate
the joints their model with the similar assumption in material modulus made, selecting Solid Homogeneous
properties option. Contacts were defined in interaction modulus considering friction in tangential behavior as a
general contact. Then, geometry and related mechanical testing machine parts, e.g. supports, were simulated
exactly and analyzed. The re-bars were defined as wire embedded in concrete and analyzed by either Static-
General or Dynamic-Explicit. The complex shapes for these simulations were imported as *.iges or *.sat format
from Rhino(Grasshopper) and others in Abaqus.
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MATLAB, Mathcad

MATLAB is an environment for numerical analysis. Its name comes from MATrix and LABoratory indicating the
matrix base environment. It is substantial contribute to the current research dealing with optimizer and analyses
methods, e.g. finite elements or classical stiffness matrix definitions. In addition to its defaults commands, custom
commands and complex algorithms can be scripted in these environments. MATLAB was used, by coding PSO,
GA and ICA as required. It was used in finding the form of shells as an “optimizer” (PSO algorithm) by
connecting to commercial FEM software as the “solver”. This software was used for optimization and some
classic analyses finding the suitable place of walls and place of joints in beams, which covers the major part of the
study. Additionally, this software was connected to SAP2000 for the buckling optimization and finding column
shape. It was also used in finding the form of Isler shells arches.

Mathcad is a software founded by Massachusetts Institute of Technology(MIT) and overtaken by Parametric
Technology Company(PTC). It is a powerful calculator with ability like solving equilibrium and drawing 2D,
3D plots and drawing shapes, shell analysis solution, calculating the beam and column performance, compliance
with statutory standard requirements, etc.

CSI/Section Designer, SAP2000, ETABS

CSICOL and Section Designer(Founded in 1975) is used for analyzing and designing of column and beam sections.
CSICOL output includes the capacity interaction surface, load-moment curves, moment-moment curves, moment-
curvature curves for various failure criteria. This software was employed for evaluation of beam section, column
section tested joints and finding the suitable place for walls section. Another software used from CSI is SAP2000
which is a general-purpose software ideal for the analysis and design of any type of structure. This software
was used across the entire analysis process, e.g. as an Isler shell as beam and shell elements, were reanalyzed
in parallel in Abaqus using the same linear material definition. The shells were re-analyzed and re-evaluated as
earlier in Abaqus under buckling and modal-analyses with the same definitions. By default it lets the operators
steer it by connecting library and writing codes in MATLAB, VB, C, etc. which enables finding the form of
shells and buckling optimization. While MATLAB had the optimization duty SAP2000 worked as the analyzer.
SAP2000, alone, had the duty of finding the optimal beam layout, which plenty of models were made under
similar load, then with its direct relation to office programs, e.g. Access and Excel the obtained data were
collected and compared. Its capability of calculating the applied load on beams during the testing process was
used. EATBS is an engineering software product suitable for multistory building analysis and design. It is a
reliable construction designing application solution for precast and cast in place buildings, e.g. back engineering
and reanalyzing building, which was designed by Le Corbusier. Building models in ETABS country-specific
standards(load combinations) were analyzed and designed7. The result of back engineering after increasing the
benchmark point number(where the result must be read from) of each element in ETABS, including all possible
internal forces in all direction(axial, shear, bending, etc.) for 32 load combinations was sent from this software
to MATLAB to be evaluated.

Rhinoceros, Grasshopper

Rhinoceros is a 3D computer graphics and computer-aided design(CAD) software that was developed by Robert
McNeel & Associates is NURBS based mathematical model. The flexibility of this software in supporting different
formats like *.iges or *.sat was used in making models for FE software in the current study. Grasshopper is a
visual programming language connectable to Rhinoceros which empowers designers to apply any changes in
geometries. This can be achieved by its default tools or coding in Python and VB. For finding the form of the
shells after doing the initial modeling the results from text file was imported by Grasshopper and this software
plots previously corrected arch separately, which later in Rhino would be rearranged in their place building the
shell shape8. Grasshopper, can model and apply different ornamental patterns on the shell, evaluating their
effectiveness.

7Le Corbusier simulated structures included the Villa Savoye in Poissy, Claude & Duval factory France, similar geometry
to Pavilion of the Esprit Nouveau etc. but, as a simple example only Domino-House assessments was in current study
mentioned.

8This point in shells geometry modeling described in detail.
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3.1.2 Four Point Bending Test Machine

The four-point bending flexural test can generate data for the modulus of elasticity during the bending, flexural
stress, strain and the stress-strain response of the material. This test is very similar to the three-point bending
flexural test. The testing machine used for the current study assessment (Fig(3.1a)) can from its hydraulic jack
apply load (the place of supports and load shown in the (Fig(3.1b)) measured by an exact digital measure, while
the movement on jacks head part noted. This act makes the calculation of force-displacement diagrams possible.

Figure 3.1: The testing frame set up (a) for beam-to-beam Tests and (b) for beam-to-column Tests

This tool was employed to all joints evaluating the amount of applied load, deformations, the place and the
time of cracking or rupture. The data were collected for comparison with Abaqus simulation. The joints tested in
this machine had complex geometry that could not be made by typical frameworks. Therefore, after finding their
geometry, place and a moment of re-bar in software (Abaqus, SAP2000, Mathcad) the joints formwork, modeled
in Rhino in scalded dimension( 1

3 ) and consequently was printed in plastic (Fig(3.2a)) completed with wooden
casting. After putting rebar, the self-compacting Ultra High-Performance Fiber Reinforced Concrete(UHPFRC)
was poured.

(a) (b)

Figure 3.2: (a) Some printed form-works for test specimens, (b) The detail of screw, washers and the
nut used for applying the pre-stressing load at the ends of the beams
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3.2 The Simulated Structures

One of the selected model, for illustrating the suggested precast approaches, called Domino-Hause, which is an
structure, designed by a Le Corbusier in 1914-1915. The geometries name is a mix of references to domus (Latin
for home) and domino (the games) [123].

This building has an open plan design, including concrete slabs as the main architectural element, which
are supported by the minimum number of reinforced concrete columns. The frame is completely independent
of the floor, which eliminates the ceiling-supporting rays. This geometry would arrange row houses of different
patterns. This building as a prototype for a production of modular housing, was a land mark for many of the
architectures in the fallowing years [124]. The modular idea, well-known geometry and open-floors which enable
the designers to apply different plans, were the main parameter in selecting this geometry for suggesting the new
precast approaches in current assessment.
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Figure 3.3: (a) Garten Haus Wyss plan [125] (b) Domino-House from references [126]

The geometric plan and dimensions of the virtual Domino-House building are obtained from published ref-
erences [126]. Beam and column dimensions analyzed by ETABS and designed and assigned, to each section
Fig(3.3). The simulated shell structures are the optimal shells, selected from Isler’s projects as the well-known
ones. The construction plan of the most of them were not available therefore, a new method for finding their
form proposed and used which in the shell evaluation section as a possible method proposed and described in
details.
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Figure 3.4: (a) An example of references data of Isler shells [127] (b) Shells mesh-rebar pattern

This study, also remodeled and studied Islers eight shells in the finite element software, Abaqus, as a ho-
mogeneous section together with a composite layer in order to allow for assignment of re-bars of the reinforced
concrete material. The Static General method of analysis was employed. The back-engineering method, which
was developed based on a wide range of photos and references (Fig.3.3a and 3.4a) is proposed in the next chapter
in detail.
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3.3 Material Definitions

The properties of concrete used in Isler shell constructions in different references are not identical or not men-
tioned. Isler shells concrete mixture is constituting of cement percentage (maximum 325 kg

m3 ), gravel stone with
dimension maximum(15mm) [128], etc. as a typical concert with 28MPa(C-28) compression strength9.

The shells section identical meshed rebar dimension and the ratio of reinforces to concrete simulated. This
ratio comes from publications obtained from Isler excoworker [24] in them 15

220 = steel
Concrete (Tons

Tons ) as a ratio. The
amount of steel re-bar in both sides of shells is in a symmetrically distributed arrangement in a mesh (Fig(3.4b)).

UHPFRC: Ultrahigh-Performance Concrete (UHPFRC) is a type of concrete owning high density and
strength. While the compressive strength of recognized normal concrete is not more than 150N/mm. This
concrete with flexural strength is suitable for thin structures because of its fine grain and self-compacting capa-
bilities. These characteristics enable them to be utilized in modular and high precision elements (e.g. dry joints),
leading to easier assembling in site. This is also the main reason for selecting the UHPC in ITE and partially in
the suggested approaches [129]. The most important component of concrete is the Cement-Stone matrix, which is
made from cement and water, in which, mostly a mixture of Portland cement, blast furnace slag or fly ash is used.
The most material is silica, but also Aluminosilicates, Metakaolin, finely ground cement or industrially produced
Nanosilicas are used [130]. Cement grains diameter which is between 30 to 80 microns. Another calibration in
this concrete is the reduction in the water content (0.2 < water/cement0.3). However, in order to become more
flow-able or to increase self-compacting, high quantities of lubricant based on Polycarboxylatether can be used.

The considered UHPFRC mixture assumed in some parts of the suggested approaches and applied in physical
tests were selected from the M2Q recipe of SPP − 1182 priority program. The main problem of these usages is
the high price, which is mainly depended on the fibre content. Price of normal concrete in the market is between
250 − 400ε/m3. While, a UHPFRC concrete with a typical fiber content of 2% is 900 − 1000ε/m3 [131]. This
addition, not only increases the compressive strength of the concrete but also brings a ductile behaviour.

Table 3.1: Material properties of mixture FK1-2.5 fine grain UHPFRC [114]

Components weight [kg/m3] Material properties

Cement I52.5R 595 Young’s modulus 46700MPa

Silica fume 69 Compressive strength 151MPa

Quartz flour I 314 Tensile strength 10MPa

Quartz flour II 119 Flexural strength 15MPa

Quartz sand 1029 Poisson ratio ν 0.18

Steel fibres (0.l5× 9mm) 192
Super plasticizer 40
Water 156

Concrete and Steel Diagrams: The used materials in this work are entirely Steel and Concrete,
with varying quality across the different parts. For example, for the simulation of the pioneers’ struc-
tures such as shells, a typical concrete with f ′c = 28Mpa, but for the rest, the UHPFRC was used. The
joint concrete specific properties are basically numerical assumptions in all simulations, defined based
on their strength under compression test of the cubic sample or references data10.

The strain-stress diagrams of re-bar steel in the test (B500b steel) was obtained from the standard
catalog and ASTM A992 standard steel was used in other section calculations. These values were
mentioned in two steel and concrete diagrams (Fig(3.5b)). For instance, in concrete diagrams, CoN : 1
is related to the first test. While in pioneers structure such as Isler shells, C−28 was used and in other
parts UHPFRC.

9The comparison between shells and their performance is the target; hence the same considered concrete property was
eligible.

10During the tests only compression strength of made concrete evaluated and for each material stress-strain diagram,
based on similar published concrete properties obtained. These assumptions regarding Abaqus and physical test outcomes
compatibility are proved.
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Figure 3.5: (a) Steel and (b) Concrete properties

3.4 Utilized Optimization Algorithm

After describing the tools, e.g. software, testing machine and method of making a physical model of
the test joint, the material properties and the geometry was found. In the next sections, the applied
optimization algorithm (PSO, GA and ICA) and the analysis method are described.

3.4.1 Particle Swarm Optimization (PSO)

PSO or Particle Swarm Optimization is a global searching machine to solve the problems with offering
solutions in n-dimensional environments. It was found by Kennedy11 and Eberhart12 and contrary to
GA has interaction between population members by a data flow in its environments, assuming initial
velocity considered in a group of connected particles moving in answer environment, comparing with
the target factor in each level, to keep the local and global best solution in each iteration, which can find
the optimal answer. The speed and direction of these nodes get affected by the best answer direction
(Fig(3.6)).

This method can show a powerful performance in an integrated multi dimension environment.
Therefore, it is used in form finding and layout optimizing in the current research. PSO structure is
composed of Position, Objective Value, Velocity, Best Position and Best Objective Value, which can be
chosen as the main components that an analogy with finding an optimal place of structural elements
and shells form finding.

Particle Swarm Optimization Steps:

1. Creating a Primary Population and Evaluation

Vi : First speed xi : First location

2. Determining and collecting the best personal memories

3. Updating the speed, position and evaluating the new answers

(a)
Vi[t+ 1] = wvi[t] + r1c1(Pij − xij(t)) + r1c1(gj − xij(t))

xi[t+ 1] = xi[t] + vi[t+ 1]

11James Kennedy(social psychologist).
12Russell C. Eberhart.
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(b) The condition of breaking a personal record by a member

Particle cost< Particle best cost

(c) The condition of breaking a global record by a member

Particle cost< Global best cost
w : Coefficient for velocity13U ∈ [0.4, 0.9]
U : Random number with uniform distribution
c: Learning coefficient(personal and global) , 0 ≤ c1,2 ≤ 2 w
Pij : Best position of i in j dimensional direction
xij : Current position of i in j dimensional direction
gj : Best global position in j dimensional direction
r1,2 : Random distributed numbers

r1, r2 ∼ U(0, 1)

4. If the conditions do not apply, it will stop going to step 2, stop condition (Fig(3.7a)).
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Figure 3.6: (a) Particles situation in the search space forming a shell (b) Particles’ movement in PSO

(a) Achieving acceptable cost

(b) Achieving maximum number of iteration or time

(c) Spending time or iteration without special changes in Cost(stall iteration)

(d) Evaluation of enough number of results(NFE)

In current study, coding step 4(b) and 4(c) manually were supervised and manipulated. However,
conventionally in software like Abaqus item 4(a) was chosen.

5. End

13Lowing w the algorithm converts faster and vice versa, this factor for the shell form finding suggested solutions during
the supervision considered.
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3.4.2 Genetic Algorithm (GA)

Genetic Algorithm is a computational technique. It is an evolutionary, meta-heuristic algorithm based
on natural selection, looking for the optimal places, based on biological evolution technique, e.g. muta-
tion and crossover. These algorithms proposed by Holland14 follows Darwin15 evaluation theory. This
method is a common technique based on linear regressions, and one of the most used algorithms writ-
ten by default in software, utilizing artificial intelligence, e.g. Grasshopper and Isight. Its flexibility
encouraged designers to employ it in optimizing shell and structures as discussed in the chapter (2).
GA is a combination of Population Selection, Merging, Cross Over and Mutation.

Used Genetic algorithm steps:

1. Population selection and evaluation. The first step is a generation of a random population,
converting them to optimal values throughout the entire process.

2. Select parents and their composition to create children population by crossing to make a diverse
population. Selection methods are essential for different aspects (e.g. cross-over, mutation) of the
algorithms; which can be performed in various ways such as:

(a) Merge, sort and truncate

(b) Predefined Share, based on predefined percentage

(c) Merge and random selection, with better cost to be adopted

(d) etc.

In the current study, the step 2(a) exact method was chosen and applied, furthermore, after
sorting the lowest by the best cost selected, as shown in Fig(3.7b)16.

Selecting parents method:

(a) Random selection

(b) Choice based on merit or rank

• Fitness or cost base

• Rank base

(c) Tournament selection

(d) etc.

The choice based on merit or rank Boltzmann was selected and applied:

• ∑npop
i=1 Pi = 1

• Selection probability 0 ≤ Pi ≤ 1

• Meritocracy ci ≤ cj ⇔ pi ≥ pj i must be better than j

I : Random number of chosen parent
ci: Cost of member i
I ∈ {1, 2, ..., npop}
Pi = Pr{I = i}

14John Henry Holland(1929-2015).
15Charles Robert Darwin(1809-1882).
16The employed algorithm in current study defined by Cost function as minimization programs.
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For applying the merit, Boltzmann method was used to keep the probability positive (Pi =
e−ci∑
j e

−cj ) and for considering the differences between the cost, and its applying, the Selective Pres-

sure parameter was considered.

Pi =
ṕβi∑
j ṕ

β
j

β: Defined new parameter
ṕi: Raw selection

Increasing this parameter, maximize the differences that generate a unique result. Choosing 0
make the same chance for each value.

Pi =
e−βci∑
j e
−βcj

Roulette Whell Selection(RWS) was picked for extracting the result based on the known proba-
bility (Fig(3.8a)).

(a) r ∼ U(0, 1)

(b) ci =
∑j

j=1 Pj

(c) Find smallest i, where r ≤ ci i = min{j|r ≤ cj}

1 2 3 4

0 P1 P1 + P2
P1 + P2 + P3

P1 + P2 + P3 + P4

if r ≥ 0 & r ≤ P1 −→ 1
if r ≥ P1 & r ≤ P1 + P2 −→ 2

if r ≥ P1 + P2 & r ≤ P1 + P2 + P3 −→ 3
if r ≥ P1 + P2 + P3 & r ≤ P1 + P2 + P3 + P4 −→ 4

For making the cross-over, the Arithmetic-Crossover for real numbers was used as (Fig(3.8b)).

x1 = (x11, x12, ....., x1n): First parent
x2 = (x21, x22, ....., x2n): Second parent

α = (α1, α2, ....., αn) Mask amount (γ ≤ α ≤ 1 + γ)
y1 = (y11, y12, ....., y1n): First child
y2 = (y21, y22, ....., y2n): Second child

y1i = αix1j + (1− αi)x2i
y2i = (1− αi)x1i + αix2i

α: The mask for the cross point location
γ: Arbitrary parameter, in which the progeny becomes larger than its parents.
n: Number of variables
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Figure 3.7: (a) Termination condition (b) Merge, sort and truncate

3. Selecting the population members to create a mutated population(to stop the results from focusing
on the limited same population, which cannot be found by crossover.)

Mutation rate called πm(0 ≤ πm ≤ 1) and the number of component effected by Mutation is
πm.nvar, which nvar is the number of variables.

x = (x1, x2, ....., xnvar)

xnewi ∼ P (x) when X ∈ [xmin, xmax]
xnewi ∼ N(xi, σ

2) where σ is normal distribution (average,variance)
xnewi ∼ xi + σN(0, 1)(µ = 0.1) σ = µ(xmax − xmin)
yj = xj + µ.Nj

4. Integrating the main population of children and mutants creates a new main population. The
first method mentioned in PSO (step No:4) algorithm (Fig(3.7b)) applied here.

5. If the termination condition is not satisfied, it gets repeated from step 2. The termination
condition is the same for all used algorithms in the current study.

6. End

Roulette wheels selection

P1, P2, P3, , ....Pn probability 0 ≤ Pi ≤ 1 ∑
i Pi = 1

Li

P1

P2
P3 pi =

Ai
πr2

pi =
Li
2πr

Ai = Piπr
2

Li = 2πrPiAi

(a)

Single point cross-over

Double point cross-over

=⇒

=⇒

(b)

Figure 3.8: (a) Roulette wheels selection (b) Single and Double Cross over

3.4.3 Imperialist Competitive Algorithm (ICA)

The Imperialist Competitive Algorithm(ICA) founded by Gargari17 is an evolutionary computing al-
gorithm that addresses the optimal answer to various optimization problems. ICA optimizing math

17Esmail Atashpaz-Gargari(1983-).
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problems by mathematical modeling of the socio-political evolution process. A set of possible solutions
in initial part is necessary. These early solutions in ICA are known as the “country”, while in the ge-
netic algorithm are called “chromosome”, and in the particle swarm algorithm are known as “particle”.
The main foundations of this algorithm are assimilation, imperialistic competition, and revolution. By
imitating the social, economic, and political evolution of countries and mathematical modeling provides
process with regular operators in the form of an algorithm [132].

Imperialist Competitive Algorithm steps:

1. Creating primary country

2. Selecting the best country as colonists

Colony

Language

Culture

New colonial position

β = 0

0 ≤ β ≤ 2

d = t− x

x′ = x + β(t− x)

target
β = 1x′

Colony

Colonialist

θ

New position of colony

d

x

β = 2

(a)

Colony

Language

Culture

New colonial position

β = 0

0 ≤ β ≤ 2

d = t− x

x′ = x + β(t− x)

target
β = 1x′

Colony

Colonialist

θ

New position of colony

d

x

β = 2

(b)

Figure 3.9: (a) Applying the policy of revolution (b) Applying attraction policy in the colonial compe-
tition algorithm [133]

3. Allocation of other countries as a colonial power, to the colonists. All the colonialists have the
same initial number of colonies changed by algorithm gradually.
country=[P1, P2, P3, ..., Pnvar ]

4. Performing the assimilation action: In line with this policy, the colony country, as a unit x, moves
to the imperialist colony and moves to the new position of the colony. If the distance between
the colonizer and the colony is shown with d, it can be said that:

X ∼ U(0, β∗d)

X : Random number with a uniform distribution
β∗ : A number larger than one and close to 2

The presence of the coefficient β ≥ 1 makes the colonial country closer to the colonizing country.
Also, along with this move, a small angular deviation is added with a uniform distribution to the
movement. A graphical representation of the application of the absorption policy in the colonial
competition algorithm on the 2D space is shown in (Fig(3.9b)).

x′ = x+ β(t− x)

x, x′ : Primary and new position
t : Target or imperial as a line d = t− x on each node

5. Performing revolutionary acts
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6. Comparison of colonialists and colonies for probable displacement (if colonists are better than
their colonialists)

7. Empire assessment (calculating the index for each empire)

Target function for an empire is equal to the amount of objective function for the colonizer plus
to average target function for colonies multiplied by a positive factor ζ = 0.1.

f(x) = f(imp) + ζ(mean(f(col))

8. A colony is removed from the weakest empire and randomly transferred to another empire.

9. If the weakest empire ends up while not having a colony more, it will be transferred to another
empire as a colony.

10. Reporting founded the best answer

11. Return to step 4, if termination conditions are not satisfied

12. End

* In ICA steps similar methods adopted just as in GA, e.g. elitism like Boltzmann, Pressure line,
Roulette Wheels Selection.

3.5 Analysis Strategy

Finite Element Method is a numerical method for solving the ordinary differential equations and partial
differential equations. FEM simplifies a total equilibrium, which can be solved with Euler or alternative
numerical methods, which do not offer exact results but in complex problems has a workable perfor-
mance. This method as a component of a software or code-script along with classical calculation,
including stiffness matrix, was adopted as an analyzer in the majority of this manuscript calculations
and interpretations.

In current study frames were used and defined by code-scripts. For other calculations, FEM software
was utilized. In which only linear behavior (Elastic) of structures were regarded. This analysis method
let the shell form designers operate in the plat forms independent form any commercial software by
using this tool along with the suggested form finding approach. Furthermore, in current study this
method also by connecting MATLAB to SAP2000 via Application Programming Interface(API) was
used.
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Figure 3.10: (a) 2D Plane, (b) 3D frame and (c) 2D frame examples

Additionally, The type of the loads and behavior evaluated in the current study are limited to inter-
nal forces (Axial loads, shear forces, bending moments), stress, strain and their reciprocal movements
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in the structures. The mechanical properties of the material specified in shells and the non-linearity
in geometries of the structure by buckling analysis, which is a mathematical instability leading to a
failure mode in the structures accessed. While shells are supposed to work in optimal form, means pure
compression and the amount of stress in concrete is not high, but, buckling may occur. The buckling
which can occur through the distributed stresses in the shell structure is lower than what causes failure
of the material. This behavior, in fact, is a sudden displacement under the applied load, which can
increase till an unstable mode. They are the factors which can be multiplied by the weight of the shell,
and lead them to unstable loads, as estimated for Isler shells.

Summary and Outline

In this chapter, the majority of the used methods, and in the next chapter what have been achieved
towards the set goals are mentioned. For that end, first, the Islers shells geometries are evaluated and
assessed in Rhino. In SAP2000, in parallel with Abaqus, the stress, internal forces and other factors are
evaluated. Additionally, in this chapter (4) buckling evaluation were performed. As primary analyses
for precast approaches, the selected joint models are constructed physically by reinforcing concrete
broken and tested by a four-point bending flexural test machine in a workshop to compare the real
physical load-displacement diagram during the breaking process with the Abaqus simulation. Then,
after some calculation in SAP2000 and Mathcad, these models were simulated in Abaqus and more
details were extracted after the convergence (end of chapter (4)).

Then, in the chapter (5), by establishing an interface between MATLAB and SAP2000, optimization
on buckling for an optimal form of the shells based on the parameters obtained from the Isler model
evaluation was applied. Next, the result of buckling optimization in Grasshopper (Rhino) further
processed, was evaluated and verified in the Abaqus (chapter (5)). In the chapter (5), the Domino-House
was simulated and designed under plenty of load combination in ETABS. To illustrate the suggested
three methods by finding the best place for the joints and the walls in the similar plan, the data was
first migrated to MATLAB and optimized by PSO. ICA optimization in MATLAB was implemented in
finding the suitable place of the beam layout. Finally, the suggested building differences constructing
process were gathered in the Office Project Manager software as the preliminary draft whereby, in
MATLAB some management methods were optimized and finally compared with others(chapter (5)).
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Preface and Targets

This chapter’s goal is to present the
evaluation’s results, which are the
basic needs for the following sug-
gested approaches including opti-
mization algorithm and precast con-
nections. Hence, this chapter has
two main sections discussing the
performances of Isler’s shells and
new dry concrete-made connections.
In the shell evaluation section first
an innovative method used in find-
ing the shells geometry is illustrated
and then Isler shells geometry, de-
formation, stress and buckling pos-
sibility are calculated and discussed.
Then, based on these calculations,
solutions for shell optimization in
the next chapter are proposed, con-
sidering the obtained data, e.g. in-
ternal forces ratio, general form and
their weakness against buckling.

XXXXXX
4. Primary Analyzes:

Ch.4.

4.1.Isler Shells
Evaluation

4.1.1.Shells
Reconstruction

4.1.2.Geometrical
Properties

4.1.3.Deformation

4.1.4.Stresses

4.1.5.Buckling

4.1.6.Internal Forces

4.2.Connection Tests
and Simulations

4.2.1.Tooth-Joints
Development

4.2.2.Suggested Joints

These analyzes in addition to the general structural assessment of the Isler shells’ performance,
indicate a few main points e.g. displaying the weakness of shells against buckling, indicating the
minimum general eccentricity in all shells, which can be selected as the optimization target, etc.

In the connection section after discussing the simulation process and developing the finger-shaped
connections based on the ITE’s tests’ results, new geometry for dry connections are suggested, tested
and simulated to show their performance in comparison with an integrated element. Based on the
results of this chapter, the connection section conclude to the possibility and effect of using re-bar
in tooth shape joints and capability of the new connections’ geometries to be used in the following
suggested approaches. While, the shell evaluation section proposes the properties of the optimal shells,
being used in the suggested form-finding approach.

4.1 Shell Analysis

Heinz Isler as the most famous contemporary shell designer has widely employed physical pre-modeling
techniques for construction of many concrete shell structures. Through the physical approach to optimal
form finding, Isler accomplished shell structures with robust performance. It would be interesting and
beneficial to re-assess Isler’s, shells, hence, this section attempts to study the structural performance
of eight notable shells of Isler. Through reverse engineering and by the assistance of Rhino, MATLAB
and Grasshopper, the precise geometry of Isler’s selected shells were modeled for the finite element
analysis under their self-weight. The structural analysis was performed, with the parallel use of finite
element software, SAP2000 and Abaqus. The identical results of the two packages, further confirmed
the accuracy of the analysis. The essential properties of various forms of the shells and their differences
in behaviour were pinpointed and discussed within the calculations and the results were compared
with the data of the genuine published references on Isler’s works. The internal forces, the amount of
νonMises stresses, support reactions and the buckling loads of the shells are explored.
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4.1.1 Reconstruction of Shells

The Swiss engineer Heinz Isler succeeded in realizing almost 1400 shell structures with his method [134].
Eight most known shell structures with different geometries that were built and reused by him in the
majority of his shell structures were selected and remodeled for finite element analysis. Table 4.1,
briefly introduces these structures.

Isler used four different physical methods for modeling and form finding of shells which can be
categorized as:

1. Rubber membrane method- In this method, inspired by the pillow, a rubber membrane was put
under internal pressure, and consequently the shape of the membrane under pressure represented
the desired shell. The shell 1 of Table4.1 is obtained by this method.

2. Hanging textile method- In this method soft materials like fabrics that have not any resistance
against compression, bending, shear and torsion find their forms under different loads, e.g. such as
their self-weight, only by their tensile resistance. This feature produces tension only forces in the
form attained by fabric, that is converted to ‘all compression’ state under inverse configuration,
which is the most suitable force for the masonry and concrete materials. Hence, Isler selected this
technique by using the shape of hanged soaked textile, formed under their self-weight(shell 4,5).

3. Foam flow method- This method is inspired by observing the foam growth. The shells 6 and 7
are acquired by this approch [135].

4. Shaking method- In the later years of his life, Isler was looking for a method of finding forms by
shaking them; however, this method was not well illustrated and applied to form finding of any
shell structure.

1.Top Arch 2.Side Arch 3.Entrancearch

F = α.sinβ I = α.tanh(x) J = eαx

F

x

I

x

J

x

3.Entrancearch

2.Side Arch

1.Top Arch

3.Entrancearch3.Entrancearch

2.Side Arch 2.Side Arch

1.Top Arch
1.Top Arch

Figure 4.1: Defined arches in Brühel sport center

In addition to the data publicly available in the references on Isler’s work, the geometric dimensions
of the models were acquired either from the scan reports of the existing miniature shell structures found
in his workshop, or from the data of a number of existing blue print drawings of shells [125]. This data
include the thickness, the span and the height dimensions of shells and plenty of pictures from different
angles [23]. For the shell 7, different heights were mentioned in the references, the most probable height
was assumed for it. The thicknesses of the shells varied and the assumed values here are based on the
most probable ranges found in the relevant references for instance for shell 1 thickness (t) varied in
the range (15 ≤ t ≤ 19cm) [128], for shell 5 (8 ≤ t ≤ 15 cm) [136], for shell 3 (t ∼ 9cm) [135], shell
8 (≤ 6cm) [137]. However, for the analysis, the thickness of all shells t = 15cm is assumed for the
reason of comparison. Obviously, in an individual assessment the thickness of shell must be considered
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exactly or similar to the original structure. These thicknesses vary through the shell and have a direct
relation with the vertical-distribution of these geometries. Essentially, under gravity loads, the forces
increase from top to down of the shells, on the other hand, the forces above any level, are in balance
with the forces below it which are obtained by multiplying the level forces with the perimeter and the
thickness of the shell. Hence, in the absence of horizontal loads, the optimal design of shells, inherently
demands for a variation of thickness with the height of the shell, which in turn leads to unavailable
accurate and exact data for non-prismatic geometries. On the other side, however, assuming a uniform
thickness inspired from real geometries to acquire a general account of force and stress distribution, is
unavoidable.

Figure 4.2: Examples of assigned arches in reconstructing the Isler’s shells

The pictures taken straightly at frontal angles of all the arches enabled the deduction of extra
geometrical data. Consequently, a large number of arch lines could be reconstructed, in their exact
locations and angles. Hence, the arch frames were reconstructed for the entire shells, and finally, the
surfaces located between the arches restored the full shape of the shells, Fig(4.1). The main steps for
modeling of shell structures are as follows:

1. Frontal straight angle pictures (2-6) from each arch of the shell were sent to AutoCAD, and their
spans were re-scaled as required.

2. Depending on the size of the arch, adequate number of nodal points was selected on a hypothetical
curve which assisted finding the coordinates of the points for the next stage.

3. In order to draw the shape of the model, the xyz-coordinates of its grid points in plan or 3D space
were transferred from AutoCAD to MATLAB.

4. Then, in MATLAB the data was interpolated and a unique function was defined for each arch,
and the height of the arches were re-scaled which resulted in smoothed new xyz-coordinates for
each arch with a symmetric smooth shape. At this step, a number of trigonometric functions
were used to find out similarities between the arches.

5. The data of the curves were transferred to the Excel. Later, in Rhino, with the help of Grasshopper
these nodes were converted into arches.

6. In Rhino the bundle of all essential arches of each shell are replaced with their corresponding plan
and the related angle, Fig(4.2.

7. Finally, the interconnection pattern is produced in Rhino, which readily could be conveyed into
finite element software.

The 8 chosen shell structure names are represented by their corresponding number in the fallowing
table.
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Table 4.1: Selected Isler’s shell structures, Unit: Meter, No: Number of remodelling arches

1-Coop Distribution Center [127] Solothurn, Switzerland Year:1960 No: 3

2-Badi brugg [23] Argovia, Switzerland Year:1981 No: 2

3-Bruehl Sports Center [127] Solothurn, Switzerland Year:1982 No: 5

4-Deitingen Service Station [127] Solothurn, Switzerland Year:1968 No: 3

5-Naturtheater Groetzingen [138] Wuerttemberg Germany Year:1977 No: 4

6-Buergi Garden Center [127] Camorino, Switzerland Year:1973 No: 2

7-Truffaut Villeparisis [127] Villeparisis, France Year:1977 No: 4

8-Wyss Garden Center [139] Solothurn, Switzerland Year:1961 No: 4
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4.1.2 Evaluation of Geometrical Properties of Shells

The bar charts of Fig(4.3a) show the amount of surface areas of the shells together with the projected
flat areas covered by them. The ratio of the “β =surface-to-covered area” of a shell intriguingly is
related to its “α =rise-to-span” ratio. The ratio α has the most influential role in optimizing the
force flow in the shell. However, since a single “rise-to-span” ratio could not represent the spatial
characteristics of a shell, consequently, such a relationship could not be defined simply.
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Figure 4.3: (a) Shells’ area (b) Height and span of shells

Shell 1 covers the largest area and shell 4 covers the smallest area, while the shapes of shells 7
and 4 are attained by the flow and hanging method and have the maximum and the minimum ratios
β, respectively. The source of difference in β is the amount of the curvature of the shell’s inflation.
Fig(4.3b) pictures the height of the shells together with their longest span, additionally, by considering
both spans of the shells, the ratio α can be extrapolated and deduced.

Shell 1 numerically has the largest span, which
is placed on stiff boundary beams and columns,
and is not structurally comparable with other
shells. As a result, the shells 3 and 4, with their
unique shapes are genuine longest and highest
shells, respectively which have been found by
second physical method. The ratio α for these
shells on the average is around 0.25, while for
the optimal arches, this ratio must be [0.25, 0.3].
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Figure 4.4: Area Moments of Inertia /Area
Thus, this parameter was satisfied for the shells, however, for shell 1, which is obtained by the rubber

membrane method this ratio is not fulfilled. Thickness and height to span ratio are the most important
parameters in optimizing shell’s geometry, which is not uniform in these shells and the assumed values
in this study are based on the ranges documented in references. In Isler’s shells the average thickness is
10 cm. But this is not always the case, and is related to his form finding method, in which the ratio α
correlates with less thickness. For example, if the distance between lowest starting point and crown of
each shell be the considered as its height (Tab.4.1), shell 4 has the highest ratio α and lowest thickness
while the contrary is true for shell number 1.

Distribution of form in plan area is the matter of discussion in form finding, which can be compared
with the Area Moments of Inertia (MOI), in which the thickness of the shells is not considered. Hence,
in order to find the criteria the distribution is divided by the area of the shells, and thus:

Ix =

∫
(y2 + z2)dA & Iy =

∫
(z2 + x2)dA (4.1)

According to this formula, the symmetry of shells 2 and 6 with respect to x and y axis, shows the
same amount of (MOI/Area) in Fig(4.4). There is an exception in shell 1, for which the average value
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Figure 4.5: Deformations of shell 6 (in meter, - towards gravity), SAP2000 (left) and Abaqus (right)

of this factor is 75m2(30 ≤ Ix,y ≤ 161)) while in z direction it is about 140m2. However, when the
goal of optimization of shells is their performance under self-weight and pure compression, this factor
cannot indicate any specific structural character, unless determination of their rigidities under vertical
loads and assigning a specific number to them. Disability in dedicating a specific number to define the
form is the biggest obstacle in form finding.

Printed using Abaqus/CAE on: Sun Oct 04 19:38:17 E. Europe Standard Time 2015

Printed using Abaqus/CAE on: Sun Oct 04 19:38:17 E. Europe Standard Time 2015
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Figure 4.6: Deformations of shells 1(top-left), 2(top-right), 4(bottom-left), and 8(bottom-right), Abaqus
(in meter, -towards gravity)
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Figure 4.7: Shell 4: νonMises stress from 0 to 500 (top-left) 500 to 1000 (top-right) (t/m2), in SAP2000
and Abaqus (bottom), in which since the details of supports are not discussed the amounts of stress in
these zones are not displayed.

4.1.3 Deformation of the Shells

Fig(4.5), shows the result of deformation of shell 6, under its own weight which is obtained using the
software SAP2000 and Abaqus. The maximum negative displacement (towards gravitational forces) is
-1.76 cm which occurs at the middle of four edges. The displacement contours which are in the same
direction as the gravitational loads somehow are measure of the stiffness of the shell in the gravitational
direction as well. Fig(4.6) shows the deformations of shells 1, 2, 4 and 8 under their self-weights, where
their extreme negative downwards displacements (towards gravity) are −0.82 cm, −4.3 cm, −18 cm,
and −0.43 cm, respectively. Within small regions near the supports of the shells positive (upwards)
displacements (orange to red regions of Fig(4.6)) appear, but for shell 1, whose supports are continuous
over the boundaries, the positive displacements occupy more sizable area.

For the shells 1, 2, and 8, the largest negative deformation occurs in the inner (blue) regions of the
surface; nonetheless, for shell 4, it occurs at the middle of the free edge of the shell. The deformations
of Fig(4.5) and (4.6), reveal that in general, Isler’s shells have high rigidity, to elaborate further, the
deformations of these shells vary in the range of [−18,+10] cm, where (-18) belongs to shell 4, and thus it
has the least stiffness among all eight shells. On the contrary, the shell 8 has the most robust geometry.
However, in shell 8, the location and magnitude of the largest displacement will alter drastically due to
change in the stiffness of its supports; in other words, the deformations of this shell are highly sensitive
to its support conditions. Broadly, the shell structures found by hanging method have lowest stiffness
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Figure 4.8: νonMises stress of shells 2,3,6 and 8 in Abaqus in t/m2

in comparison to the other methods of form finding.

4.1.4 Stresses of Shells

The criteria of νonMises stress that is based on the energy concept and incorporates the shear defor-
mations as well as various stress components is selected for the purpose of comparison of stresses in
various shells, which is also the most common stress measure among different software. In Fig(4.7),
the stress distribution of shell 4, in software SAP2000 and Abaqus are plotted next to each other to
show their close similarities. Several decades of satisfactory performance of Isler’s shell structures sig-
nifies the fact that their stresses should not have exceeded the allowable limits of concrete C-28 having
the nominal compressive strength of 2800t/m2 except the support points where, an increase of stress
is observed and Isler increased their dimensions drastically. Fig(4.8), represents the νonMises stress
distribution for shells 2, 3, 6 and 8, under their self-weight. The large part of shell 1, has the low stress
in the range of 34 to 198 t/m2, nevertheless, there are some small patches of stress in the range of 525
t/m2 near the support lines, and finally in the tiny areas near the four corners the stress amounts to
2394 t/m2. The other shells have markedly lower stress concentrations near the support points, and
their values do not exceed the limits 1511, 1313 and 1623 t/m2, for the shells 3, 6, and 8, respectively.
With the exception of the supports, it can be stated that the amount of stress in shells 1-8 are normally
less than 500 t/m2, and near the apex of the shells, it is about zero.

Assessment of the stresses of shell 2 shows the average stress of 334 t/m2 along the diametrical
curves connecting the opposite supports, while the numerical modelling and Isler’s simple calculations
give rise to a stress lower than the concrete nominal strength for that [21], but both of them are lower
than the concrete nominal strength (2800t/m2).

A comparison reveals that shells 1 and 8 have the first and second highest strength, and then with
the exception of the supporting legs there are shells 6 and 4, respectively. Shell 4 can be considered
as the most optimal shell because of its optimal use of material, and shell 1 is the least optimal. The
high strength indicates that these two shells among all eight shells have minimum strain energy(or
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Figure 4.9: 3 Mode shapes of shell 1 and shell 3,5,8

deformation) regarding the span and areas covered by them, while the most optimum shell is more
flexible, along with having the least eccentricity (e). It can be stated that the shell forms found by the
physical hanging method have low deviations from the optimal performance. Another interesting point
about Isler’s shells is their plastic behaviour during yielding of reinforced concrete. By increasing the
loads, within the Riks analysis in Abaqus, in most of them plastic hinges initiate from the lowest levels
and then spread and move up to the top parts of the shells, to elaborate further, plastic hinges forms
at sections of the same level without collapsing sideways or locally (increasing the membrane stress),
and this phenomenon is a notable point in the ultimate behaviour of shells.

4.1.5 Buckling and Frequency Analysis

This section evaluates the resistance of Isler’s shells to buckling. The buckling and frequency analysis
of shells require modeling of exact support details, however, only for the purpose of a comparative
evaluation of shells, identical support conditions are assumed for them. Under these assumptions,
shells number 1, 7 and 8 had acceptable buckling loads, whereas in other shells, particularly in shells
obtained by the hanging method, such as shell 3, this type of failure was probable. Additionally, the
buckling is calculated for (uniformly distributed) dead load only, however, by adding snow or wind
loads, due to their anti-symmetrical nature, the shells will be more susceptible to buckling. In some
shells such as shell number 1, which is surrounded by supports all around, and has a relatively higher
thickness to span ratio, buckling is not a prime concern. The buckling failure was Isler’s major concern
in design of shells that is why in some projects he added extra elements such as cables near the supports
as a source of pre-stressing and restraining the supports from moving and highly strengthened them. In
addition to buckling, the modal analysis was performed for the shells, which indicated that the highest
eigenvalue and the lowest period time belong to shells 1, 7, 8 and 6, respectively. The analysis also
shows a sequence of symmetrical mode shapes in almost all of the shells. Fig(4.10), shows different
modal behavior of shells 2, 3, 5 and 8.

4.1.6 Internal Forces

Since, considering the forces gives a better overview about the behaviour of shells, therefore, in addition
to νonMises stresses which were given in section 4.1.4, this section deals with the forces in shells. In
order to clarify the acts of the shells the axial load (F), shear (V) and bending moments (M) in all
directions of each shell are presented. It is seen from Fig(4.11 and reffig:425) that the amount of bending
moment, and shear force compared to axial load has a low value. This observation could be related to
the pressure line theory, in which the assumed nodes of an arch (or shell) and their related eccentricity
(e = M/F), leads to the so called pressure line (or area). This means that the hypothetical form (arch
or shell) complies with the Isler’s shell forms.
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This type of force and ratio typically occurs in all the modeled shells and presents the same type of
behaviour. For instance in shell 3(t, m) −95 ≤ F11, F22 ≤ 20 while −3.0 ≤ M11,M22, V13, V23 ≤ 1 and
for shell 4 −110 ≤ F11, F22 ≤ 40 while −5 ≤ M11,M22, V13, V23 ≤ 2.2. In all the shells the maximum
amount of shear and bending moments (=eccentricity) belongs to the supports which are not in the
scope of form finding process.

It can be shown that the average ec-
centricity in eight of mentioned shells is
around 0.125, whereas in shell 1, which
was achieved by Isler’s first method, it is
limited to 0.015. The source of this de-
viation of eccentricity from zero might be
the method of experiment and/or approx-
imations in reverse engineering. The low
eccentricity verifies again the accuracy of
all steps of back engineering and analysis
in this study.
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Figure 4.12: Shell 6 Eccentricity diagrams

This calculation also shows the accuracy of Isler’s method in form finding of shells, and his special
ability and experience in optimal designing of shell structures.

Where, M11 and M22 are direct moments per unit length at element mid-surface on faces 1 and 2,
respectively. V13 is the out of plane shear per unit length at element mid-surface on face 1 in direction
3, and V23 is the out of plane shear per unit length at element mid-surface on face 2 in direction 3. F11

is the direct force per unit length at element mid-surface on face 1 and direction 1, F22 is the direct
force per unit length at element mid-surface on face 2 and direction 2.

Conclusion of shell analyze:

The back-engineering of the Isler shells results in determining the behaviour of the shells considering
the displacements and stress, which is rational and accurate wise and trust-able, except the buckling
that doesn’t have a reliable factor. In addition to discussing about these shell structures superior
performances in this assessment, it was shown that the eccentricity is an approximation of the theoretical
absolute optimum calculation. This differences between zero and founded eccentricity might be because

54



Primary Analyzes 4.1. Shell Analysis

 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

 

 M11 (Tonf-m/m)
 M22 (Tonf-m/m)
 M12 (Tonf-m/m)

Area (Text)

-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2

 

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

600 800 1000 1200 1400 1600 1800 2000 2200 2400 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000

-20
-18
-16
-14
-12
-10

-8
-6
-4
-2
0
2
4
6
8

10
12
14
16
18
20

 

 F11 (Tonf/m)
 F22 (Tonf/m)
 F12 (Tonf/m)

Area (Text)

-100

-80

-60

-40

-20

0

20

 

-100

-80

-60

-40

-20

0

20

 

1000 2000 7000 8000 9000

-20
-18
-16
-14
-12
-10

-8
-6
-4
-2
0
2
4
6

 

 FMax (Tonf/m)
 FMin (Tonf/m)
 FVM (Tonf/m)

Area (Text)

-100

-80

-60

-40

-20

0

 

0

20

40

60

80

100

 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

 

 V13 (Tonf/m)
 V23 (Tonf/m)
 VMax (Tonf/m)

Area (Text)

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0

 

 

 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

 

 M11 (Tonf-m/m)
 M22 (Tonf-m/m)
 M12 (Tonf-m/m)

Area (Text)

-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2

 

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

600 800 1000 1200 1400 1600 1800 2000 2200 2400 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000

-20
-18
-16
-14
-12
-10

-8
-6
-4
-2
0
2
4
6
8

10
12
14
16
18
20

 

 F11 (Tonf/m)
 F22 (Tonf/m)
 F12 (Tonf/m)

Area (Text)

-100

-80

-60

-40

-20

0

20

 

-100

-80

-60

-40

-20

0

20

 

1000 2000 7000 8000 9000

-20
-18
-16
-14
-12
-10

-8
-6
-4
-2
0
2
4
6

 

 FMax (Tonf/m)
 FMin (Tonf/m)
 FVM (Tonf/m)

Area (Text)

-100

-80

-60

-40

-20

0

 

0

20

40

60

80

100

 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

 

 V13 (Tonf/m)
 V23 (Tonf/m)
 VMax (Tonf/m)

Area (Text)

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0

 

 

 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

 

 M11 (Tonf-m/m)
 M22 (Tonf-m/m)
 M12 (Tonf-m/m)

Area (Text)

-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2

 

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

600 800 1000 1200 1400 1600 1800 2000 2200 2400 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000

-20
-18
-16
-14
-12
-10

-8
-6
-4
-2
0
2
4
6
8

10
12
14
16
18
20

 

 F11 (Tonf/m)
 F22 (Tonf/m)
 F12 (Tonf/m)

Area (Text)

-100

-80

-60

-40

-20

0

20

 

-100

-80

-60

-40

-20

0

20

 

1000 2000 7000 8000 9000

-20
-18
-16
-14
-12
-10

-8
-6
-4
-2
0
2
4
6

 

 FMax (Tonf/m)
 FMin (Tonf/m)
 FVM (Tonf/m)

Area (Text)

-100

-80

-60

-40

-20

0

 

0

20

40

60

80

100

 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

 

 V13 (Tonf/m)
 V23 (Tonf/m)
 VMax (Tonf/m)

Area (Text)

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0

 

 

Shell 3 mesh number

Figure 4.11: Shells 3, internal forces (Bending moment) (M), Shear (V) and Axial load (F) for each
mesh of shell (t, m)

of the Isler experimental method, shells building, and back engineering process or the approximated
FEM calculation. But all in all, minimizing the eccentricity criteria or matching the element and
pressure line with each other showed an acceptable performance and was selected as an approach for
the goal of optimization in shells form finding method.

These evaluation contexts of the eight shells forms can also be applicable as directive shell geometry
for the optimization algorithm of the new suggested approach. In addition, based on the calculated
drawbacks in shell optimization process applied, which the artificial intelligence tries to raise and
improve the buckling factors, this process will be discussed in the next chapter.
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4.2 Connection Tests and Simulations

In addition to new structural precast designing approaches which are proposed in the following chapter
(5) and main criteria, e.g. minimizing eccentricity in achieving the optimal forms, another essential
component for designing new precast approaches is also capable connections. In this way as in this
section, after developing the mentioned finger joints a multitude of the joint shapes which are inspired
with carpentry and steel joints, were improved and simulated that can be used in precast concrete
structures (Fig(7.5)), then the chosen ones are simulated and tested. The most important added detail
in the finger joint is the curved re-bars improving the joints which were broken due to the tensile stress.
In this purpose, first the ITE’s tests were simulated to prove the simulation process.

The new geometry and tests are needed for studying the connection of buildings systems approach
and in some of them, not only the bending moment but also the shear forces have an effect. In these
tests, the testing machine load as pre-stress load is applied that plays an important role for delaying
the breaking time and keeping the wall in their position during the assembling time. The other details
are the same as test setup and properties. These models can cover all necessary types of joint for this
type of precast building systems and the other types. For evaluation of these connections, the testing
machine with the same detail and setup was employed, Fig(3.1). Hence, for comparing or finding the
load and bending moments relation the other, testing results can be referred to. In this section only the
final results of the test and related simulations are mentioned. The geometry of other precast sections
and force-displacement diagrams of the tests can be found at the appendix.

4.2.1 Tooth Shape Joints Simulation and Development

The aim of this part is utilizing the FE software and actual tests simultaneously to prove the simulation
method and then to develop the geometry of the connections based on. For that reason first, the tests
done by the ITE were simulated, which have detachable sections and the only thing that forces them to
perform unitedly is their tangential behaviour. Hence, one of the main components is friction which was
defined in Abaqus by Penalty, while a General-contact that causes these parts to recognize each other as
a solid geometry was defined. At first, the friction ratio was defined considering the pressure in Abaqus,
while the tangential load during the tests changes. Although, after some simulations and comparing
with the tests it was learned that since the result is more dependent on the tension of concrete, the
amount of friction ratio is not effective so much. Therefore, 0.35 was defined in these calculations, as
the friction factor by Penalty definition. Due to not having enough surrounding supports in the tests
3D environment, the General-Static and Riks analysis steps could not finalize the process. As a result,
Dynamic-Explicit was selected and the load amplitude was defined respecting the tests loading process.

Figure 4.13: Simulation of jointed T-beam section underweight and pre-stress loads

The goal of the evaluation is utilizing these joints in the suggested approaches e.g. in the floor
sections (Fig(4.13)). As mentioned in the literature chapter, the cross-section was made by seven
different sections and tested to prove the workability of these systems, while indicating the potential of
the sections to be developed [115]. The most decisive component in this geometry is the tooth-shape
connection, which can be proved and developed regarding the tests results, individually. In this process,
to survey the result of the following assessments the simulations are compared and confirmed by the
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tests (Fig(4.17)), then a few parameters are developed.
Regarding the evaluation results in the majority of geometries, if the tooth parts do not pass each

other due to having small curvature, they experience cracks in tension in initial increments in the
downside. As a result, in order to increase the resistance of the plates against the bending moment,
the first step can be increasing the dimension of the downside of them, to increase the area under the
tension, while the top side of that is under pressure and the curved parts of topside keep the segments
more integrated. During the loading, these two parts being pushed out to be separated, cause more
stress consecration in the edges and change the stress distribution in the plate.
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Figure 4.14: Dynamic performance during the test [131]

Fig(4.15), displays stress distribution in a plate
when the amount of load on the jagged part of the
plate is getting increased. It should be reminded that
the most elastic-traction deformation is 0.002mm,
which is the determining factor in general perfor-
mance and capacity of these joints.

Figure 4.15: Stress distribution during the test

While, after this short deformation and the step-time the system becomes dynamic (Fig(4.14)), this
measure, indeed, displays a critical criterion of this connection. This performance in both simulation
and tests is similar to an integrated beam performance and encourages the development process to add
re-bar acting against this tension. The other solution is utilizing the aforementioned hybrid connections
(chapter (2)), which have already proved their abilities to make more flexible and accurate system.

Figure 4.16: Cracking in shear tests and simulations after reaching the ultimate load [129]

The main focus of this assessment is on bending moment as the most influential force, regarding
its usages in the subsequently suggested approaches. However, the shear tests were briefly simulated
and compared with the noticed tests. The simulation displays that the cracks during the tests mainly
happens in strip-zones located between the two high-stress areas, causing some kind of separation
Fig(4.16). However, in bending tests cracks happen in the areas with higher tensile stress or due to
compression plastic damage.
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P-3-Fig19. Test setup and strength deflection chart 

 

Part 3-2-3-3-1-Support type 

One more point is about the type of the support if we want to leave it without any support the system would be 
dynamic and cannot be analyzed by static general or Riks a result we checked the differences between these two 
kinds of supports and made them in Dynamic-Explicit to check them. If the result is the same we will make it in 
Risk, otherwise Dynamic-Explicit would be the last choice. 

By fixed support we mean the part of the plate on the support cannot go up or any other direction, but it can 
turn.  

 

 

P-3-Fig 20.1-The model without any support in aforementioned direction: 

 

Printed using Abaqus/CAE on: Wed Aug 23 18:28:18 W. Europe Daylight Time 2017

Figure 4.17: Four points bending flexural test [114] and simulation setup

The result of the four-point bending tests and simulations plotted in the Fig(4.18) which are quasi-
similar 18, however, their slight differences in respect to the deflection and flexural strength lay on
the type of interlocking to each other, the way assembled and the selected analysis method (Dynamic-
Explicit) in the Abaqus. After verifying the simulation with tests (200mm width,15mm thickness), in
order to resize the shape to the desired dimensions for Domino-House and choosing the optimal form,
first the whole model was constructed with necessary setup, then the thickness of the joint increased
gradually from 15mm to 200mm, as well as full testing dimensions which result in an increase in the
value of the bending moment and the span.
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joint design Compressive 

strength [MPa] 

Difference to shell 

cross section 

A2 120 
-9 % 

B1 128 
-3 % 

B2 122 
-8 % 

B3 122 
-8 % 

C2 107 
-19 % 

D2 122 
-8 % 

Figure 15: Results of shell joints compressive testing. 

 

Figure 16: 4 point bending test setup (left), results of flexural strength versus midspan deflection (right). 

4. Conclusion 

The main goal of the research was reached by achieving a high mechanical efficiency through increased 

precision and geometric optimisation of the designed UHPFRC members and non-standard jointing systems. The 

novel jointing-systems are developed for the following UHPFRC components: Axial loaded and dry-fit thin-

walled pipes for the transmission of compressive forces, torsional rigid stiff-jointed node elements of thin-walled 

tubes for guiding forces in beam structures, as well as line-shaped dry–fit jointing systems for accurate assembly 

of segmented shell components. It is shown that an increase of the load bearing capacity of structural 

components by intelligent coupling of individual modular shell and spatial elements is possible. The results show 

that a modular lightweight and efficient structural system can be used to build non-standard and mass reduced 

concrete structures. 

The aim of further research will be to transfer the developed new jointing principles for UHPFRC components 

into powerful lightweight beam, surface and spatial structures. The goal is to increase the load bearing capacity 

of structural components and systems by intelligent coupling of individual modular beam and shell elements into 

hybrid, cooperating supporting elements and systems. By combining dry fit pipe / bar members associated with 

shear resistant, flat or curved surface elements, a variety of relevant building structure types can be realized. The 

preconditions of the first project phase remain valid: Using UHPFRC to improve tension resistance and post 

cracking behavior, dry-fit jointing and efficient material utilization by pre-stressing. This will allow the 

combination of beam and shell elements to a modular curved spatial structure (figure 17). Depending on the 

geometric constraints the resulting hybrid structural systems and elements in three dimensional space can work 

as beams and surfaces as mainly bending loaded components or function as membrane structures. 
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Figure 4.18: Diagrams of force displacement test [114] and simulation

Since this behavior is directly related to the shape of the tooth, therefore, the three tooth-shape
models, as the varying parameters (Fig(4.19)) were simulated to study their affect19 on νonMises
stress. The Fig(4.20b, One) shows that the shape manipulation can change the stress drastically. It
can be concluded that the shape C3 with(a/b=3/5) has better performance compared to the evaluated
shapes. Therefore, re-bar was added to the most optimal joint type in its zone under the tension,
followed by an increase in its thickness. The result of the test and the simulation can be written as:

1. The tolerated bending moment is equal to 1/3 of integrated elements because only 30 percent of
the width of the beams is under tension. For calculating the selected joint in the range of 15-
200mm, “without re-bar” and cracks (only elastic performance) M.6

bh2
must be converted to M.18

bh2

which must be less than allowed concrete stress. For instance, if 6M
b = 1, in calculation of the

joint thickness(hj) looking for the same performance as integrated part, it must be considered
hj = 2

√
3.h.

M :Bending moment, h :Height of the section and b:Width of the section.

2. The neglected parameter in the last test relates to the absence of re-bar, which has been compli-
mented here “with re-bar”20. The effect of re-bar in narrow elements is negligible, however, this

18The geometry shown in the chapter (2).
19However, having lots of variables, two of them changed.
20This result coming from simulation but not proved by test independently
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Figure 4.19: Tooth shape joint geometry

is not the case in the thicker elements. The elements with both re-bar and acceptable geometry
that do not pass one another instead of being broken, can enter Elasto-Plastic concrete design
level and be calculated as “1/3” reinforced concrete element with the same height.

3. The geometry must be designed in a way that doesn’t let them pass through each other what
easily happens, but having the maximum width in the area under tension is essential.

4. They don’t resist under the shear load. They must be supported by the other elements on the
site; for example in Wall-Floor system, the walls have this duty, or in the geometry of test 8 they
were made in two levels, letting the shear be transmitted by the other part of the connection,
Fig(4.22).
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4.2.2 New Joints Test Results

The sections of the precast concrete building elements are, most of the times, weakened due to ‘cut-
offs’, for their pleasant appearance and easy dry jointing at construction sites. This section exper-
imentally and numerically evaluates the bending strength of nine precast concrete dry joints, inter-
connected as ‘beam-to-beam’ and/or ‘beam-to-column’ connections. The intricate geometries of the
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tested specimens-inspired by improved carpentry, or even wooden puzzles-were made with reinforced
self-compacting Ultra-High Performance Fibre Reinforced Concrete (UHPFRC), cast in form-works
manufactured by a 3D plastic printer. Pre-stressing was, also, applied to these concrete sections, for
further amplification of the performance of the elements. Then, the specimens were subjected to bend-
ing loads under the load test machine, and the load-displacement measurements were correlated with
the results of the numerical models.

Considering the four-point bending flexural test machine properties, the cross-sections dimension
were limited to 10×10cm for the elements. Additionally, to compare their behavior with casted elements,
a typical beam was made having no joint throughout, which can be a good criterion for the test. All the
beams have identical re-bars which mainly include 4 longitudinal bars (4@8mm) and stirrups against
shear (@4mm). All the beam elements are constructed with the same amount of UHPFRC, but different
strength. For making the joints, one hole is bored through the beams, allowing the pre-stressed elements
to pass through, without being in touch with the concrete. Then the pre-stressed loads are applied
on both ends of the beams. The length of the beams was 90cm (except tests(4-6)) and pure bending
applied, using the four-point bending flexural testing machine. The distance between load points is
20cm which is 2 times larger/bigger than joint sizes. As a result, all joint parts are in pure bending.
Despite the effect of axial loads coming from both sides, the elements behavior can be compared with
same dimension columns and pre-stressed beams.
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Figure(4.21a) shows the columns interaction diagrams for sections (10×10cm and 10×5cm) with the
same re-bar, which was a measure for the results, modeled by Section Designer (C-28). As can be seen
in the larger section, the maximum bending moment without axial load is 0.43 Ton.M and maximum
capacity is 0.65 Ton.M . Based on the average of different standards’ calculation methods, the section
can resist 0.55 Ton.M . This amount in testing dimensions is matched with about 3.7 Tons axial
load, this ratio as well as deflection was plotted in Figure(4.21b) for corresponding testing dimensions,
which should be comparable with original beam in first test. The other diagram (Fig(4.21b)) shows the
amount of bending moment by increasing the axial load as well as load deformation that was calculated
by assuming elastic behaviour and not elastic-plastic21

In order to calculate the beams’ properties, the Section Designer (CSI) was utilized and the beam
sections by all types of noticed concrete were calculated, with and without pre-stress axial loads. It
was shown that concrete properties is not in this section due to the amount and pattern of re-bars
so influential, but the applied pre-stress load. Diagrams of Bending moment and Curvature in same
sections with two types of concrete (UHPFRC and C-28 strength) with and without pre-stress loads
are plotted in Figure (4.21, c). The detail of rebar pattern can be in each test’s diagrams recognized.
The forces displacement and amount of stress in each testing in two different types of diagrams, along
with detail of reinforcement bar orientation and dimensions are plotted (Appendix).

Test 1: The test model 1 itself, was mostly a criteria for checking the cast in place behavior and
comparing it to the other suggested joints models. The diagram (Fig(7.10a)) illustrates the load-
displacement value obtained from the physical test and Abaqus modeling, which shows the trend
similarity between them22. In this diagram the Cartesian points include failure in steel and concrete
under the tension and the concrete first crack during the test shown23. It can be seen that the amount
of the load for the first crack was on average 3.25Ton and for yielding steel 3.9Ton. The interaction
diagram Fig(4.21b) shows bending moment value was around 0.5Ton.M which is cognizable slightly
higher than manual simple concrete beam calculation. The maximum stress and load were calculated
by simulation plotted in Fig(7.10b), in which the material properties concern the concrete enters the
plastic zone, before the other material (chapter (3)).

Printed using Abaqus/CAE on: Mon Oct 30 11:05:09 W. Europe Standard Time 2017

Figure 4.23: Test 1: Simulation and test results

21SAP2000: P = 1Ton deformation 0.03cm.
22The difference at the end of curves come from Abaqus and test measurement characteristic not different behaviour.
23The first testing crack seen by eyes not scanning.
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Test 2: The test model 2 was simple to physically model and assemble but does not show a good
behavior both during physical and virtual modeling. The simulations (without test) suggests that its
application with a more axial load in comparison to bending moment is more robust. It began to show
cracks under 0.75Ton of load and steel achieved its maximum stress in 1.5Ton, which is approximately
35% of a full beam load. During the test, it was observed that the hollow-box-element, which is weak
element, independently transmits the load to the joint full-box-element side. The full-box-element has
a section area dimension which is exactly half of the full beam section, time-wise however, reaches the
tension later than the hollow box. It means making its dimensions smaller, compared to the hollow box
side, can improve the joints performance. This weakness was caused by not using re-bar, which works
simultaneously with concrete in suitable place. Active re-bar has a high distance with the bottom side,
which causes large crush and cracks in concrete.

Printed using Abaqus/CAE on: Mon Oct 30 11:04:02 W. Europe Standard Time 2017

Figure 4.24: Test 2: Simulation and test results

Test 3: The test model 3 has acceptable behavior which is better than its primary manual handmade
calculations. It means it works with around 60% of a full beam capacity, however, the quality of the
concrete in this test and modeling is lower than test model 1. As can be seen (Fig(4.25)) a large area
of the joint becomes red means well stress transmission in the joint has occurred. The stirrups re-bars
in this area (near to exterior joint edges) have an important characteristic and usage that was lacking
in the other joints. In the tests 1,2 and 3 various concrete materials are used, so the test evaluation
among them is not viable, but providing a valuable overview. These two connections show minimal
35% of the cast in place performance in bending and higher in under the Axial load. If the properties
of optimal shells, such as independence from the thickness, in average 20% of allowable stress, low
bending moment and the possibility of increasing the dimension of connections exist, the work-ability
of these simple joints in new shell approach design can be verified. In fallowing tests, the other types
of connections with more elevated resistance discussed and in the tests(4-6), shear was also regarded to
be evaluated for the wall-floor sections in buildings.Printed using Abaqus/CAE on: Mon Oct 30 11:08:27 W. Europe Standard Time 2017

Figure 4.25: Test 3: Simulation and test results
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Test 4: The general goal of designing the joints is breaking after the columns, the walls and the beams,
which are connected (Fig(4.22)). In this model, after increasing the load to 3Ton(shear), the first crack
appears due to the tension; which results from bending moment effects on the Discussion point of the
topside of the element B(4.22,d). The amount of bending moment is high(≥0.55Ton.m), which even
the steel didn’t reach its maximum allowed stress. This process occurred without considerable damage
in the base(4.22,d(Se.A)) to indicate the robustness of the joint. The amount of stress is shown in the
Fig(7.13b) (loading vs stress). It indicates that the concrete under tension followed by compression
achieves its maximum amount before the others.Printed using Abaqus/CAE on: Fri Jun 09 12:29:45 W. Europe Daylight Time 2017 Printed using Abaqus/CAE on: Fri Jun 09 12:44:18 W. Europe Daylight Time 2017

Printed using Abaqus/CAE on: Fri Jun 09 12:36:47 W. Europe Daylight Time 2017

Figure 4.26: Test 4: Simulation and test results

Test 5: In order to increase the stability of wall during the assembly process and using a smaller
opening in the floor, the following geometry is suggested for the assembly purpose. Since the joints on
top and bottom of walls must join each other to insert higher axial loads to the floor, these properties
as joints to the floor in top and bottom of walls that get embedded in the floor, should be located
beside each other, however, not on the top. The gap between the appendage joint of the walls lets the
wall stay on the floor directly without the opening. The amount of load and its deformation shown in
Fig(7.14) with no sign of failure in the model, however 1.68Ton loads from each direction push it in its
place, the embedded part after a crash in internal parts corners went out of its place. That is a proof of
its acceptable performance, if is to be installed as the wall connection under the building weight load.Printed using Abaqus/CAE on: Fri Jun 09 12:30:58 W. Europe Daylight Time 2017

Printed using Abaqus/CAE on: Fri Jun 09 12:42:35 W. Europe Daylight Time 2017Printed using Abaqus/CAE on: Fri Jun 09 12:35:48 W. Europe Daylight Time 2017

Figure 4.27: Test 5: Simulation and test results
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Test 6: As is shown, the tooth-shaped C3 has a better bending performance, but these types of
connections do not tolerate any shear. On the other side, the previous joint does not have any strength
against being pulled out. The three parts as in the Fig(4.28) must be assembled in a specific order. It
is inspired by C3 and Corbel format, that can be used in Wall-Floor and Beam-Column connection.
The test showed concrete cracks in part F (Fig(4.22),f(discussion point)) in around 1.5Ton, but steel
reached its maximum stress in 2.3Ton, which is 0.6Ton.m bending moment in cracked area. This is
an acceptable performance which can be improved. It caused stress accumulation in one re-bar, due
to physical modeling inaccuracy. That means putting re-bars under tension one by one instead of two
re-bars simultaneously. In the tests 4 and 6, the re-bars were ruptured fully due to the load increase
but not in the other tests.Printed using Abaqus/CAE on: Fri Jun 09 12:32:46 W. Europe Daylight Time 2017

Printed using Abaqus/CAE on: Fri Jun 09 12:41:35 W. Europe Daylight Time 2017

Printed using Abaqus/CAE on: Fri Jun 09 12:33:58 W. Europe Daylight Time 2017

Figure 4.28: Test 6: Simulation and test results

Test 7: This scarf cross joint is not a head-to-head joint but is a way for connecting two the same
beams, which have two rectangular voids. Beams which cross one another, use the facing beams parts as
the area under pressure, which can be obtained by looking at bending moment diagram in the software
easily leading to a couple with re-bars under tension from one beam and concrete under pressure from
the crossing one. It is 15% weaker under the same condition compared to the integrated beam, while
breaking behavior is the same (Fig(7.16)). It happens when the downside works under tension and
two beams move with each other. Otherwise, the weakness percentage would be more than 60% with
the dimensions. These percentage of course by changing the dimension varies. In this test, a beam
with re-bars in top and bottom showed the same characteristics similar to a beam with only the twice
bottom re-bar under tension. In case of applying a load in the unfavorable direction in the height of
the section with both side re-bar divided by two, while the load of the two beams crossing each other,
might be applied on one of them by not moving with each other.Printed using Abaqus/CAE on: Mon Oct 30 11:11:37 W. Europe Standard Time 2017

Figure 4.29: Test 7: Simulation and test results
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Test 8: The semi-scarf joint models don’t show a robust behavior, because the two parts compared
to other tests do not start to work at the same time. In these pictures (Fig(4.30)), it can be seen that
the downside doesn’t resist against the tension and separated. It is only the pre-stress load that keeps
them in their place. This model was inspiring by C3 tooth-shaped(33% of a full beam) and two layers
(like Japanese scarf joints). While a few more details were added in order to improve its behavior, by
applying these changes which enables them to tolerate shear from one direction, as well. It was also
tried to be strengthened by applying pre-stressed load. These changes could improve the C3 two-layered
joint by 15%, which means it tolerates 48% of a fully integrated beam bending moment capacity.

Printed using Abaqus/CAE on: Mon Oct 30 11:13:26 W. Europe Standard Time 2017

Figure 4.30: Test 8: Simulation and test results

Test 9: This model, considering the acceptable behavior under bending condition, is the most robust
model, which is approximately 85% of the full beam, easy to construct and assemble. It has three
parts including one small pin in the middle that its duty is keeping the beams in their place, otherwise,
they push each other and are separated before being broken (Fig(4.31)). During the breaking time,
they transmit the load between the rings and an equal amount of stress affects simultaneously the both
sides, it means they work symmetrically. Then downside, similar to a typical beam, starts to crack and
the re-bar in that area starts to act at the same time simultaneously. In comparison to the other test,
the gap between concrete failure 3.2Ton and steel tension in 3.4Ton (Abaqus diagram, the Fig(7.18))
is not significant, means passing an Elasto-Plastic process abruptly.

Printed using Abaqus/CAE on: Mon Oct 30 11:20:23 W. Europe Standard Time 2017

Figure 4.31: Test 9: Simulation and test results
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Conclusion of connection analyze:

These joints have the capability to tolerate bending moment and shear, additionally, they are detach-
able and fast in assembling. The suggested connections cover different types of connections that can
get connected to each other in different ways, e.g. column-to-column, wall-to-wall, beam-to-column and
column-to-slap. They are all essential parts of a building, which allow the construction of a full prefabri-
cated building system possible. The eight selected geometries which regarding the pre-simulation, have
shown their different capacity that indicates their potential as different structural elements. Namely,
this section displays two main points: First the possibility of utilizing dry connections with similar
geometry in the being suggested precast approaches. Then proposing new types of dry connections
which can be developed and utilized in a wide range of sections. While the tooth shape connection can
be developed and used by some changes in the geometry and adding re-bars.

In all head to head joints, the test number 9, had the best performance, with the ability to be used
in different types of connections.It was shown that the bending moment in time of the first concrete
and steel cracks. In the head-to-head group, the geometry of the Test 2 was performed as the weakest
one(0.24 Ton.M), while the geometry of the Test 9, had a remarkable operation. The maximum amounts
in this diagram belong to the head-to-side(Tests 5-7) connections, which indicate the beams connected
by them, disrupt in advance. Parameters like confinement in these joints, for instance, caused 10%
higher bending moment capacity in the connection number 4. As the case in previously suggested joint
connection shape, alternative connection options are also inspired with published references or other
sources, e.g. carpentry joint and children puzzle, adapted, simulated and improved. Their geometries
are displayed as the appendix (Fig(7.6)).

a. b. c.

Figure 4.32: Examples of application of suggested connections in concrete prefabricated buildings

Post Face and Outline

The aim of this chapter is preparing the essential parameters for the suggested precast shell and build-
ings approaches, in which artificial intelligence in finding the general form or configuration is utilized
and digital fabrication in manufacturing process is assumed. The Isler shells’ assessment indicate the
main structural parameters and the drawbacks of these optimal shells, which is utilized in the next
chapter as the cost in form-finding approach, e.g. low bucking coefficient and low eccentricity. Then,
connections-section proved the possibility of utilizing the mentioned connections in the precast building
approaches e.g. the suggested methods by the current study, which are detailed in the next chapter.
However, some aspects like building process or impact of joints as imperfections on buckling, and further
evaluation of joint for practical application must be more intensively studied. Summary of this results
was discussed in the concluding chapter, and in the next chapter, three suggested approaches regarding
the aforementioned assessments are described one by one through simple examples in different sections.
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Preface and Targets

In this chapter, the goal is suggest-
ing three new approaches for precast
structures: 1- Shell Form Finding
(SFA), 2-Wall-Floor (WFA) and 3-
Beam-Column (BCA) buildings sys-
tems, in which artificial intelligence
optimizes the structures in a novel
way by placing the elements or joints
in the optimal places, leading to the
structurally optimum performance.
To illustrate the suggested ap-
proaches and the algorithms, for
each one of the three suggested ap-
proaches, individual steps are de-
scribed and then applied to the sim-
ple geometry for the illustration.
Then, the assemblage process for
each approach is illustrated, which
includes suitable joint shapes for
these particulate approaches. In con-
clusion, the two building approaches
were compared with the cast in place
and a common precast system, while,
time, necessary facilities and difficul-
ties were considered as the main cri-
teria. This approach was studied in a
multi-story building to illustrate the
advantages of each system, e.g. Wall-
Floor, Beam-Column, cast in place
and common precast systems.

5. Suggested Approaches:

Ch.5.

5.1.Shell Form-Finding
Approach (SFA)

5.1.1.Buckling
Optimization

5.1.2.Shell Form
Finding Approach

5.1.3.Shell Segmentation
and Assemblage

5.2.Wall-Floor Building
Approach (WFA)

5.2.1.New Approach in
Wall Location Allocation

5.2.2.Wall-Floor
System Assembly

5.3.Beam-Column
Building Approach (BCA)

5.3.1.New Approaches in
Joints Location Allocation

5.3.2.Beam-Column
System Assembly

5.4.Comparing the
Building Systems

5.4.1.Management Method

5.4.2.Comparison Results

Another goal is designing the structures in a way that can be made in automated factories, which
can be assembled by minimum labour on the site. Therefore, all in all, results of this chapter must show
the full process of making the optimal form of the structure being constructed by digital manufacturing
that can be assembled24 later. The suggested approaches, in addition to regarding the manufacturing
process and optimization algorithms, have some advantages such as solving the chain collapse and
reducing the construction time. The limitation in the dimensions of all precast segments is regarded,
which makes the manufacturing and construction process certainly accessible.

5.1 New Shell Form-Finding Approach (SFA)

5.1.1 Buckling Optimization

The day by day improvements in material strength, e.g. the UHPFRC and the tendency of designers to
use more slender elements, should lead to thinner shells, while buckling has exponential relation with
thickness25. It means if the thickness get reduced to the half (UHPFRC has approximately 6 times
more strength than typical concrete) the buckling residence becomes 8 times weaker, leading to not

24The segments dimension and weight allow the construction-site to utilize low capacity crane carrying them.
25e.g. flexural stiffness per unit= Et3

12(1−ν2) , ν =Possin’s ratio.
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using advanced material and thinner shells, when highlight the importance of the buckling optimization.
That is the reason why, in this section, the shell number 2, which is a symmetric shell with a weak
buckling performance was chosen for the optimization process. The Rhino model of this shell form was
segmented by Grasshopper and the nodes of each segment were sent to Excel as x, y, x coordinates,
then MATLAB coding script imported the coordinates data. In the next step, Applied Programming
Interface (API) which is defined to enable an interface between MATLAB and SAP2000 was used to
allow the modeling and analysis in SAP2000 automatically.
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Figure 5.1: Buckling optimization shape and target achievement in shells (a) Three iterations of the
shell optimization and (b) Two optimization iteration processes

In this way, SAP2000 can analyze the buckling factor of the shells which exists in Rhino considering
the material and other properties that were defined in codes script. After analysis, the buckling and
modal results were migrated to a text file by SAP2000 and processed again by MATLAB. Finally,
this loop plugged into particles swarm intelligence algorithm (described in methodology chapter) that
was written in 3D area for each nodes movement. Where the goal is maximization of summation of
3 first non-symmetry buckling factors and variables corresponding to the places of the nodes. The
result of buckling optimization (Fig(5.1a)) by the normalized curves improvement’s rate after 50 and
90 iterations, showed less than 30% reduction in cost after 90 iterations (Fig(5.1b)) by increasing the
height26 and jagged part in the shells. The result is theoretically correct with the buckling factor
increased by reshaping the smooth form to folded shape that causes an increase in the local moment of
inertia (Fig(5.2)). However, it does not increase the factor considerably and similar to some other shell
optimization (chapter (2)) the form might be unwanted (Fig(1.6)). For further improvement adding
stiffeners, making the shells in 2 layers or applying ridged shells can be performed, which despite the
random nature of algorithm, cannot be achieved by moving the nodes. Applying this jagged form is
possible by using segments with different edge thickness or adding the side angles in the segments side,
as a new form construction approach through the structure.
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In a general context, this means filtering out the 

essential shape parameters that mostly contribute to 

the objective. In a numerical context, a mathematical 

filter is chosen to condense the solution to a smaller 

set of geometrical mode shapes and to reduce the 

number of design degrees of freedom. This process 

is denoted as regularization or smoothing. It is clear 

that the kind of filter as well as the filter process can 

be freely chosen as an additional and most important 

design parameter. It is possible to define a procedure, 

as implied by the paper example, to first filter high-

frequency design noise, and second apply geometrical 

filters. It is, however, also possible to apply indirect 

filters by pre-selecting and favouring certain classes 

of solutions in advance, such as a stiffener pattern 

of certain cross sections and spacing, chosen because 

of manufacturing or aesthetical reasons. There is no 

doubt that the latter approach is the more ingenious 

one, as a large set of other solutions, perhaps even 

better solutions, might otherwise be undetected. It is 

up to the insight and imagination of the designer how 

to define a procedure of pre-selection, regularization 

or pre-filtering. Most often, however, this task seems 

to be a somewhat mysterious one, or a vague one at 

best. From this point of view, form finding truly is an 

art.

5.3 Design methods for shell 
structures

In the following sections, two methods for form 

finding of shells are discussed that satisfy, at least 

approximately, the criteria mentioned in the 

Section 5.1.

Figure 5.1 Stiffened shell structures made from folded paper: (top left) without stiffening, or with a (top right) coarse, (bottom 
left) fine, or (bottom right) random stiffening pattern
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Figure 5.2: Stiffened shell structures made from folded paper [13]

26The movement limited by some parameters like distracting each steps nodes movement, otherwise, the optimization
result changes the shape to a messed up form.
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Buckling Optimization Results Evaluation From optimization output it can be concluded that,
increasing the height and making folded shell can be a solution, but on the other side the jagged result
may be a part of nature of initial randomly selected variable by the algorithm that changes the form
even without having any targets, and that is the point that must be cautiously evaluated.

Figure 5.3: Used nested and sinusoidal profile in 1(L) and 2(R) directions

To that end, the shell number 2 modeled by grasshopper in Abaqus in sinusoidal and nested 1
direction profiles (Fig(5.3)L), however, the first buckling analysis shows that the changes in folded
shape do not improve the outcome, but reduce it drastically. Further, the dimensions of nested shape
were changed slightly, which also didn’t improve the performance. Therefore, the application of the
waves format was changed from one direction wave segment to segments with waves in both directions
and the profiles height was increased (Fig(5.4)) and buckling for each geometry was calculated step by
step. It was observed that however, the waves segment with both direction profile has a two-fold better
performance, which is yet lower than a simple shell (Fig(5.4)).

1
2
3
4
5
6

0 10 20 30 40 50

Double direction buckling
Double direction Eigen value

Single direction buckling
Single direction Eigen value

1
2
3
4
5
6

0 5 10 15 20 25

Figure 5.4: Buckling factor changes in single and double direction wave

This phenomenon occurs because the buckling mode finds its shape even better through the made
waves (most economic path snaking through profile). The reason for performing against the optimiza-
tion results is differences between them27. That must be also added to the models.
- First the algorithm folded shape and places were founded randomly, while the simulation is well de-
fined. - Then because of reducing the cost of analysis in optimization process, the number of segments
for making the shells had been kept low with the large segment dimensions, leading to larger folds.

After applying the proposed improvement, comparison was applied to the higher simple shells,
higher shells with small profiles and higher shells with larger random profiles (Fig(5.5)). It was found
that the buckling factor in random shapes with small waves is half(1/2) of the simple shell and in larger
ones is 25% better, similar to the optimization output.

 
 

  

 

 

 

 
 

  

 

 

 

Figure 5.5: (Left) Higher simple shell (Right) higher shell with big random profile

27This discussion is not about shells with a special design like a big wave in one folded curve shell.
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5.1.2 Semi-Supervised Form-Finding Approach

This section proposes a general Semi-Supervised Form-Finding Approach (SFA) for optimization of
shells, where, an initial geometry referred to as the ‘Directive Form (DF)’ influences and directs the
shape optimization process. The degree of the influence of the DF over the optimization process is con-
trolled by the optimizer algorithm. A normal option involves stronger influence of DF within the early
stages of the optimization process and a vanishing effect towards the later stages of the process. The
method is illustrated through an example using the artificial intelligence for the optimization process.
The selected problem is optimized with Particle Swarm Optimization (PSO) algorithm in MATLAB.
The required structural analysis of the optimization steps are carried out by the finite element software
SAP2000 which is linked up with the optimization algorithm via the application programming interface
software.

The coordinates of the nodes over the surface of the shell are selected as the optimization variables
and the semi-supervised algorithm finds the desired optimal form by minimizing the eccentricity of the
forces as the target function. Conventionally, the engineers and architects design the forms with con-
sideration to certain constraints and parameters such as support positions, essential heights and spans.
The proposed form finding approach considers these parameters as guidelines rather than limitations
and constraints. In other words, the parameters define the ‘Directive Form (DF)’ and provide extra
information about the possible forms of the shell and help to supervise the optimization algorithm to
find the most optimal forms as swift as possible. The goal function and thus, the proposed form-finding
method aim at maximizing the normal stresses in the shell while minimizing their eccentricities. It
could be stated that a shell with lower degree of eccentricity under the applied loads, will be optimal.
Since, the low eccentricity leads to lower structural weight, hence, it could be considered as a cost
measure and target as well.

Minimising the eccentricity of the shell (elements) under the applied loads and in the desired space
is equivalent to attaining the pressure area [17] for the shell. To achieve this goal, in PSO algorithm,
the swarms (hypothetical nodes over the shell) find the next position, with regard to the local and
global best positions. Based on the previous studies, in general, it is not practical to optimize a shape
by assuming the displacement as a variable at every node of the form, as it leads to a system with
numerous optimization variables, and hence, the solutions would end-up with a considerable geometric
noise. The origins of this frustration come from the following sources:

Figure 5.6: Form-finding with a hemisphere as the Directive Form (DF)

1. Immense number of variables for (x, y, z) coordinates of each nodes in infinite space.

2. Random movement of the nodes cannot suggest suitable velocity and direction for the particles.

3. Lack of suitable target.

4. Lack of customizable parameters and accelerators in AI algorithms.
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5.1.3 Application of SFA

The suggested Semi-Supervised Form-Finding Approach (SFA) overcomes the above-mentioned obsta-
cles. As the first step of semi-supervised form-finding method, a DF is defined. The DF is a general
form with plan parameters, possible support positions etc., which supervises the form-finding process
and pushes the position of the nodes in the preferred (right) direction. The geometric particulars of
a ‘static’ DF, that is, its span and the support positions etc. are fixed throughout the optimization
process. A DF enters the optimization process by addition of a fraction of the height of its nodes to
the heights of the respective nodes of the target form. Since, only the continuum shells and surfaces
are discussed in the present section, therefore, the main parameter under consideration is the height
(the z-coordinates) of the nodes, but in general, DF could involve the general [x, y, z] coordinates of the
nodes. This operation is considered as directing and supervising the optimization process, where, the
value of this fraction dynamically diminishes after a number of iterations. The basis for defining a DF
could be structural and/or architectural criteria and preferences, and hence, a DF could be as simple
as the feasible height-to-span ratio of an arch [140] and the free sketch of an architect.

a) b) c)
d) e) f)

Figure 5.7: Shell changes in semi-supervised optimization process (SFA) (SAP2000-PSO in MATLAB)

Without, the DF, the optimization algorithm will have weak performance even in a restricted search
space. Figure(5.6) demonstrates eight distinct stages of form-finding with a hemisphere as the directive
form. The initially shallow surface of the left of Fig(5.6) gradually develops into the deeper shell in the
right of the figure. For the continuum body of the shell structures, among the other factors, the change
in the curvature is the main source of their structural behaviour, whereas, in the lattice structures,
additionally, the interconnection pattern influences their structural behaviour. The manner, in which
the change in the geometry of the shell occurs, follows the simultaneous effect of the optimization
algorithm and the directive form of the hemisphere. In other words, the hemisphere influences the
direction of the movement of (the nodes of) the surface of the initially shallow shell and pushes it in
the preferred direction which is defined by the surface of its DF, otherwise, the random nature of the
movement of the nodes of the initial shell in the three dimensional space would end-up with a noisy
situation which hinders achieving the local or the global optimum shells.

Figure 5.8: Examples of the effect of applying different Directive Forms to the basic plan and allocated
supports

The ability of the artificial intelligence could also be employed within this form-finding approach.
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The DF has stronger effect in leading the nodes in the earlier stages and iterations of the process, but,
this effect vanishes in the later stages of the form-finding process, in order to allow the ‘more free’
movement of the nodes in the directions dictated by the optimization rules. Within the optimization
process, a coefficient referred to as the ‘dampening coefficient’ adjusts the degree of the influence of the
DF in the optimization process. The reduction in the radius of the directive hemisphere, of Fig.5.6,
indicates the vanishing influence of this directive form in the form-finding process. In the later stages
of the optimization, the form which has already satisfied the essential parameters of PSO appropriately
can promote the shell to optimal form. To sum-up, it could be stated that, a DF acts as a source of
resemblance of the finally achieved optimal shape with that of DF.
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b) Normalized Averages: Ecc : 9× 10−5, P : 0.96, V2 :
0.19,M3 : 0.82
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c) Normalized Averages: Ecc : 7.9×10−5, P : 0.67, V2 :
0.3,M3 : 0.59
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d) Normalized Averages: Ecc : 7.6×10−5, P : 0.65, V2 :
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Figure 5.9: Changes in internal forces (P, V2,M3 in (Ton,M)) and forces-eccentricity (Ecc) during
form-finding process

The directive form can have any shape such as a pyramid, a cube etc. in particular, it can be a
combination of two or more simple shapes, or it may have a free form. Figure 5.8, exemplifies the effect
of various simple or combined directive forms on the form-finding process. Each of the forms of Fig.5.8
has a basic flat plan with supports all-around their perimeters, sides or corners (shown in solid black)
which are developed under the influence of the directive forms. Isler designed and built many such
shells in Switzerland by his experimental form-finding method (e.g. Coop Distribution Centre). Two
of the forms of Fig.5.8 are attained by the use of five and three separate directive forms. As it is seen,
each member of the combined directive forms can be freely located and can have geometry distinct
from the other directive forms. It also is possible to have simultaneously multiple numbers of identical
directive forms with different heights in the same plan area.

The positioning of the directive form on the plan of the optimization area also influences the form-
finding process. As mentioned earlier, the directive shapes have higher influence within the initial steps
of optimization and a much weaker effect in the later steps. It is also feasible to select and apply the
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already optimized shell geometries such as a shell from the works of Isler as the directive form.
The supervising effect of the DF on the optimization process may be enhanced by manipulating the

PSO parameters, throughout the process or in a partially limited number of iterations. For instance,
within a fraction of the whole number of iterations, the effect of the DF may be amplified by changing
the coefficient of the velocity of the particles (ω) in the algorithm, meanwhile changing the parameter
(ω) will change the speed of the convergence.

The following considerations are noted in the process of optimization:

1. Defining the structure to be optimized: The
initial structural data consisting of the plan
shape, the coordinates of the nodes, and
the mechanical properties of the material,
the loads and the supports are all defined
at this stage.

2. Sending the initial data for randomization
and adding the coordinates of the directive
form in small increments to the coordinates
of the nodes of the flat shell. The height of
the nodes (or their coordinates) are calcu-
lated by using the coordinates of the corre-
sponding nodes of the initial (flat) shell as
geometrical function of the directive form
and is added to the height of the respective
nodes of the shell.

3. The PSO, as the optimization algorithm
is introduced with the (x, y, z) coordinates
as the variables and with the target of ec-
centricity of (Σei). Then, for each step,
SAP2000 calculates the internal forces of
the models and the results are input again
by MATLAB to calculate the amount of the
eccentricity of all of the shell elements by
Eqn.(5.1)
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Figure 5.10: The main flowchart recommended
for coding the programm

n∑
i

ei =
|Mi, Vi|
|Fi|

→ 0 (5.1)

Where, ei is the eccentricity, i, represents the typical shell element for i = 1 to n, andMi(=
M3i), Vi(= V2i) and Pi,, represent the major bending moment (in the local direction 3), the
related shear force (in the local direction 2) and the axial force of the shell element i, respectively.

4. For the present example, the hemispherical shape as the directive form is generated and is added
gradually to the rectangular plan which is to be optimized, in about (1/5) of the iterations of the
process, meanwhile the related coefficient (ω) of the PSO algorithm is changed as well.

5. The result of the optimization algorithm should be independent of the generated form. To achieve
this, an attenuator is applied to additive geometric function.

6. The used algorithm for this example is drawn as a flowchart in Figure 5.10, is suggested as
authoritative programming algorithm. In this example, SAP2000 as the FE calculator is linked
to MATLAB via Application Programming Interface (API). This aforementioned tool enables the
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users to define the full initial geometry and optimization algorithm in MATLAB. It also re-reads
and plots the FE calculation results, while the form is plotted in each iteration by SAP2000.

7. The loop continues until suitable values of internal forces are obtained which are monitored by
the optimizer. The number of iterations can be controlled by any breaking measure such as the
acceptable value of eccentricity or the cost. Figure 5.7, illustrates the form finding process in six
selected steps and Figure 5.9, gives the value of the three forces P, V2 and M3 for the elements
of the same shell at four distinct stages (iterations) of the optimization process. At early stages
1(top of Fig.5.9), the bending moment M3, varies in the range [−16,+8] t−m, and the axial force
P has a negligible value. At stage 2, M3 varies in the range [−8,+6] t −m and the axial force
P varies in the range [−6,+0.5] ton. At stage 3, M3 varies in interval [−6.8,+6.8] t−m, and P
varies in interval [−5.5,+0.5] t and finally at stage 4, M3 and P vary in the intervals [−1.75,+3.0]
t−m and [−10.5,+1] t, respectively. The diagrams show improvement of the eccentricity in steps
forward with the reduction in value of bending moment compared to the axial load as the flat shell
gradually transforms into the optimal shell, which also exhibits the robustness of the technique.
It is noted that the value of the major bending moment has decreased while the value of the
compressive axial force P has increased, also, with increasing the number of stages the value of
V2, has decreased. Minimizing the shell eccentricities has already been used by shell designers as
a major method to achieve efficient shell geometries, such as Isler’s design of the main shell of
Truffaut Villeparisis and Wyss Garden Center.

8. In the supervised algorithm, the eccentricity (Σei) consistently decreases due to lack of axial
forces P in the initial forms. With advancing the steps the average axial load might decrease,
nevertheless, in general, the ratio of M3 to V2, of the goal function will undoubtedly reduce.
Regarding calculation of the eccentricity, various cases could occur, for instance, numerically V2
might have a greater value then M3, on the other hand, the reduction of the bending moment
might be more vital to the designer, to deal with such cases, the performance could be adjusted
and controlled suitably by utilizing the related coefficients within the algorithm.

Optimization parameters such as velocity Vi, the random number U , and the initially defined di-
rective form assist the form-finding as well as fulfilling the aesthetic aspects of the form. The method
is not limited to a particular type of loads such as gravity loads, and loads in other directions can be
considered as well. Additionally, the optimization process can be combined with buckling and other
types of structural behaviour. Due to the mentioned features, this method of optimization is more
effective and efficient than the common methods of form finding.

The proposed optimization method not only can be applied to (initially) flat plates but also to
initially non-flat shells. In other words, any two different shapes can be mapped or somehow converted
to each other, by a well-defined function under suitable analytical assumptions, for example on a
manifold topological space and, then one of them can be optimized. Fitness functions via packages
such as MATLAB can map the node coordinates obtained by the optimization process into the nearest
smooth surface.

5.1.4 Shell Segmentation and Assemblage

In order to construct the achieved optimal form as a precast structure, the segments shapes or the
connections places over the form should be calculated. The main parameter in this calculation for the
shell elements can be summarized as: 1-These connections are not as robust as the integrated elements,
which means that it should be regarded as the most sensitive part of the structures. 2- They have
different performance in terms of different structural components, e.g. displacement, bending moment,
axial force rate. For instance, a connection might perform better under axial force than the shear
force, while, these parameters and forces perform coincidentally. Therefore finding the optimal location
depends on the type of connection. For an example, a connector may hold 75% of the compressive force
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and might resist only up to 33% of the bending moment, while is so flexibly against the deformation
which may case extra eccentricity. As a semi-rule, the connections should be allocated in the places
where the force ratio is similar to the connections properties. 3- This selection, in addition to the force
values, is directly related to the dimensions of the parts. It means some of the places for connections
are inevitable.
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Figure 5.11: Load and deformation changing borders in 3 shells of Isler

The exact method for finding the location of the connections will be detailed in the next section.
However, as a brief method, naturally, it can be said that the places, in a steep slope of forces amount,
the less forceful places are the most suitable area for the connections, which, also depends on the most
potent force and the connection properties. For example, the blue and red lines in Figure5.11 represent
the locations that might be suitable for the fitting the connection lines regarding the result of stress
or deformations in three of the Isler shells, respectively. An interesting tool, related to this problem
which is commonly found in finite element software, is the possibility of showing a specific range of stress.

The operator can ask the software to display the
acceptable bending moment range in the analytical re-
sults, and then, according to this request, the acceptable
zones for a specific joint will be illustrated. For example,
the Figure(5.12) represents the acceptable load range
for an assumed type of connection, while other locations
are non-economic or demand higher load capacity form
connections. Another point in the simple optimal
shells with one main structure is the similar amount
of forces in each horizontal level, which, change grad-
ually and act as an indicator for locating the connections. Figure 5.12: Restricted zone loads

The other component is benefiting from the curved line in order to prevent a general rupture, which
transmits the loads by connections and elements step by step. Moreover, in order to drastically improve
the performance of the connection not only the magnitude of the forces and stress must be respected,
but the direction of them as the most effective parameter must be calculated. These components
represent the tendency of the structure to separate the pieces or keep them to each other. In addition,
in most of the optimal shells especially the shells by slender legs, it is essential to allocate the connection
in the furthest place of the support parts, respecting the maximum segments’ dimensions. According
to the stated cases and considering the capability of the connections provided by ITE, or proposed in
the previous chapter for the shell connections, the structure of the Badi-brugg designed by Isler can be
partitioned and executed in the form of Fig(5.13).
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Figure 5.13: Three different segmenting and assembling process of a precast shell (Badi brugg) by a)
Optimized break b) Sizable shell segments c) Grid shell, by the pre-proposed dry-connections [12], [115]
XXXXXX

For this segmentation due to the usual dimensions of vehicles for parts transformation, as an example
the dimension assumed limited to 3 meters in two sides diameter(3× 3m) and the maximum size of the
segment assumed less than 4.5 meters, which means, for instance, an element with dimensions of 1×4m
is manufacture, transport and assemble-able. In these three assemblage types, 1-The optimized break
element using two types of proposed connections, 2-Finger joints and 3-Non standard joints suggested
by ITE were modelized, displaying the ability and flexibility of these systems.
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5.2 Wall-Floor Building Approach (WFA)

This section suggests a new ‘Wall-Floor’ precast construction system by applying the artificial in-
telligence (AI) to industrialized prefabricated buildings, in which collaboration between optimization
algorithm, Engineer and Architect concludes to optimum wall configurations. The method provides an
easy application of AI in construction industry and to precast construction. Conventionally, structural
systems do not involve collaboration and application of AI to the overall construction of prefabricated
structural parts despite its gained efficiency in entire process of design and construction stages. MAT-
LAB is used as a platform providing the media for such optimization method. Finite element software
together with Particle Swarm Optimization (PSO) algorithm provides the means for design, analysis
and optimization of an illustrative example having a rectangular plan. Achieving the optimal beam
layout, under free and irregular arrangement of walls together with their connections are considered. It
is verified that, this system can optimize the structural performance while satisfying the architectural
parameters as well and allowing easy fabrication process with minimum efforts.

5.2.1 New Approach in Wall Location Allocation

In this study, for describing the approach’s algorithm, the process was operated with some assumptions
in Domino-House plan as the simplest possible algorithm. This can be developed to add lots of details,
and this model was selected as a simple example for illustrating. The methods for finding the beam
layout is inspired by famous optimization problems, e.g travelling salesman. And finally, the joints
assembling process is discussed and illustrated. Up to date, topology optimization couldn’t find its
practical place in building design industry. It is due to orienting and constraining the column and wall
location to the proposed architectural plan, which often leads to preconceived locations for structural
elements. In this way, it bears plenty of partition inserted loads, construction time and cost without
any structural usages, while avoiding structural optimization. These origin in the lack of optimal
cooperation between the architect and the engineer. Hence, an approach must be adopted so that the
optimizer, designer, and architect may collaborate together, and choose the best location for structural
elements with the minimum extra material.
The suggested Wall-Floor Approach (WFA) not only calculates the length of the wall28 in each direc-
tion, but also moves them in the plan(search area) in both x and y directions to achieve the optimal
performance, till reaching a consensus with the architect. Finally, the architect designs and makes the
finalized plan based on the optimal walls configuration. The topology optimization, yet has not found
its proper and practical position in building design industry, mainly, due to the fact that orienting
and locating the columns and walls are constrained to the proposed architectural plans. In this way,
extra loads are imposed by the walls and partitions which have not any structural function, and lead to
increased construction time and cost. Lack of strong cooperation between the architect and engineer is
the origin of such practice, and to overcome it, an approach should be adopted that provides sensible
collaboration between the optimizer, designer and architect in selecting the best location of structural
elements for minimum use of material. In the suggested Wall-Floor Method (WFM) the weight of the
(concrete) walls in each direction are calculated from their dimensions (the length and thickness), then
the algorithm moves them in the plan (search area) in both x (Length) and y(width) directions to
achieve the optimal performance, while reaching an agreement with the architect. Finally, based on
the optimal configuration of walls, the architect makes decision on the finalized plans.

28Since the column work similar to the wall but fewer parameters, wall made systems were illustrated.
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5.2.2 Application of WFM

The steps of the process are illustrated in
(Fig(5.14)) as a possible programming algorithm.
The method is, also, applicable to buildings with
columns or walls, and a combination thereof, how-
ever, here, only the buildings with wall elements
are considered. Additionally, the possibility of
free rotation of walls could have a high influence
in building design and can boost the architec-
tural and /or structural features. However, the
present discussions assumes only walls in x and
y directions. WFM benefits from two types of
elements 1-Walls with two connections on top
and bottom. 2- Floor segments with free beam
arrangement that is connected to each other by
finger joints. The WFM designs and locates walls,
where the optimal location of beams considers the
comfort and speed in the process of construction.
Then, the designed walls and the segmented
floors are supposed to be fabricated in automated
production line of factories, and are transported
to the construction site to be assembled by WFM.
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Figure 5.14: The main recommended
flowchart(WFM)

The following steps comprise the optimization process of the Wall-Frame buildings as used in the worked
example:

1. Finding the dimensions of the wall: Based on the amount of the applied loads and according to
the pertinent code of practice to concrete structures, that is, ACI (318.11), the size of the walls
is estimated to be 6 × 0.1m for both directions (x, y), regardless of the optimization algorithm.
As a rule, this step involves the optimization algorithm, nevertheless, in the present example for
the sake of simplicity, the sizes of walls are chosen prior to the main loop.

2. Segmenting the walls: The width of the walls, in the desired direction is subdivided into smaller
parts, which allows easy optimizing the size of the walls. The subdividing can be implemented
by various methods, for instance it can be applied as a variable and to be adjusted and optimized
in parallel with the main optimization variables (x, y), or it can be defined as a constant number
during the initialization step. Depending on the architect’s desires and/or the functions of the
building, distinct methods can be applied for subdivision in each x and y directions. For instance,
four methods are presented, herein:

(a) Division by a constant number
(b) Division by limited random numbers
(c) Division by Roulette Wheel
(d) The method that is practiced in the present example, accepts a random dimension by
considering a predefined number of segments N, where, the division is subject to minimum width
and maximum which is 0.3m, for the present case. The procedure is defined in MATLAB loop, as:

Minlenght = 0.3,
cont = 0,
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while 1000
Walllenght = diff([[0 sort(rand(N − 1, 1)′) ∗ Lwall], Lwall])
cont = cont+ 1
if Walllenght > Minlenght
break
end
end

By adding the maximum favorite length, the both upper and lower dimentions of the walls can
be easily limited.
if Walllenght > Minlenght & Walllenght < Maxlenght

and for having practical length

Wlenght = round(Walllenght × 10)/10;

Finally, Wlenght gives the practical width, rounded to the nearest 0.1m. The widths obtained
through any of the methods (a) to (d), assume initial widths of the walls, before the start of the
main loop of the global algorithm.

3. Limiting the wall-to-wall distances: As an architectural constraint, the minimum value of wall-
to-wall distance in each main plan directions, should be defined before the start of the main
algorithm, which could be changed in case of search for interference of walls. For instance, it may
happen that the walls in x direction interfere with the walls in y direction, and then the variables
of this step should be adjusted. To achieve this, the distance of each wall from the other wall in
each direction is defined by (∆x,∆y) calculated by the first-norm (city block distance), then the
minimum of each distance D is measured by

‖∆xi,∆yi‖ = ‖xi − xii+1‖+ ‖yi − yii+1‖ (5.2)

‖D‖ = max(∆xi
j ,∆yi

j) (5.3)

Accordingly, an arbitrary desired distance (Ar) that can be a number, a matrix or even a random
matrix (depending on the architect’s and engineer’s goal) is defined and is subsequently altered.
Hence, the defined matrix (A) and distance matrix (D) are multiplied, for example:

A = Ar ×


0 0 0 1 1
0 0 0 1 1
0 0 0 1 1
1 1 1 0 0
1 1 1 0 0

 =⇒ ν1 = A×D =⇒ ν1 =
∑∑

|νi,j | (5.4)

Overlap penalty: The goal is to avoid the wall-to-wall contact, while considering the dimensions
of the segments, because, the size of the walls should also be added to the distance measurement,
in which the distances and dimensions should be at first compared.
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|xi − xj | ≥
Wi +Wj

2
(5.5)

|yi − yj | ≥
Hi +Hj

2

Where, Wi, Wj, Hi and Hj, are width and thickness of each individual particle in each x and y
directions. Also, the case of violation should be considered by a penalty method,

XVij = max(1− |xi − xj |
1
2(wi + wj)

, 0) (5.6)

Y Vij = max(1− |yi − yj |
1
2(hi + hj)

, 0)

A unique penalty number is obtained by calculation of all violations in these sections and is
summed up for both directions as:

ν2 =
1

N2

∑
i

∑
j

Vi,j = 〈Vi,j〉 (5.7)

Where: Xvij, Y vij: Is violation in x, y directions, W,H : the width and thickness of the wall,
respectively.

4. Applying the plan limitations: The plan dimensions of the building and ‘Open-Facade’ are
considered. In open-facade buildings, the outer limits of the building is covered with light
non-structural walls, and the load bearing walls (and columns) are located at the inner part of
the plan, with a sizable distance from the facade, and hence a border (inside the plan dimensions
of the building) is defined for the location of walls (broken lines of Fig(5.15a)), that defines the
limits for the movement of the walls.

5. Applying the effect of wall stiffness: The next step specifies the stiffness of elements in each
direction within the overall configuration of the building, in order to provide adequate stiffness
and strength for earthquake and storm loads. Before calculating the effect of stiffness,the stiffness
of the element (wall and connections in top and down sides) must be known. Since the wall and
the connection act as springs in series, therefore, the final stiffness must take into account three
types of stiffnesses simultaneously. Since, for the current example the values of stiffness are not
known and furthermore, only optimal layout is important, thus, an average stiffness for a typical
wall in each direction is assumed as:

Ki =
1

2
[

Emt
h
Li

[4.( hLi )
2 + 3]

+
Emt

h
Li

[( hLi )
2 + 3]

] (5.8)

Where, he: Height of wall, Em=: Modulus of elasticity, L: Width of the wall

The location of a wall in plan alters its participating structural effect in the overall stiffness of
the building. The stiffness is increased as a function of the distance of a particular wall from the
centre of the plan of the building in each direction, which contradicts the optimality of concrete
floors (slabs) and beams, due to increased spans.
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Figure 5.15: (a) Wall-Floor layout optimization results (b) Designed plan of optimal layouts (Domino-
House)

6. Increasing the symmetry and normal distributions: The mentioned parameters individually have
their own effect on the wall configuration. For instance, pushing the walls to the corners of the
building, increases its horizontal stiffness, but, the walls support the beams (and the floors), and
hence, the larger distance between the walls, increases the span of the beams and imposes more
loads on them. In order to have a symmetric layout, minimum beam span, and normal distribution
of walls, the centre of the stiffness is found. The stiffness multiplied by distance divided by the
summation of the stiffnesses of all walls on a floor. The minimum distance from the centre can
be calculated by the Euclidean Norm. The impact of the defined parameters(Xkc, Ykc) counteract
to the previous step, which gives an adjustable solution by manipulating their coefficients.

Xkc =

∑
Kn
i ×Xi∑
Kn
i

& Ykc =

∑
Kn
i × Yi∑
Kn
i

(5.9)
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Where, Xi;Y i : The distance of walls(i) stiffness from the centre.

7. Wall rotation: Another possible step that has not been considered in this example is the
possibility of rotating the walls from the vertical to the horizontal direction and vice versa.
Especially if the assumption in the algorithm as initialization step, e.g. subdividing of the wall
length in different direction are entered to the main loop, this rotation possibility, has a high
influence on the pattern of walls (and beams), and this improvement can boost the architect’s
and engineer’s satisfactions.

8. Distribution ratio of the walls: Another parameter that was used for achieving an acceptable
place of walls is having the ratio of the plan area and wall distribution area equal to one. The
ratio (CP ) in the cost function defined as:

ContainerArea = (xi,Max − xj,Min)× (yi,Max − yj,Min), (5.10)

WallsArea =
n∑
i

(wallwide × wallHeight),

P lanArea = (Planwide × Planlenght),
CP = (PlanArea/ContainerArea − 1),

9. Making cost function: All the acquired data must be entered into the optimization algorithm
which is the PSO algorithm in this case. To that end, methods such as Pareto-Front or other multi
objective algorithms could be defined, however, here the clear cut Linear-Weighted-Optimization
method is applied. LWO method has a number of parameters and coefficients as (α, β, ...) that
are multiplied by parameters of each step. It provides adjustment tools and variety of layouts for
structural and architectural engineers to propose the final plan. These parameters together with
the centre of cross section of the walls (xi, yj) as variables for a PSO algorithm to define the cost
parameter as:

Costxi,yi = α.v1 + β.v2 + γ.ν3 + δ.(1/K) + ζ.(Xkc + Ykc) + θ.CP (5.11)

Since the coefficient values are not identical or fixed, in order to see the effect of each step different
coefficients are selected.

10. After this calculation, the optimal plan (Fig(5.15a)) of the building is redesigned structurally and
is handed over to the architect in order to make the final plans for office or home plan (Fig(5.15b)).

5.2.3 Beam-Configuration

The beams of the floors should be connected to the walls via the joints whose locations follow
the irregular pattern of the walls, consequently, optimal position and layout of walls cannot be
achieved readily and optimization algorithm such as artificial intelligence should be employed for
this purpose. Therefore, the artificial intelligence approach is implemented with the following objectives:

(a) To minimize length of the beams (and the span of the beams).

(b) To construct a belt like beam arrangement aiming at concurrent wall backing.

(c) To cover all elements and connections.
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(a) Making belts by TSP problem
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(b) Making beams by Hub location allocation problem
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(c) Making border beams by minimum span tree problem

Figure 5.16: Solution of applied problem on beam layout for Domino-House optimum wall layout

(d) To avoid formation of island (with consideration of the pre-set dimensions of panel segments).

All these goals, which lead to a plan with optimal location of walls and joints, are acquired by
devising the algorithms for solution of two well-known optimization problems in MATLAB:

1. The first, was Traveling Salesman Problem(TSP) in which the desirable goal is the shortest
(beam length) route that starts from a city (a wall connection) and passes through all the cities
and finally returns to the first city (here, the first wall) used, resulting in construction of a
belt-like beams between groups of walls to strengthen their combined actions. It corresponds
to the Hamiltonian cycles in a complete graph with n nodes, with a minimum length. In the
Domino-House the initialization was performed by a spirally patterned selection of the nodes
from outside to the centre, then was defined and optimized in PSO (Fig(5.16a)). It was defined

(a) (b) (c)

Figure 5.17: Details of the walls and floor connections
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in three layers, first in outer(x,y) layer leading to the rectangular shape (Fig(5.16a), left) then
in the second and the third step manifold closing and limiting the zone towards the centre
(Fig(5.16a, middle and right). As a result, three graphs were generated to form a belt connection
between the walls. Computationally, this example is small enough and could be solved manually.
However, in more complex plans even with the equal number of Walls (connections), manual
calculation is a challenge. For instance, in this example with 18 walls, each wall depends on its
length that has minimum two connections which means 36 nodes (Whereas, 50 connections for
Domino-House wall were defined.), that is equivalent to 1

2(35−1)! = 2.95×1038 possible solutions.

2. Hubs location problem: This problem is related to minimization of the transportation routes
within a network of Hubs and Clients, which was adopted for obtaining the beam layouts with
the shortest overall lengths and spans, while each beam has its connections with the other beams.
The minimum and maximum number of beams passing each connection is specified as well. In
addition to these constraints, each group of walls should not form ‘isolated islands’ during (and
after) the assemblage time. Firstly, locations of the Hubs were defined with the aim of minimizing
span of the beams, and in order to do this, according to the segmentation of the floor, the walls
were divided into ‘n’ cluster groups as the Clients, where each cluster has its individual Hub.
The algorithm assumed identical cost (and hence, weight) for unit length of line of connections.
Secondly, all members of the clusters of Hubs and Clients are selected randomly as a node, to
generate new sets of clusters which are added to the neighboring clusters. This operation continues
and is iterated till a network connecting all nodes is constructed, which means several times of
initialization for even a limited number of x and y coordinates. To optimize the defined issue ICA
selected and coded on MATLAB.

a) Adjusted optimum beam configuration b) Segmented adjusted beam layout

Figure 5.18: Adjustment for (a) optimum beam configuration and (b) segmented beam layout

Figure(5.16b), from the left to the right, shows three stages of the development of the network, in
the Hubs and Clients algorithm for optimization of the layout of walls and beams of the Domino-
House with the office plan (Fig(5.15,lowest). Each wall has two connection points which are
identified in the 3-D view of the walls. The red and green colours indicate stages of the iteration.
The maximum number of beams connected to a wall is n = 4, also, for this floor, six clusters C1 to
C6 are assumed as Fig(5.16) shows. The clustering and segmentation of the floor is a function of
the construction methods, prefabrication of components, transportation and assembling method
of parts. The algorithm, may suggest two identical or nearly identical beams, or there could be
unduly large number of beams which should be amended by the designer. Within the rectangular
plan of the broken lines, nodes 1 to 35 are specified. The central parts of the sectional area of the
walls transfer the gravity loads of the floors, whereas, the two side parts transfer the loads from
the upper walls.

3. Minimum Span Tree (MST): Since the house is open facade and it has not any walls in the borders,
thus, the previously suggested methods could not cover the entire plan, which can be resolved
by mapping the last walls of each edge to the nearest border, by finding new nodes (or cities).
In fact the algorithm adds new nodes by the same x, y coordinates for farthest last wall in each
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a. b. c.

Figure 5.19: Two selected geometries of the wall and floor connections

selected area and nearest coordinate(x, y) of border, and then the corresponding walls and new
nodes should get defined in the initialization stage. For solving this problem, the MST algorithm
was used that selects the shortest length and covers all the walls and the related aligned nodes
(Fig(5.16b)). In other words, it defines the cost, based on the distance between two joints (cij).
In straight line that has the typical common beam shape, the algorithm optimizes the length and
reduces the span and bending, especially in cantilever beams:

Cost =
∑
i

∑
j

cijxij

Since, the binary genetic algorithm was used, therefore xij ∈ {0, 1}

The Hub Location and TSP algorithms both gave rise to the identical results for the length
optimization that indicates the adaptability of these two approaches to structural design. The
main goal of this work was to illustrate the application of artificial intelligence to this optimization
problem. In comparison to the TSP method, the Hub Location can cover the entire plan with
the best layout in the optimization of beam layout of many buildings. After slight readjustments
based on the engineering judgment, the results of the above mentioned three steps merge to
identical solutions (Fig(5.18)).

5.2.4 System Assembly

After finding the location of walls and beams, building elements can be produced in an automated
robotic factory, ready for site assembling. Figure (5.19), suggests an assembling method of designed
elements for wall- to-floor and wall-to-wall sections (A), together with two previously discussed site

a. b. c.

d. e. f.

Figure 5.20: Wall-Floor building assembly stages (a to f)
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tendon and finger joints, for precast wall-to-floor and floors side-by-side connections (B). In the wall-to
wall connection of the two floors, the current (upper) wall and floor, impose (possibly high) axial load
to the lower wall, hence, to resist these forces, the ‘bump’ of the finger joints are embedded in the floor,
and are located on both sides of the wall (Fig(5.17)). In this joint, the gap between the appendage joint
of the walls, helps the wall stay stable directly on the floor without opening, and at the same time, it
transfers the load of the current wall and floor to the lower wall. Figure (5.19,c), displays the selected
finger joints for the side by side connection of the precast floors.
Firstly, the interface connections of the walls are inserted in the predefined positions in the foundation
(or on the already assembled floors) by a crane. Since, these elements are made up of robust connections,
thus, they need not any lateral supports. After assembling the walls next to each other in the determined
coordinates, in the next step, the corresponding floor segments can be put on the top of the fixed walls.
In the case of using several cranes, the method would not interfere in the simultaneous assembling
process of individual cranes and hence, the speed of construction will be increased. After installing
each ceiling, the supplementary floor works can be started immediately, despite the ongoing assembling
process of the upper floors, opposed to some other precast structural systems in the market, Fig(5.20).
The wall-floor precast buildings minimize the need to extra partitions and reduce the construction time.
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5.3 Beam-Column Building Approach (BCA)

This section presents an approach for optimizing the location of connections in prefabricated building
frame systems. This approach improves the present design decisions associated with determination
of the location of the connections, and is well suited for an automated prefabricated construction, in
particular, has the capability of producing complex precise concrete segments. Within an algorithm
and for a building geometry, as an example, the study illustrates how the features of the connection
of floor, columns or beams can place the connections, optimally. The results of the numerical analysis
of the structure of the building are interfaced with a package prepared for optimization of connection
locations. The method of multi-objective optimization with the Weighted-Line-Function is employed.
Although, the main discussion assumes precast-concrete parts, it may be applied to timber, steel or
other structures as well. The optimization algorithm takes all types of forces exerted to a joint such
as shear, axial and bending moments into account, and situates the connections at distances far from
the points of accumulation of high forces. However, the load capacity of a connection has a dominant
effect in assigning its optimal location, as well, which leads to a new extensible optimized precast
configuration. In this sections also, the proposed algorithms steps and their application in the plan of
Domino-House are illustrated.

5.3.1 New Approach of Connections Placement

The main goal of the BCA method is to solve the primary problem of the weak performance of the
precast connections and their failure in precast buildings by proposing optimized building approach.
The previous chain collapses of structures and the disability of the general optimization occurs due to
three obvious reasons: 1-Joints are relatively weaker than integrated part with the same dimensions
(mainly, due to removal of cut-off parts), 2-The common precast building systems are not flexible29,
and it is not possible to change the elements’ geometries and places freely. 3- In these systems, the
connections practically have to be placed in the part of the element with the highest amount of forces,
e.g. end of beams with the highest bending moment.

The BCA method could face this drawback and find the optimal places of the connections within frames
and floors of the buildings, with the capability of considering the future automatized constructions. This
method is general and can be utilized for all types of structures, even for shells and plates. It could
indeed be effective in design of other prefabricated building systems, involving beams and columns,
while considers simplification in site construction operations, like reducing the size of the elements and
required capacity of the site cranes. It employs the semi-Weighted Cost function in which the coefficients
originate from the mechanical properties of the joints. It is an optimization technique without the need
for the evolutionary algorithms in search of the local or global objective function. It calculates the
minimum amount of norm of a matrix and its related location, which leads to most likely optimum
amount. This approach enhances the assembling process of parts, reduces the ratio of the forces in the
cross-section and increases the safety of the building.

29Flexibility, here, means possibility to change the elements geometry and place freely.
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5.3.2 Application of BCA

The algorithm imports and uses the results
of the previous structural analysis of the
building (and the frame). It evaluates the
element forces and suggests the optimum
type and location of the connections, for
the re-analysis of the structure. As the first
step of the algorithm, the performance of the
connection as compared with the respective
integrated element (that is, the element with
no reduced section) is assessed. The absolute
values of the results of the structural-analysis
for each segment of the elements for various
load combinations, are multiplied by the
calculated properties of the connections to
find the sensitivity of each connection against
each specific type of forces. This process
may lead to enormous number of calculations,
which in case of using evolutionary algorithms
would cost a plethora of time and analyzes.

Start Inserting the Full Geometry, Calculation
Results Including all Load Combinations Etc.

Segmenting the Elements Respecting the Joints

Weighted-Line-Function (Cost(ω))

Applying the Other Connection Types (j:n)

Plotting the Elements and Selected
Connections for the Re-Analysis

i=
1
:n

j=
1
:m

O
p
ti
m
iz
at
io
n
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ro
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ss

End

Applying the Load Combination (i:m)

Dimensions and Calculating each Segment

Comparing the Costs and Selecting the
Optimal Coordinate for each Element (k:p)

k
=
1
:p

Figure 5.21: The main flowchart (BCA). Where, m, n
and p are numbers of load-combinations, connection-
types and segments of the elements, respectively.

Then, the envelope of the calculated Costs(ω), for various loads with each other would indicate the
optimum locations and types of the connections. This algorithmic producer can be applied in different
platforms and by different software, in which the dimensions of the segments and the number of the
connections in each element are selected by the Operator-Designer. The Domino-House, designed by Le
Corbusier, as a worked example, illustrates the suggested approach, together with its algorithms and
the modeling processes in ETABS. A possible coding chart of the method is illustrated as a flowchart
(Fig(5.21)) and defined step-wise as follows as:

1. Finding the mechanical properties of the connections: In this step, the capacity of the joints is
evaluated under a uniform assessment method in which the properties of the connections with
identical dimensions are compared with each other and are normalized and inversed. For instance,
all the joints are tested under identical axial, shearing, bending and torsional loads with exactly
the same dimensions, where their maximum strength is divided by maximum amount of the same
forces in the original element and the result is inverted (powered by (-1)). This operation leads to
obtaining the mechanical properties of the connections, e.g. by the three coefficients (α, β, γ) that
indicate an instance of optimal choice of the joint. Here, α, β and γ, relate to axial, flexural and
shearing capacities of the connections, respectively. To illustrate more, the shear parameter γ is
defined as γ = (the shear capacity of the connection/ shear capacity of the original beam)−1 ≥ 1.
As another example, if the bending capacity of the connection is equal to 33% of the integrated
beam, then, the bending moment coefficient will be 3.

If required, extra parameters can be included in the set of performance coefficients of the con-
nections, for example, deformation or non-linear response parameters may be added to the set,
in case of non-linear performance regarding the safety level in an earthquake.

2. Structural analysis of the building: The structure (here Domino-House) must follow the construc-
tion standards. The building structure under all necessary load combinations and construction
stages in each element and direction must be analyzed, where in the current study, the results of
the analysis of 32 load cases obtained from ETABS, were transformed into Excel. The forces dia-
grams of ETABS give the first indication of the potentially suitable positions for the connections
which coincide with the places of inflection points (Fig(5.25, left)). It proves the importance of
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developing optimization algorithms and approaches as BCA. Frequently, the inflection points of
the bending moments are selected as points for the calculation and construction of the required
diagrams, nevertheless, this selection cannot take place with any regards to the properties of
the connections. For instance, as a simple example a connection might be capable against the
bending moment and weak-against the shear, in this scenario the minimum amount of shear and
related place will be the determining factor, which cannot be estimated by the inflection points
in diagrams of bending moments under different load-combinations.

3. Segmenting the elements: In order to restrict and change the mathematically infinite number of
points into a numerically solvable number of equations, the structural elements are segmented
into finite parts according to their lengths and the length of possible connections involving the
elements. The segmentation can be done based on the desired accuracy regarding the dimensions
of the elements by interpolations between the obtained forces from the analysis. Here, for the
present case study, the structural elements in ETABS are divided into 30cm long segments, then,
the end forces of each segment (as a probable joint place) transferred to a text file.

4. Finding the Cost (ω): Since, there are different type of loads (bending moments, shear, etc.), they
cannot be compared and sorted for optimization purposes in a simple form. Hence, Pareto-Front
in six dimensions of multi-objective optimization could be employed in this respect. Nevertheless,
as suggested, the Weighted-Line-Function can take into account the mechanical properties of the
connections and the amount of the forces of the elements of the structure as follows:

If the minimum of ωi is to be selected, then, ωcf can be defined as:

min ωi(x)⇒ min ωcf (x) :=
n∑
i=1

Cifi(x) (5.12)

Where Ci are non-negative coefficients for all i in the set ({1,2,3,...,n}) and Ci as belongs to set
of {α, β, γ, ...} in which fi belongs to the {F,M1,2, V2,3, T} as the amount of forces collected from
the analyzer software.

where: ωi ≥ 0 ∀i, ∈ {1, 2, 3, ..., n}, Ci ∈ {α, β, γ, ...}, fi ∈ {F,M1,2, V2,3, T}

Equation (5.12), produces a unique number for each segmented element for the coefficient of
connection according to the amount forces present at the end of the segment. For example, the
parameter (ε) is obtained for the performance of the connection against the axial force P, similar
parameters are produced for the other types of forces present in the connection, and then they are
summed up. This operation simultaneously indicates the amount of the force and the performance
of the connection by a specific number which must be calculated through the length of the beams
and columns for each segment:

ωb =: α.|M3|+ β.|M2|+ γ.|V3|+ δ.|V2|+ ε.|T |+ ζ.|P | (5.13)

≈
ωc =: α.|M3|+ β.|M2|+ γ.|V3|+ δ.|V2|+ ε.|T |+ ζ.|P |

The algorithmic process should repeat the analysis on the imported analyzing-data based on the
selected connections. The main core of this calculation is the simple Cost function illustrated by
the simplified example(1) in Fig.5.22.
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In this example, based on an assumed compari-
son between the capacity of a connection and an
integrated beam against shear, bending moment
and axial load the properties of the connection
are defined. Then, in an assumed fixed beam
the optimum locations are calculated. The main
point in this approach is considering the sensi-
tiveness of the connections against each specific
type of load. Therefore, the coefficient of the ca-
pacity, which is less than unit (just to indicate
the capacity clearly e.g.V2/V

′
2 = 0.3), inversed

and multiplied to each absolute amount of forces
(e.g. 0.3−1 × |V2|. Finally, the amounts of them
were summed and the Cost function was calcu-
lated (shown in green). The amount of Cost
function due to being constructed by different
dimensions mathematically cannot be used but
minimum amounts of it can indicate the opti-
mum places for the connections, regarding the
amount of forces and sensitivity of the connec-
tions. This semi-weighted function can be used
in algorithmic calculation with minimum analyt-
ical Cost.

Connection-Properties: 0.3× |V2|, 0.5× |M3|, 1× |P |

M3 PV2
10 1010

M3V2
53

P
10

V2

M3

P

0.5−1 × |M3|

1−1 × |P |

Incresed-Absoulute-ForcesForces-Diagram

0.3−1 × |V2|

x1 x2

ω = 0.3−1 × |V2|+ (0.5−1)× |M3|...

ω = ν × |V2|+ α× |M3|+ ζ × |P |

Optimum places for the connection

C
o
s
t
(ω
)

Figure 5.22: Ex.1. Simple assumed example for
the Cost Function

Where, M : Bending moment, V : Shear, T : Torsion and P : Axial load, are non-negative amount
of load, 2, 3 indicate the direction of these forces with respect to the axes of the elements and
Ci ∈ {α, β, γ, ...} defined as the connections specifications (C).

The connections need not be strong for all types of forces, for instance, assuming that a connection
is not powerful enough against axial forces, but is efficient and workable to other forces, say for
example is strong enough to bending moments and shear forces, then this connection can be used
in places of low axial force and high bending moments. It means that, in the present algorithm,
the connections are adjusted and suited based on the capacity of the joint and the magnitude of
the forces present in the connections, and this is the reason for the inversion of the mechanical
properties of the joints. In BCA high coefficients of the connections, indicate the high degree of
the weakness of the connection against the applied forces. For instance, in the formulation of
equation (5.13) for ωb,c, a higher value of β than α, means that the joint works better against M3

than M2.

Based on the dimensional theory, all summed components must have the same units. While,
the nature of the algorithm is a semi-weight-function with separate sub-dimensions (e.g. shear
(ton/meter+) bending moment (ton × meter), which are individually produced by normalized
(unit-less) properties of connections and mathematically cannot be added to each other. The
forces can be normalized to have a total unit-less Cost value. Nevertheless, since the Cost-
amount is not used subsequently in the other calculations and just indicates the locations, in
which the minimums of enveloped Cost amount exist, thus the normalization of the forces as an
extra calculation have not been applied here.

5. Applying the load combinations: The calculation of ω of the previous step 4 must be repeated for
all segments under all load combinations. This process is independent of the structural analysis
in the linear design and can be done by the input of the result of forces from the text file in
any programming language or code. The coding in MATLAB, for instance, can be defined in a
way that runs and performs these steps on the imported text file from ETABS straightforwardly,
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Figure 5.23: Ex.2. Mechanical properties of the assumed column joints (Tab.1), the example of one
column ω descriptions(Ton and m). In this fig the amount of forces in a column of Domino-House were
illustrated. Then based on the assumed properties of a connection illustrated by number and color
in Tab.1, it calculates the optimum places, individually, finally ω in yellow shows the envelope of the
forces as the Cost of the algorithm, by MATLAB

however, here, load combinations were defined in ETABS in the design process, which is carried
out on the results of the structural analysis.

6. Finding the optimal location of connections: Up to now, ω was calculated for all segments that
demonstrate the minimum amount of forces and the corresponding optimal jointing locations
under all load combinations. Nonetheless, contradicting cases could occur as well, for instance,
suppose that for a load combination, the optimal point of connection resides in 50% of the length
of an element, whereas, for the same element, in another load case, the optimal point occurs in
the 30% of its length. To choose the optimal place of the joint in such instances, the envelope
of ωComb(1,2,and3...n) should be formed for each element, whose minimum value would indicate the
optimal place. That displays the importance of structural recalculation after the dedication of
connections.

7. Number of connections: Generally speaking, it is preferred to have the minimum number of
structural joints, on the other hand, the number of structural joints is directly related to handling,
transporting, constructional equipment and to architectural details. Since the side target of the
current study is to have structural systems with minimum site construction equipment and human
resources therefore, small structural parts are assumed. Consequently, the size of the element is
limited to 3 meters in the two dimensions, and hence, two splicing joints are assumed for a beam
of larger size, say 5m, which would possibly lead to three separate and different parts, meaning
the algorithm search in each 3 meters separately.

8. Selecting the type of connection: After finding the optimal place for connection in the beams
and columns, there is the question of selection of the proper connection type from the set of

92



Suggested Approaches 5.3. Beam-Column Building Approach (BCA)

0

2

4

6

-2 0 2 4 6 8

0

1

2

3

4

5

6

x

y

z

0

0

0

0
α

1

1

1

β γ δ Γ ε

0.5

0.5

0.5

0.5

α β γ δ Γ ε

α β γ δ Γ ε

α β γ δ Γ ε

0

2

4

6

-2 0 2 4 6 8

0

1

2

3

4

5

6

x

y

z

0

0

0

0
α

1

1

1

β γ δ Γ ε

0.5

0.5

0.5

0.5

α β γ δ Γ ε

α β γ δ Γ ε

α β γ δ Γ ε

Tab.2

Figure 5.24: Ex.3. Mechanical properties of the floor connections (Tab.2) and Optimal joint places for
four types of ω coefficients, indicating the importance of considering the properties of the connections
in allocating optimum locations to the connections, by MATLAB in the Cartesian coordinate (x,y,z)

possible joints available for the structure, with regard to their different mechanical properties and
capacities and minimizing the value of ω.

9. Designing the building: After determining the optimal position of the connections, the structural
design of the building is checked against the side effects such as deformation and P − ∆. This
model, for example, can be simulated by defining hinges, similar to the characteristic properties
of the joints in SAP2000 or ETABS.

Optimization of floors: The steps regarding the optimization of floors are similar to those of the
optimization of the beams and columns, already discussed. But, since this type of flat elements is
meshed and divided into 2D sub-parts, their positions and other parameters must also be considered.
Each zone of the floor in which the optimum location of the joint should be searched is split into
smaller rectangular parts and all of the resulting forces are obtained. The other steps are similar to
the mentioned beam and column elements:

ωs =: α.|F11|+ β.|F22|+ γ.|F12|+ δ.|M11|+ ε.|M22|+ ζ.|M12|+ η.|V13|+ θ.|V23| (5.14)

Where, F11, F22: Direct force, F12: Shearing force, M11, M22: Direct moment, M12: Twisting moment
and V12,13: Out-of-plane shear in two directions are non-negative amount of loads collected from the
center of surfaces and {α, β, γ, ...} are defined as the specifications of the connections (C).

Figure 5.25: Results for Domino-House: frame moments in direction 1(left), and floor moments in
directions 1 and 2(right)
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Figure 5.26: Ex.4. Mechanical properties of the floor joints (Tab.3) and joint optimal trend lines for
selected part of Domino-House floor(Fig(5.24)) by 4 types of joints. The dark-blue rectangle indicate
the optimum locations in the Cartesian coordinate (x,y) when ω is the Cost, by MATLAB

Example(2): example of Domino-House column: Since the characters of the joints are not clearly
defined in the examples, therefore, six, imaginary characters as shown in Tab.1(Fig(5.23)), are assumed
for it. Then, the result of analysis of a single column of Domino-House is selected, distinguished by
color, and its forces are extracted and presented as in Fig(5.23). Then, its ω and envelope for few
load combinations were plotted (b). The main diagrams (a) show the effect of choosing each type of
connections corresponding to the similar color in Tab.1.
The factors involved in this process are similar to the scores of the sensitivity test and analysis. For
example, in the green line, the coefficients δ and ε are 1 and the others zero, which means that the
other aspects are powerful enough. However the joint under V2 is weak and sensitive and since P is
fixed (Fig(5.23)), thus the algorithm tries to find the optimal place for this type of joint for which V2 is
minimum. It is identical with the red and clay diagram lines. On the contrary, if there is a joint which
has the same sensitivity level to all types of the loads (blue diagram line) then, the importance of the
amount of forces become more vivid. That is why this diagram shows the minimum value at about the
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middle of the graph (indicating the bending moments as the highest amount), skewed to the right side.
Example(3): The example of the single column of the Domino-House was extended to multiple columns
under several load combinations in MATLAB. The visual demonstration of the coefficients of the joints
in which ω ∈ {0, 1}, together with their optimal places are shown in Fig(5.24). The green colored
properties can be compared with the bending moment diagram M3 obtained from ETABS, which are
generally skewed to the centre.
Example(4): A part of floor of Domino-House was selected as a two dimensional example. The steps
related to the allocation of the location of the joints of BCA, replicate itself in segments of floors,
however, there are few points be considered. Since floor elements have two dimensions, finding a
minimum point does not make a sense. Then, a trend of connection that has the least amount of ωs
is desired. In the plot (Fig(5.25)) the search area is defined (black rectangular), which is based on the
dimensions of the precast (concrete) segments, and then the connection trend line is calculated. The
optimal trend for the selected rectangular area by assuming the four types of the coefficient of floor-joint
properties Tab(5.26) are illustrated in Fig(5.26). The area which has the lower values of ωs is shown in
blue. To the right sides of the 2D diagrams, ωs is plotted in the Z direction. Finding the connection
lines are like moving between mountain areas, undoubtedly no optimal trend line would pass the high
places. In all of them, the trend line is started from the top-right side of the chosen zone and ends to
down-right, however, during the process, it’s reasonable to consider the inclination of the result of the
centre.
The concept of calculated Cost (ω) can be considered for almost all other structural criteria, such as
economical, displacements, seismic standards etc. as a solution. For example, one type of joint has a
specific optimal characteristic, however, it might be uneconomical or has high flexibility and deformed
easily, which can be considered as a parameter and coefficient to ω formula.

a) b) c)

d) e) f)

Figure 5.27: Assembling process of BCA, displaying the segments of columns (olive drab), beams
(emerald green), branched-segments (sky blue), slabs (daisy white) and connectors (rose red)

5.3.3 System Assembly

After determining the most optimum joint locations, type of the joints, for construction of BCA seg-
ments can be produced in an automated factory and transported to the site. The assembling process
is analogous to the other prefabricated building systems. In BCA the frames are supposed to be made
as straight elements (beams and columns). For the element working in frame connections the branched
shape with right angles was selected (Fig.(5.27 and 6.1)), which makes it possible to locate the con-
nections in the optimal places. These branched sections along with segmented floors can be produced,
transported and assembled with minimum efforts and equipment.
In this process after putting the columns, and then the branched segments, the remaining main-beam
segments (Fig(5.27, a)) must be installed in their predetermined locations. Formerly, other beam
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elements can be inserted (Fig(5.27, b)) using dove-tail connections. As a result of joint location in
BCA assembly method, it should be noticed that where beams crossing each other the direction of
bending moment in both beams as well as rebar detail in using lapped dove-tail must be regarded.
Otherwise, in this section instead of benefiting from crossing beams by rebar in one side in places with
low forces, the beams perform with half of the beam-section height. This performance of the algorithm
in joints location allocation is clear when both Fig(5.25 and 5.27) are compared with each other. In
these sections, the weight of the floor and beam keeps them together.
The assemblage has two steps, first skeletal elements and then the floors must be installed. In assembly
process, a part of the column protrudes and passes through the predicated floor opening in the precast
slab to make more stability and easier assembly, when lets the joint be placed optimally (Fig(5.27,
c)). This process leads to full and complete construction by repetition on each floor (Fig(5.27, d-f)).
Fig.(6.1) also illustrates another utilization of BCA, selecting another type of connections.
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5.4 Comparing the Building Systems

Since the Domino-House as a two-story prototype model is not too large to study the very minute
differences, four models based on the dimensions of a real-life size five-story building under construc-
tion were observed. All details of the building process were collected, considering the chronology of
prerequisite and the construction logistics which are divided into 4 distinct groups as follows:

1. First, building group is a cast in place building, and since all the activities took place on site,
construction time comparison versus other groups, doesn’t make a sense but other parameters
were considered, e.g. management issues, machine use percentage.

2. In this group, a commercial prefabricated Frame-System structure with common building method
was chosen, although different types of building systems such as tilt-up approach exist. Although,
this is the most common systems in this type of the buildings, with similar plan Fig(5.28).

3. The Beam-Column prefabricated structure group having the segment dimensions of max of 3
meters, is manageable by small cranes(max 5Tons) and a few semi-skilled laborers30.

4. The Wall-Floor prefabricated structure group, which includes all above-mentioned parameters.

In comparison to a typical prefabricated structure, in these suggested approaches it is not nec-
essary to fill concrete on the site which allows faster building time. Their detachability allows
making use of the mobility privileges of such constructions and provision of partial repair.

Figure 5.28: Cast in place (Left) and chosen pre-casted building (Right)

5.4.1 Management Method

In order to manage a building site, one needs to use a few software, e.g. Primavera and MS Project.
In this section, the MS project was implemented to define the process, disregarding the resources
limitations. In order to calculate and compare the in-between group the differences base on selected
goals (time and material), as the first step, the time was compared. For this propose in MS Project, all
holidays atypically were ignored. In this way, in the calendar, all months of the year have equal days
with 10 hours work per day.
Based on these assumptions, the site time duration in the cast in place buildings, takes 273 days and
in common precast 109 days, in Beam-Column and Wall-Floor 106 and 98 days, respectively. But
there is a hook in this comparison, as in no construction site, the construction work is performed in
a sequential way and site management can change the work-flow times unexpectedly. Therefore, the

30By increasing the height of these buildings, the effect of earthquake increases, for solving that shown connections
(Fig(7.6) as X-bracer or wall can be used.
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artificial intelligence aided scheduling was adopted to consider and define the imperative prerequisite
items as constraints. The mismanagement and the negligence of process prediction details must be
avoided. Therefore, the schedule for each group was estimated and defined in time unit as the cost was
optimized. Then, since comparing the groups disregarding the limitation on resources is not rational,
as for instance, a building site with 10 machines31 and 10 laborer is incomparable with a site with 1
machine and 2 laborers, therefore, the limitations of this nature were defined as constraints. As defining
these constraints is not integrated into the MS project, therefore, it was defined as MATLAB algorithm
and optimized by PSO with the following assumptions:

• The building resources are reproducible. It means they have limited unit capacity, e.g. after
finishing the daily task, they would be reiterated in the day after considering the limitations
manpower or a crane capacity.

• Reproducible resources have two features: 1-Source Limitation 2-Critical mass32.

The optimization is defined in 5 steps and its simulation is based on discrete numbers, which runs for
each task, considering the prerequisites and adequate time resource, based on the group schedule, to
choose the maximum values as the start time point. Since actual start time must be more than the
task accomplishment prerequisite time of the task, therefore, based on each schedule, the number of
tasks, time and the imperatives were compiled, randomly per-mutated and plugged into the optimizer.

5.4.2 Comparsion Results

The outcome of the algorithm is the optimal construction schedule scenario. If daily crane price rate
assumed equal with 10 semi-skilled laborers, the normalized cost(Σ) for each group on site is compared
Fig(5.29). Where,Σ=Building cost h×10+C.

Ψ
φ
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0.8

1
Machine usages percentage(Ψ), Management difficulties (φ) and Cost(Σ)

Σ

Cast in place building Common precast building Beam-Column system Wall-Floor system

Figure 5.29: Building groups comparison considering the machine usages, management issues and costs

The “BCA” and “WFA” show a better performance. The cost reduction is not the main goal of
the study, however, on the other hand in the cast in place buildings, the construction activities are
performed on site but in precast, these activities were performed in off-site in factories and generally,
however, the cast in place buildings costs might be even lower. In the three prefabricated groups, even if
assume that their material costs are comparable with each other, it can be stated that the beam-column
and wall-floor of the groups three and four systems approach are lower priced and more competitive by
reducing the task intensity. There are more than 100 tasks to be accomplished in a cast in place building,
while in the Wall-Floor systems this number is around 40, additionally, the algorithmic optimization
can reduce the time of the probable processes by 40-50% of the maximum time of the Wall-Floor
system. The task number deviation(40 vs 100) and optimization potential(40-50%) is directly related
to the challenges and probable miscalculations of the on-site supervision. The normalization factor

31Machines in site has variety of types including crane, pumps, etc., but in this assessment only cranes were considered.
32To have a simple compression, always at least the minimum necessary sources presents are assumed.
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for management related issues can be calculated and obtained by the multiplication of the number of
tasks with the optimization potential, denoting as(φ) (Fig(5.29)). The other important parameter is
the rise and intensification of the machine usages versus manual work during the construction process
in the on sites construction sites and industrial robot operation destined for precast, prefabricated
factories. Therefore, the percentage of machine resources(C) and human resources(H) was calculated
by(Ψ = C/H) and normalized (Fig(5.29)). The cast in place typical building has the maximum
amount of management issues(φ) and the minimum amount of automatization(C/H). The precast
structures have almost the same automatization percentage. The Wall-Floor system has the minimum
management issue, which mainly correlates with the number of duties on the sites.

Ψ =
C

H
=

Machineresources
Machineresources +Humanresources

One aspect of this study is reducing the construction time parameter in order to construct the buildings
in a shorter time period, considering the rapid world population growth. A typical construction site
cannot be compared and measured with a fully equipped construction site. There is an absolute
necessity for each construction site primarily fulfilling a minimum amount of the resource of the two
specified components namely, the machine resources(C) and human resources(H), which are considered
as the optimization constraints. The fluctuation of these two constraint parameters is shown in the
Fig(5.30). In which it can be seen that Beam-Column(BCA) and Wall-Floor(WFA) approaches can
dominate a typical cast in place building, the same as a selected precast framed building considering
the resource usage. Where: RH,C = R4,1, means the site owns four laborers with one machine(crane).
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Figure 5.30: Building time duration considering available sources

Post Face

In this chapter three types of precast building are studied, in which one new approach is for finding the
optimal form of the shells by external geometry and two basic new optimization approaches, namely
optimal the wall location allocation and the place of the joints were suggested and through different
basic examples, applied to illustrate the algorithms. In order to prove the prospect of using these
approaches, different joint types in the previous chapter were proposed and evaluated. Finally, these
systems advantages were compared during the construction process in the site. It was shown that these
methods are optimal, while can meet near future construction needs as was mentioned in the intro-
duction. Additionally, optimization of the structural performance ultimately leads to better optimum
structures and less material utilization. Chapter (6) presents the summary of discussions and discloses
the outcomes and the application potential emerging from this study, accompanied by suggestions for
future research and development.
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Summary

This study on the structure improvement takes
advantage of diverse approaches in conjunction
with the use of artificial intelligence techniques
in structural engineering. It investigates the
drawbacks of typical precast structures, which
proposes custom and holistic optimization in
all structural design parts, the automatization
application and its perspectives.

6.Review and Conclusion:

Ch.6.

6.1.Chapters Review

6.2.Summarized Conclusions

6.3.Studies Suggestions

In this context, the main task involves finding the improvable aspects, requiring essential changes in the
structural systems towards creating the most optimal precast form or buildings on the construction site,
which is easy to be assembled with minimum skills and equipment. This chapter is a brief review of the
work, which recapitulates the results quintessence and suggestions for further research and development.

6.1 Chapters Review

6.1.1 Introduction

The first chapter emphasizes the necessity of precast systems as a countermeasure to the global popu-
lation growth and natural disasters. The drawbacks of the common precast systems were investigated,
in particular, weak joints as the cause of several building structures collapses, which need substantial
structural improvements, including the lack of their segment, detach and repair-ability, that is prevail-
ing since the last century. The shell structures are specified and the challenges of form finding and
calculation were pointed out along with the concept of optimization. The recognition of the upcom-
ing task and the need for a suitable approach in designing the shell structures, besides application of
artificial intelligence and digital fabrication process, were acknowledged.

6.1.2 Literature Review

Here, the related literature became as the preliminary source and guideline, dealing with data, current
research publications review, considering the current approach towards structures, their strength and
vulnerabilities. The chapter starts with the definition of optimal arches and their calculation and
finding the shell forms. The Heinz Isler shells structures and the related literature and available data
of various formats were reviewed as it serves as the guideline for the current study. The weaknesses
of the currently applied form-finding methods such as their independence from designing process, load
types related limitations and their incapability versus the potential use of the artificial intelligence were
discussed. In structural element optimization, the topology, shape and material optimization examples,
used methods, algorithm and the building structural optimal element limitations were reviewed. The
origin of the precast building systems, typical and new joint types, their evaluation methods and finally
digital fabrication industry were discussed.

6.1.3 Methodology

The used tools, including software, script coding, testing machine, materials, properties and their
finding methods, simulations, as well as the back engineered structures were discussed. The steps of
optimization algorithms including GA, PSO and ICA, followed by the FEM matrices analysis method
and their interface with the optimization algorithm as well as tools handling were described.
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6.1.4 Primary Analyzes

This chapter covers the result of the shell evaluation and connections assessments. In order to find the
optimal form properties, the Isler’s eight shells were evaluated from different aspects, e.g. geometrical
evaluation, finding deformation, stress and forces results, followed by buckling analysis showing partially
low factors. In the second section, after developing the teeth shape connections for the floor and shell
connections, the capable new geometries of connections for the suggested precast approaches were
designed and the performance of precast joints for construction of buildings and shells were tested and
in FE software simulated.

Shells Evaluation In this research eight of Heinz Isler’s shells as the last generation of designers
mimicking the natural structural shell forms are back engineered and assessed. The required data for
remodeling of structures is generated by gathering numeric and visual data from various references
and processing within several software packages. All care is taken to reconstruct the numerical models
with a high degree of conformity to the Isler’s shells, however, the possibility of a degree of deviation
from the real ‘as built’ shells of Isler, could not be ruled out. Therefore, in view of this fact, one might
consider the analyzed models as ‘approximations to true Isler’s shells’, and hence, the conclusions should
be observed with reservations. Optimal performance of Isler’s shells and their minimum eccentricity
confirms his experience, special and gifted ability in form finding of shells. The vertical deformation of
shells relative to their span is low, which is an indication of the fact that their load transmission is in
membrane rather than in flexural form. This, feature is the outcome of appropriate sharing of axial force,
as well as incorporating suitable eccentricity which can be utilized in form finding and shell optimization
calculations. On the other hand, Isler’s shell structures exhibited bending moments, though not at a
high degree compared to their axial loads, which applies to almost all practical approaches searching
optimal forms. Regarding the buckling behaviour, Isler has stiffened the shells prone to instability and
buckling. However, by and large, the buckling behaviour of the shells is unsatisfactory as compared to
their other structural aspects. The differences between Isler’s three form finding methods associated
with the shell structures illustrates that the hanging method is superior to the other methods of shell
optimal form finding with consideration to stiffness, concrete allowable stress and amount of material.
With regards to these parameters the Deitingen service gas station (shell 4) with its unique form can
be considered as the most optimal form whose architectural and structural features was not repeated
by Isler in any structures even in decades since then.

Connection Tests and Simulations Dry, safe and robust joints are advantageous to construction of
precast concrete structures with respect to time and management issues. For this research work, eight
dry joints were developed mainly inspired from carpentry. The intricate forms of the selected joints with
application to beam-to-beam or beam-to-column connections were carefully made with UHPFRC, load
tested and simulated within finite element software, in order to evaluate their load capacity and to find
out the weakness points. The experiments and the numerical analyses revealed that, among all joints,
the joint number 9, had the best performance and accomplished 85% of the intact section’s bending
capacity, whereas, the joint of Test 2 had the weakest performance with 38% of the whole section’s
bending capacity. The maximum bending values belong to the head-to-side connections, in which the
beams fail at regions apart from the joint. It occurs by enjoying the beam’s full capacity which leads to
collapse under the load up to 10% higher than original beam’s capacity. Novel concrete joints can be used
in precast structures with minimum labor, skills and time while many new ideas could enhance them.
For example, the connection amalgamation, similar to wooden-puzzles may be practiced in crossing
beams. The use of technology of 3D printers, together with self-compacting concrete UHPFRC will
help to keep up with the tight tolerances necessary for the ease of site assembling of building parts.
Furthermore, in scaling the teeth shape connection up, it is more efficient to use re-bar, in the area
under the tension instead of using fibers in their concrete in suitable joint dimension.
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6.1.5 Suggested Approaches

Based on internal forces and their eccentricity, a novel approach for finding the form of the shell by
choosing desirable geometry and the node places as variables for minimizing the eccentricity of forces
was applied and described through an example (SFA). For constructing the segmented shell, possible
connection-areas was discussed and illustrated. In order to describe the suggested solution for applying
artificial intelligence in general designing decisions of building structure, two types of buildings, called
Wall-Floor (WFA) and Beam-Column (BCA), were selected and illustrated33. In the first offered
building systems walls location as the variables were chosen, which allows a general assembling system
with minimum time. This approach was described in steps, adopted to Domino-House plan. It allows
a collaboration and liaison between artificial intelligence capacity, architect and the engineer. After
the wall location optimization, considering their irregular pattern, the methods of finding the beam
layout by means of an optimization problem example were shown. A method for assembling Wall-
Floor building by two types of joints was suggested. In the beam column building system one method
for finding the best place of connections, considering its ability which was defined by an algorithm
was proposed and described in steps in the Domino-House elements, then was assembled. These two
new Wall-Floor and Beam-Column approaches were compared with one cast in place and one selected
framed precast systems, considering the building time, management issues and necessary equipment in
site.

Form-Finding Approach (SFA) The section introduces a general method for optimization of shells
within the framework of MATLAB, which links up the modules for optimization algorithm, optimization
variables and criteria and the structural analysis program. The basic feature of the methodology
comprises a semi-supervised method for optimization of shells in which a directive form is employed
as a guide for the optimization process. The goal of the optimization process is minimizing the weight
of the shell by minimizing the flexural effect (i.e., the eccentricity) of the loads. The method has the
following capabilities:

1. Making the shell folded form to increase buckling factor as a solution, regarding the profile
dimension and profile pattern.

2. Though the present examples consider the eccentricity as the goal (and the cost) function, there
is no limitation in this respect and any other structural and /or non-structural aspects such as
strain energy or geometric particulars of the shells could be considered as the goal function.

3. Since the optimization process is guided by the initially defined directive forms, consequently,
the final (optimized) forms will resemble the initially specified and desired forms. The degree
of the resemblance is controlled by the person in charge of optimization through the optimizer
algorithm, and this capability opens up a constructive link between optimization and design of
architectural features.

4. The method employs general finite element software for the structural analysis at each step, thus
it is capable of taking into account various load types and combinations, various geometries, kine-
matic and support conditions and in this way it provides the means for application of optimization
algorithms in practical office design works.

5. Though, the worked example employs the PSO algorithm for optimization process. Nevertheless,
other optimization algorithm can be effectively used for the purpose, existing unanimity between
the side that offers the preferred solution, search question, underlying parameters, assumptions
and algorithm main definitions with the ability of the selected algorithm output on the other
side is strongly recommended, e.g. artificial intelligence definition. In the other words, it may

33In fact, all the discussions in this part can be used in one type of building and these two building systems illustrating
some points were selected, however, can be two independent systems as well.
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need the similarity between AI algorithm definition (its basic question) and what it must search
for. For instance, like swarm intelligence (fish or bird movement looking for a best global place)
and form-finding or topology optimization (element movement to optimal configuration) have the
same questions and definitions.

6. In form-finding, all structural nodes actively take part in the optimization process; however,
similar to Bezier [141] transformations, a limited number of nodes could control forming the
shape. Selection of a subset of nodes, instead of selecting all of them, could highly speed up the
optimization process.

7. This gradual change of stress from top to bottom, analogous to the mentioned common area can
be a key for having optimal forms. Therefore, there should be a relation between the top-side-area
causing the force, the shell tangential angle and the dimension of common area resisting against
the load. This process can be manipulated by changing the shell’s thickness, the perimeter of the
region and the angle to make a balance (Appendix).

8. The thickness34 of shells as a constraint can be omitted from both sides of the design equations of
the optimal shells form. It means increasing and decreasing the thickness in shells doesn’t have
an effect on the force amount. That’s why one can construct large spans in a thin-walled shell
(Appendix).

Wall-Floor Building Approach (WFA) This section offers a new construction approach to pre-
fabricated Wall-Floor structures, benefiting from optimization algorithms and the whole algorithm is
discussed within an example with a rectangular plan. Then, finding the optimal locations for plans with
irregular walls and the beam patterns based on well-known optimization problems is presented. Also, a
number of suitable joints and elements together with the related assembling methods were illustrated.
Based on the discussions, it follows that the precast building systems can be designed and constructed
as detachable, without pouring any concrete inside the site joints. For installation of such joints no
screw or steel material is deployed, which minimizes the thermal effects, rust and other ambient effects.
Using walls as structural elements instead of pure architectural elements, together with application
of material optimization opens up a new design system that reduces construction time and material.
Topology optimization in WFM with moving the walls and columns allows a fruitful collaboration and
liaison between the architect, engineer and optimizer, in saving resources. This method with higher
process speed needs no external supports during assembling for the walls and floor segments, leading
to less efforts and lower cost.

Beam-Column Building Approach (BCA) This article discusses an algorithm referred to as
the BCA, to find the optimal locations for splicing of beams and columns as well as beam-column
connections. The BCA simulates the joint by assigning specific numbers to them to be considered in the
optimization algorithm, which is exemplified and illustrated through a simple example and hypothetical
joint properties for columns and floors. The basic properties of the connections with respect to the orig-
inal beam or column section are defined and can be changed. The offered algorithm and coupled with
the facilities of automotive precast factories in making unique precise precast concrete parts open up
a new prefabrication approach for future buildings, concluding to easy production and fewer construc-
tion efforts. The suggested approach in the current study by some transparent examples was illustrated.

Some notes on the results can be summarized as:

1. The mechanical properties of joints for their optimal location allocation are considered in the
optimization algorithm. The optimization algorithm locates the joints in places with minimum

34Prismatic thickness with mentioned optimal shells assumptions.
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forces corresponding to the defined capacity of the connections. The BCA method prevents the
connections yielding prior to the integrated parts.

2. Linear-Weighted-Optimization instead of other complex multi-objective optimization algorithms
was employed in BCA.

3. This approach allows the joints to be placed in a possible arrangement in any part of the buildings
and is totally applicable in other types of structures using connections such as wooden frames
and steel-plated buildings.

4. The algorithm prevents the building from sudden catenary collapse, while precast structure joints
usually yield in same planar place but in different levels, and, by locating the connections in quasi-
regular places with lowest amount of forces, out of paralleled planes, in addition to increasing
the durability of the connections the degree of uncertainty will be increased which reduces the
probability of chain collapse.

5. New connections with high capacity and the ability to be easily aligned along with a few more
details lead to practical usage of this method as an advanced prefabrication system.

6. Discussing the sensitivity of variation in the evolutionary algorithms due to use of varying coef-
ficients. While, the proposed algorithm just uses the connections parameters, achieved by exact
calculation. Hence, considering parametric sensitivity was not necessary and shows the accuracy
of the algorithm.

7. The presented algorithm is fundamentally a semi global search algorithm, which directly calculates
the minimum amounts and corresponding places. The algorithm compared to the evolutionary
algorithms does not use randomization component and specific constraints to approach to the
optimum results.

However, a comprehensive evaluation, assessment of construction difficulties and comparison with
other precast methods needs knowledge of the exact properties of the joints and re-designing
this approach. The two suggested building systems could use the optimization in their structure
approach while fulfilling more necessities of the future buildings and solve their common problems
concerned with the joint weakness, which need a minimum amount of the material because of
structural topological optimization. They can be constructed by a few laborers and one low
capacity small crane that can be operated by semi-skilled laborers. The proposed systems are
advantageous with respect to building time and management issues, considering any number of
equipment on site. Additionally, they have more usages of the machine compared to human
sources.

6.2 Studies Suggestions

This study’s aim is to provide new approaches for optimal shell and building design for research and
industrial use.

1. During all the eight tests performed in this study, merely the joint bending moment force aspect
was measured, but they must be evaluated as mentioned under different load combinations. It
is necessary to define a standard for comparing their ability considering different risk level deter-
mination. After establishing the definition with a standard size element, whenever a researcher
designs a joint, after the assessment, he can measure it with the standards and define its mechan-
ical properties. Then the engineer can design precast buildings by finding the most suitable joint
and place. Designing methods for each joint after enough test runs can be added to this study,
the stiffness calculation can be an important help in finding structural connection location.
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2. The structure optimization steps in each part can be improved by adding more steps or modifi-
cation.

3. Complete building models of the Beam-column (BCA) and the Wall-Floor (WFA) which must be
redesigned, considering the proposed approaches, enables to study and evaluate all the mentioned
joints and systems abilities. Then the amount of the consumed material and exact performance
of this model can be compared with the other building systems, which due to the lack of enough
data, could not be accomplished in the current study. This would then serve to clarify and validate
the robustness of the optimization.

4. The drawback of using prefabricated concrete joints is in their assembly, because making concrete
elements with an exact dimension that can be fitted together precisely, is really difficult even with
the UHPC properties. Therefore, for fitting the joints35 the customized practices were adopted,
e.g. pressing, which may have the positive effect (pre-stressing) or negative effect (causing dam-
age), that must be studied further.

Figure 6.1: A sample of the suggested method with another configuration and connections, including
plan and assembling details, displaying the segments of columns (olive drab), beams(emerald green),
branched-segments (sky blue), slabs (daisy white) and connectors(rose red)

5. As an evaluation in the current study, the precast dry connections without any following concrete
injections were designed and studied. However, this idea was powerful enough, due to the difficul-
ties of assemblage and some other weaknesses, it is better to replace these connections partially
by steel made new connections, respecting the achieved results of the connection part. By this
method aligning, assembling and solving the segments production mistakes would be possible.
While the advantages of WFA or BCA can be totally applied, Fig( 6.1).

6. It is better to use the Bezier curve transportation(NURBS) in governing the nodes in the shell
form-finding approach instead of choosing all nodes as variables. It means the supervision must
be applied to plan and few governor nodes optimal location as variables must be defined.

7. The biggest challenge problem of the form finding is due to its disability to dedicate any number
for describing them in real form, which leads to being not sort-able and comparable. In other
words, defining them by dedicated numbers that cover their different aspects, can lead to finding
the optimal desirable form easily.

8. For finding the form of shells, mathematical approach can be more efficiently employed, instead
of previously mentioned methods in form-finding approach, a plan from the R2 must get mapped
by a well-defined function to the R3 in optimal form. It means this function that can be defined
in the Euclidean or Topological, etc. the space must convert the nodes of initial shape (from(x, y)
to(x, y, z)) to optimal form.

35Not being applied in current study assisting specific casting method.
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R2
i F−→ R3

i

It seems better to use the Flux definition being applied in the vector space, under suitable ana-
lytically assumption on a Manifold Topological space, which helps the properties of the functions
which have the key role in this mappings to be passed, like form or dimension, when more defini-
tion like nodal angle and their relation can be added to this form as new dimension. Its principal
topological properties function like Connectedness must be regarded too. Also, another prop-
erty like Compactness, Matrix capability and boundary properties seem to be important in this
functions. This function and its inverse are better to be continued for stopping separation and
Jumps36. Additionally, this function must be differentiable and the same construction can be
carried out with partial derivations which take an effective property over a surface on the vector
spaces (Share definitions).

τ2i D
α
f = ( ∂f

∂α1
, ∂f∂α2

, ..., ∂f
∂αn

)
−−−−−−−−−−−−−−−−−→

τ3i

For example: In this function, the amount of inertia and its map on earth from each point might
be a help. Additionally, as the relation between strain energy and stress and the connection
between the work and strain energy are known. Mathematically, the work done by load vectors
along a with curvature or shell can be calculated, in which the energy is in the gravity direction,
that must be calculated towards the shell nodes directions. Therefore, calculating the stress under
pressure which should be maximized, based on the mentioned goal, seems to be possible37.

Fi(x, y, z) =

∫∫∫
R

Z2(ρ(f(x, y, z), tf (x, y, z)dv

f(x, y)→ mf (x, y)

It is internally related to Share38 but this time the amount of in-plane load in the section of a
shell is the question, which can be calculated by the Gauss-Diverjans and Stukes Theorem.

Share :

∫∫
δ
ρ(f(x, y, z), tf (x, y, z)× V (x, y, z)× n(x, y, z)dσ

The Share definition is what used in temperature transmission in shells, with the same in plan type
of the load. Its aim is finding the function that can map to new shell shape with the maximum
defined Share type, where:

R ⊆ X(τ,Σ, µ) and i ∈ I, I = {0, 1, 2, ..., n}

α = (α1, α2, α3, ...., αn)

n vector perpendicular to the surface V speed function for passing the area
F load vector r direction function
ρ mass function f shape function
tf thickness function mf mapped function

36It could be an acceptable solution, if the architect is looking for separated shells next to each other, needing asymptotic
analysis

37The gravity performance is a conservative function.
38The amount of fluid passing the unit of area.
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7.1 List of Abbreviation

Vi Initial speed
Σei Eccentricity
xi Initial location
ω Coefficient of velocity
U Random number with uniform distribution
V2i Shear force
Mi Bending moment
Pi Element axial load
P Load(Applied by testing machine)
a, b Dimensions
c Learning coefficient (personal and global)
r Radios and/or Direction function
Pij Best personal position of i in j dimensional direction
t Thickness of the surface and/or Target or imperial
xij Current position of i in j dimensional direction
FL Force per unit length
gj Best global position in j dimensional direction
Ar Area of a spherical cap
r1,2 Random distributed numbers, r1,2 ∈ U(0; 1)
Ac Cap sector area
SVM νonMises principal stress (force per unit area)
x, y, z Coordinates
ωc Mass of concrete
N Number of segments
Em, E Modulus of elasticity
n Cluster or segment number (HLP) and/or
K Stiffness of the wall elements
∆x, ∆y Distance between elements
Xkc, Ykc Impact of stiffness eccentricity
Ar Elements favorite distance
Xi, Yi The distance of walls stiffness from the center.
D Calculated distance matrix
CP Wall distribution area ratio
A Final distance matrix and/or Cross-section area
v1, v2, v3, Applied optimization objects (LWO)
Xvij , Yvij Violation in x, y directions
α, β, ... Parameters as coefficient (LWO)
W,L Wall cross section widths and lengths
Cc, hc Crane and labor hourly fee
he Height of wall
Φ Site management difficulties (optimization potential)
xi, yi Walls center coordinates
Ψ Machine usages percentage
cij Distance (cost) between nodes (MST)
Σ Cost of construction in Site
Cs, Hs Human and machines sources
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Rh,C Site equipment numbers
nf Vector perpendicular to the surface
V Speed function for passing the area
F Load vector
ρ Mass function
tf Thickness function
mf Mapped function
β Defined new parameter
ṕi Raw selection
xij Current Position of i in j dimensional direction
r1,2 Random distributed numbers
I Principal moment of inertia and/or Random number of chosen parent
ci Cost of member i
X Random number with a uniform distribution
G Shear module
L Length of element
dt Time differential
ν Poisson’s ratio
[K] Structure stiffness matrix
Del

0 The initial, undamaged, elasticity matrix
HP Height of the profile
umax Maximum deformation without a substanational reduction
uy Deformation when a plastic behavior is reached
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7.2 Optimum Shell Calculation

The appendix contains patent documents that have been analysed but as a supplement. This chapter
includes a discussion about the stress calculation in shells and proposes a simple method for calculating
the optimal form. Then, suggests plenty of new geometries for connections of precast structures. Finally,
displays more information about the tested connections.

7.2.1 Differential Calculation

An exact solution for calculating the shells is founded by the theory of shells and plates, developed
by Timoshenko [18] and few others, an example to illustrate this method was selected, additionally
another, but a simpler method for the same question suggested and illustrated by examples. This
example is a shell with membrane behavior and spherical shape that is objected under self-load. The
hyperbolic shell shape found by hanging the clothes, is formed under their self-load and parabolic shell
shape under the radiate load. However, in some shell structures, they are semi-spherical shells, e.g.
Truffault Villeparsis, Wyss Garten Center or they have basically made of rotational shells over two
points with two different radius, e.g. Brühl sports center.
Rotational shells are formed by turning a curve over one axis, while each point can be specified by
two types of angles(θ, φ) that shows the meridional, and orbital curves respectively. That makes the
calculation easier, as the most important point in a partial differential calculation is defining the shape
as simple as possible.
Each node has two curvatures and as a result of two radius(r1 and r2), these two curvatures are
perpendicular to each point. The differences between the radius and their intersections make infinite
forms. For instance, if they are equal and cut each other in the center of shape, they make spherical
shapes (Fig(7.1a)). CO and O′ as spherical and circle shape center are located on axis. By drawing Z
orbital curve with angle dφ and two meridian a rectangular shape ABCD as a part of the shell can be
found (Fig(7.1b)).
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Figure 7.1: (a) Geometrical properties of rotational shell, (b) Internal forces in rotational shell with
symmetrical loading, (c) Orbital forces image

It means:

ÂC = r0dθ and ÂB = ĈD = r1dφ

B̂D is located with dφ difference form ÂC, therefore:
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B̂D = (r0 +
dr0
dφ

dφ)dθ

Since OO′C is a right triangle r0 = r2 sinφ
Isler shells have symmetric loads over the surface, hence it doesn’t have the inter-layer shear force.

Nφθ = Nθφ = 0

Therefore, in axial forces by φ changes, only Nφ get increased and Nθ is fixed, as a result, only two
variables remain, which can be calculated by static equilibrium.
Both meridian forces Nφ acting on ÂC, B̂D are in Z positive direction and low amount of load and
directions changes in B̂D, can be ignored (Fig(7.1c)), Nφ have dφ

2 angle with Z, therefore:

2Nφ(r0dθ)
dφ

2
= Nφr0dθdφ

Additionally, both orbital forces Nθ on both ÂB, ĈD are in Z positive direction which can be projected
like Fig(7.1c), therefore:

2Nθ(r1dφ)
dθ

2
sinφ = Nθr1sinφdφdθ

Summation of load Pz in Z direction will be:

ΣFz = 0

Nφr0dθdφ+Nθr1 sinφdθdφ+ Pzr0r1dθdφ = 0

After simplification and dividing by r0r1, it can be written as:

Nφ

r1
+
Nθ

r2
= −Pz

As is shown in Fig(7.1c) the loads Nθ in y direction, will be:

−Nφr1 cosφdθdφ

Both meridional loads Nφ neutralized each other being in the same direction with the inverse sign. It

must be considered that in ÂC with length of r0dθ, Nφ has its effect and sum of the effective load will
be Nφ(r0dθ).

From the other side on face BD with length [r0 + (dr0dφ dφ)] the load increased by [Nφ+ (
dNφ
dφ dφ)] affects.

Therefore, sum of the load in this direction is:

[Nφ + (
dNφ

dφ
dφ)][r0 + (

dr0
dφ

dφ)]dθ

Outcome of two forces(Nφ) gives:

[Nφ + (
dNφ

dφ
dφ)][r0 + (

dr0
dφ

dφ)]dθ −Nφ(r0dθ) =
d

dφ
(Nφr0)dθdφ

Summation of the load in y direction,

ΣFy = 0

−Nφr1 cosφdθdφ+
d

dφ
(Nφr0)dθdφ+ Pyr0r1dθdφ = 0
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After simplification,

−Nφr1 cosφ+
d

dφ
(Nφr0) + Pyr0r1 = 0
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Figure 7.2: (a) Meridian forces in arbitrary direction (b) Half spherical shape (c) Stress changes trend

Now, by these result the unknown internal forces can be calculated. Nevertheless, in this question
(symmetric spherical shape) first the Nφ in each orbital is equal, then r1 = r2. And if the summation
of the load in this ring be called F Fig(7.2a), it can be calculated that:

Nφ =
−F

(2πr0) sinφ
=

−F
(2πr2) sin2 φ

For spherical shapes:

Nφ =
−F

(2πa) sin2 φ
=

−F
2× π × 10× 0.7072

Nθ =
F

(2πa) sin2 φ
− aPz

To calculate the up side load (weight of shell) Fig(7.2b)

Px = 0, Py = P sinφ, Py = P cosφ

F =

∫ φ

0
2πa sinφadφ = 2πa2P (1− cosφ)

Hence:

Nφ =
−aP (1− cosφ)

sin2 φ
& Nθ = −Pa cosφ+

aP (1− cosφ)

sin2 φ

Based on that, orbital and meridian stress are:

σφ = − aP

t(1 + cosφ)
& σθ = −aP

t
(cosφ− 1

1 + cosφ

In the example r = 10m, x = y = 5m, a = 10m, t = 0.1m and z =
√

50mwc = 2.4Ton/m3 it results
to:

σ = 14.06
Ton

M2

Some note on the results:
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σφ higher than (φ = 51.50) is positive and under that is negative. It means upside is under comparison
and downside is under tension and that’s why Isler never used a full hemisphere shape in his structures.
Additionally, the maximum stress happens in supports places where cosφ = 0 and the amount of that
is pa

t , from the other side, load has a direct relation with stress which means the stress is only get
changed based on the material and r Fig(7.2c).

7.2.2 Simple Exact Suggested Solution

Up to now, Isler calculation as an approximate solution and long complex differential method with
no practical usage, was discussed, but the current research suggestion on the same question as a
practical functional method was described. This method relies on basic mathematics and needs a
functional definition for each shell. Fig(7.3) shows some chosen shells, their function, showing their
ability in modeling the forms, here only spherical example repeated to show and prove the solution
simultaneously.
If this shell is defined in Cartesian coordinate after applying x, y for finding any arbitrary point and its
stress, the height of point becomes clear and then a horizontal plate that its function is corresponding
to this height must be cut with this shell. As a result, the common perimeter or the distance around a
given two-dimensional object, e.g. between shell and plate can be found by a simple calculation, which
is the perimeter resisting against the top load.
By using another integral operator on shells function between the height of the cutting plate and the
highest part can determine the area and weight of this part, which consequently can be divided by the
founded perimeter, which corresponded to its top load. However, this force is in gravity direction and
now the next step would be to find the direction of the shell at that point to project the gravity load
along the shells. Therefore, just the x, y, z to the gradient of the shell should be applied.

Bz x y( ) x2 y2
 

Bv x y( ) 12.5

Bv Bz (a)

Az x y( ) x3 3x y2


Av x y( ) 150

Av Az (b)

Fz x y( ) x2 y2


Fv x y( ) 2

Fv Fz
(c)

Ez x y( ) sin x( ) sin y( )

Ev x y( ) 0.5

Ev Ez (d)

Figure 7.3: Some functions shape in 3D: (a) Z(x, x) = −(x2 + y2), Z = −12.5 (b) Z(x, y) = x3 −
3x.y2, Z = 150 (c) Z = x2 − y2, Z = −2 (d) Z(x, y) = sin(x) + sin(y), Z = 0.5 [142].

Now, this method can be applied to a spherical shape to prove and describe. Sphere function can be
written parametrically as:

x2 + y2 + z2 = R2

Or

Sph(r, u, v) = (r. cos(u). cos(v), r. sin(u). cos(v), r. sin(v))

The example was half sphere(R = 10), and the stress under x = y = 5 should be found while the goal
is finding the stress in each point. The assumed point shows:
The plate function z =

√
50 and the common part would be a circle.

X2 + Y 2 = 50 or r2. cos θ2 + r2. sin θ2 = 50
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To calculate the perimeter of the circle:∫∫ √
(f ′x)2 + (f ′y)2dxdy =

∫ 2π

0

√
r2 cos2 θ + r2 sin2 θdθ = 2πr (7.1)

2.π.
√

50 = 44.429

To calculate the shell’s area on the top side of the plate by integrating from the surface.∫∫ √
1 + (f ′x)2 + (f ′y)2dxdy =

∮ ∮
s

√
1 + (2x)2 + (2y)2dxdy (7.2)

∮ ∮
s

√
1 + (2x)2 + (2y)2dxdy =

∫ 2π

0

∫ a

0

a√
a2 − r2

rdrdθ (7.3)

For all of the surface:
2πr2, r = 10, 2πr2 = 628.319

For top of the plate:
2πrh, h = 10− sqrt50, 2πrh = 184.03

184.03 .2.4

44.429
= 9.941

Ton

m2

Gradient of the shell (to turn to the shell direction):

Grad u = 2xi+ 2yj + 2zk = 2(xi+ yj + zk) = 2(5i+ 5j +
√

50k)

gravity = 0i+ 0j + 1k

Finding the point angle by inner multiplication:

cos(α) =
0.10 + 0.10 + 2.

√
50.1√

1.
√

100 + 100 + 200
=

2x
√

50

20
α = 45

Stress along the shell:
9.941

0.707
= 14.06

Ton

M2

To compare these two mentioned methods, a powerful FE solver was used. As can be seen in the
Fig(7.4b) the result of these two methods are the same. This spherical shell was defined in SAP2000
software, in the same x, y point coordinate, as a result, the output was similarly, 14.078Ton/M2.
However, the suggested manual calculations is more exact due to SAP2000 default assumption.
Some notes on the results:
1-The method works universally on all membrane shells.
2-The solution shows the amount of stress in shells is not related to their thickness, therefore, increasing
the thickness not only doesn’t improve the structure but also because of side effects such as P − ∆,
causes extra forces. In this case, the thickness of the shell was assumed uniform.
3-Having a gradual changes from top to bottom in the amount of stress in a form, considering analogous
thickness in Isler shells, can be a key for having optimal forms. Therefore, there should be a relation
between the top-side-areas causing the force and its shape distribution resist area against the load.
This process can be manipulated by changing the shell’s thickness as well.
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Figure 7.4: (a) Plate and shell cross section (b) FEM result of the same question (c) Selected coordinate’s
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7.3 Suggested Connection Geometries

This section includes as geometries designed by simulations, for the precast structures, inspired by the
carpentry, steel and wooden puzzle connections. The chosen ones were tested and simulated, which
is discussed in chapter (4), displaying different resistance capacity. A few of them can construct the
whole frames by fractal repetition, Fig[7.7,N].
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Figure 7.5: Suggested joints for precast head-head segments
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Figure 7.6: Suggested dry joint for Wall-Floor systems
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Figure 7.7: Suggested dry joint for Beam-Column systems
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7.4 Tested Connection Details and Results

Simulation and test results diagrams of the nine tested geometry are gathered. In which the capacity of
the other connections by comparing with the cracks and the amount of the related loads to the first test
as a measure will be clear. The load stress diagrams are also showing the amount of the highest stress
in the material during the loading process, coincide with indicating the rupture in these materials.
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Figure 7.10: Test 1: Simulation and test results diagrams

1

0 2 4 6 8 10
0

0.5

1

1.5

Displacement(mm)

L
oa
d
(T

)

Abaqus results
Test results

Abaqs concrete tensile crack
Test concrete tensile crack
Abaqs steel plastic entrance

0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

Loading − Process

N
or
m
a
li
z
ed

−
S
tr
es
s

Concrete compressive
Concrete tensile

Steel Mises/10

(a) Load-Displacement diagram

1

0 2 4 6 8 10
0

0.5

1

1.5

Displacement(mm)

L
oa
d
(T

)

Abaqus results
Test results

Abaqs concrete tensile crack
Test concrete tensile crack
Abaqs steel plastic entrance

0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

Loading − Process

N
or
m
a
li
z
ed

−
S
tr
es
s

Concrete compressive
Concrete tensile

Steel Mises/10

(b) Load-Stress diagram

Figure 7.11: Test 2: Simulation and test results diagrams
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Figure 7.12: Test 3: Simulation and test results diagrams
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Figure 7.13: Test 4: Simulation and test results diagrams
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Figure 7.14: Test 5: Simulation and test results diagrams
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Figure 7.15: Test 6: Simulation and test results diagrams
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Figure 7.16: Test 7: Simulation and test results diagrams
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Figure 7.17: Test 8: Simulation and test results diagrams
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Figure 7.18: Test 9: Simulation and test results diagrams
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[28] S. Neuhäuser, “Untersuchungen zur homogenisierung von spannungsfeldern bei adaptiven scha-
lentragwerken mittels auflagerverschiebung,” 2014.

[29] N. EMAMI, “Structure and daylighting performance comparisons of heinz islers roof shell based
on variations in parametrically derived multi opening topologies,”

[30] M. R. Barnes, “Form finding and analysis of tension structures by dynamic relaxation,” Interna-
tional journal of space structures, vol. 14, no. 2, pp. 89–104, 1999.
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