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Design and evaluation of doubly-curved shell-like concrete slab elements
Pre-stressed structurally optimized elements and their potential to reduce the
climate impact
Erik Arlinger
Department of Construction Management
Chalmers University of Technology

Abstract
The climate impact of the construction sector must reduce to meet the Paris agree-
ment. Horizontal concrete elements make up for a large share of the sector’s impact.
This thesis explores doubly-curved shell-like concrete elements and their potential
to reduce concrete usage of the sector. The element is explored through design and
finite element analysis.

The design process starts off with a primary design study of three different slab
elements. The geometry is evaluated, and the result is brought into the next study.
In the second study, pre-stress, fill and geometrical adaptations are introduced.
One slab element is found to have a beneficial structural behaviour. This element
is brought to the last design study, where the behaviour of the element is further
explored. The element behavior gave the idea for a final pre-stressing case, where
the tensile stresses in the slab are reduced enough to be handled by the concrete
material. In the 4th and last study, the production and climate impact of the final
slab is discussed.

The production method derives from some geometrical properties found in the
design studies, and the production is realistic. The material climate impact of the
final doubly-curved shell-like slab is found to be 30% of the material climate impact
for slabs common today.

Keywords: Structural optimization, Concrete shells, Ruled surface, Form-found
surface, Pre-stress, Material efficiency
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1
Introduction

To fulfill the aris agreement, the global construction sector need to be net-zero
carbon by 2050 (United Nations Environment Programme, 2022). This requires the
emissions from the construction and operation of buildings to be reduced by 98%
from 2020, with all new buildings being net-zero carbon by 2030. The large drop in
emissions from the construction sector in 2020 caused by the Covid-19 pandemic was
rebounded by 2021 in most major economies. The Global Buildings Climate Tracker
IEA (2022a) shows that the recent actions taken by the industry (for example, the
development of national building energy codes, high-performing building envelopes,
and more efficient indoor climate systems) are not near good enough to keep the
reduction in pace with the path required to reach the goal.

The production of concrete makes up 7% of the annual global carbon emissions
(GlobalABC et al., 2020). To get on track with the net-zero by 2050 scenario, the
emissions of the global cement production must be reduced by 10% in 2030 (IEA,
2022a). The reduction might be achieved by the use of sustainably produced and
sourced concrete, but the development is slow, and the green concrete does not
eliminate the climate impact, and is an expensive alternative (IEA, 2022b). Another
possibility is to reduce the material use (GlobalABC et al., 2020). Since the built
floor area is predicted to increase by 2% per year until 2030 (IEA, 2022a), we need
to reduce the concrete use by increasing the structural efficiency of our building
elements. This would lower the amount of material needed to produce buildings,
while maintaining the structural strength.

The horizontal concrete building elements, such as slabs and beams, are the sin-
gle largest contributor towards the environmental impact of tall building structures
(20-70 stories), and makes up 57-82% of the embodied energy of these (Foraboschi et
al., 2014). The geometry of concrete slabs used today is not optimal. A certain slab
height is required to handle the bending moment in the middle of the span. Some
improvements to horizontal elements has been done, like pre-stressed reinforcement
and reduction of material in the middle of the slab height. However, the bending
moment still limits the reduction of material. Development of the geometry of con-
crete slabs could greatly reduce the bending moment, thereby reducing the amount
of material needed to support the same load. One shape that could be the solution
is the doubly-curved shell, which has a different structural behaviour compared to
the flat slabs used today (Dombrowski et al., 2021).

1



1. Introduction

1.1 Aim

This thesis aim to explore the possibility to reduce the climate impact by improv-
ing the structural efficiency of horizontal concrete elements through shell-like slab
geometry.

The work departs from this hypothesis:

The doubly-curved shell-like shape is possible to use as thin pre-cast concrete
slab elements. The shape is adapted to fit the current application of conventional
horizontal concrete slabs by limiting the tensile forces through geometry design and
pre-stressing. The thin doubly-curved slab has the potential to reduce usage of
concrete in the construction sector, resulting in a reduced climate impact. The
slab can replace the hollow core slabs commonly used today, working as a closed
slab system on which interior floor can be placed, see fig. 1.1. Another possible
application is as bridge deck elements.

Figure 1.1: Thought slab system, where a slab element is highlighted with black.
The system is filled to achieve a level top, on which interior floor is placed.

2



1. Introduction

1.2 Scope & Limitations
The width of pre-fabricated concrete slabs used in Swedish buildings today is 1200 mm
(Svensk betong, 2015), which will also be the set width of the slabs handled by this
thesis. The length that will be studied is 10 m.

The software used to run the structural analysis require flat surfaces, and
cannot handle curved meshes or NURBS. To make the analysis effective, the model
of the slab was approximated by 340 flat surfaces.

1.3 Objectives
To understand how doubly-curved concrete slabs could improve the efficiency of hori-
zontal construction elements and reduce material usage in the construction industry,
this thesis has the following objectives:

• To explore and describe design choices that affects the structural efficiency in
concrete slabs.

• To design and evaluate a doubly-curved slab element, to a point where it is
theoretically implementable.

• To compare the resulting design with currently used systems, to see if the new
slab element can reduce the climate impact.

3
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2
Background

2.1 Shells and their application in architecture

According to Williams Williams (2014), a shell is defind as:

A shell is a structure defined by a curved surface. It is thin in the direction
perpendicular to the surface, but there is no absolute rule as to how thin it
has to be.

The definition could be applied to many tensile structures, but the term is
most common to describe rigid structures.

The term shell is broad and refers to many objects and shapes. The shape
is often found in nature, like in eggs or clams. The egg is a closed shell, while the
clam is an open shell. In architecture, the term often refers to larger essentially
horizontal structures that are used either as a supporting structure, like in stone
cathedrals, for example, the Church of Colònia Güell by Antoni Gaudí fig. 2.2, or as
the entire building envelope, like in Oceanogràfic València (fig. 2.1). The structure
can be complex or simple, light or heavy, made up by one entire shell or including
multiple ‘sub’ shells. One of the most famous shell structures of today is the Sidney
Opera House (fig. 2.3a), by Jørn Utzon.

Figure 2.1: Oceanogràfic València. Figure 2.2: Church of Colònia
Güell.
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2. Background

The usage of shell-like structures to make big-span roofs has been around for
millennia, with examples like the still standing Pantheon in Rome (fig. 2.3b). The
discovery of the optimal shape for compressive forces is credited to Robert Hooke,
who in 1676 published ten ‘inventions’, with the third invention being the law for
elasticity, today called Hooke’s Law. His description for the path of compressive
forces translated to English states “As hangs the flexible line, so but inverted will
stand the rigid arch” (Ochsendorf & Block, 2014).

(a) Sidney Opera House. (b) Ceiling of the Pantheon in Rome.

Figure 2.3: Two shell structures, built ca 1800 years apart. The opera house consist
in multiple smaller sub-shells, while the pantheon ceiling is constructed as one large
shell-like dome with a circular hole in the middle. The purpose of the hole (the
oculus) was either structural and/or to allow daylight inside.

2.1.1 Doubly-curved geometry
The term doubly-curved refers to geometry that is curved in two directions of a
surface. The arch, the cylinder and the cone are examples of single-curved geometries
(see fig. 2.4). The hyperboloid, the sphere and the egg are examples of doubly-curved
geometries (see fig. 2.5).

Figure 2.4: Single-curved surface. Figure 2.5: Dounly-curved surface.

2.2 Pre-cast concrete
The process of pre-casting concrete has been around since the industrial revolution,
but the industrialized custom pre-fabrication of elements used today was developed
around 1970-2000 (Elliot, 2017). Instead of building forms on site which are then

6



2. Background

torn down after the concrete curing, the pre-fab production uses the same mould
many times to create modules delivered to the construction site on schedule. This
allows a quicker construction process due to the elimination of the concrete harden-
ing time on site. The literature is in agreement that the pre-fabricated elements not
only saves time during the construction process, but is also limits the waste arising
from the form-work and concrete works by 51–87% (Jaillon, Poon, & Chiang, 2009).
Two examples of pre fabricated slab elements commonly used today is the hollow
core slab, fig. 2.6, and the TT slab, fig. 2.7.

Figure 2.6: Hollow core slab. Photo
credit: Elematic.

Figure 2.7: TT slab. Photo credit:
Elematic.
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3
Methodology

This thesis is centred around four studies, each one representing one step of the
iterative design process. The iterative design approach is chosen to best utilize the
lessons learned throughout the thesis process. The first 3 studies are design oriented,
and aim to conclude a realistic design that could be implemented in the construction
industry. The 4th study revolves around evaluation of the results and discussions
from the first 3 studies. The studies are divided as:

• Study I Primary design and evaluation of doubly-curved concrete slabs
• Study II Further Adaptation and pre-stressing of the ruled surface slab
• Study III Structure elaboration
• Study IV Production and climate impact

Each study includes method, results, and discussion. Figure 3.1 illustrates
the thesis chapter structure, where Introduction, Background and Theory leads
in to Study I. Studies II and III makes up the focal point of the slab element
design, which is then evaluated and discussed in Study IV and the Discussion and
conclusions chapter.

Figure 3.1: Thesis chapter structure.

The chapters Introduction, Background, and Theory are based on a broad
literature study, where climate impact of construction was mixed with theory of
structural efficiency.
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3. Methodology

3.1 Software
The generation of structural analysis models was conducted in Grasshopper, a visual
programming environment inside the Rhinoceros 3D CAD software (Robert McNeel
& Associates, 2022). In Grasshopper geometry is created by defining and changing
parameters with “components”.

For finite element analysis, the FEM-Design 3D structures by Strusoft (2023a)
was used. The grasshopper model was mounted to the FEM software using the
FEM-Design API (2023b).
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4
Theory

4.1 Geometrical definitions

This section describes the two geometrical definitions used in this thesis: ruled
surfaces and form-found surfaces.

4.1.1 Ruled surfaces

Ruled surfaces are defined by a continuous family of straight lines called generatri-
ces(Osman-Letelier et al., 2019). The generatrices of one dimension is originating
from the same continuous curve, so called directrix. Examples of ruled surfaces are
cylinders, cones , hyperboloids and hyperbolic paraboloids (see fig. 4.1).

Figure 4.1: A cylinder, a cone and a hyperboloid.

4.1.2 Form-found surfaces

The form-finding process is different from the ruled surface, where the form is found
by letting gravity interact with the structural behaviour of the material, thereby
resulting in a naturally formed bending-free shape. The method was first mentioned
by Hooke (see section 2.1), and can be translated as: The inverted shape of a tensile
hanging structure is the optimal one for a standing structure carrying loads by
compression (see fig. 4.2). The supports needs to have the same placement and
behaviour (for the xy-plane, inverted for the z-direction) in the two structures.
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4. Theory

Figure 4.2: Hanging tensile structure, with its inverse carrying compression.

4.2 Load combinations
In Eurocode there are multiple load combinations defined, describing which load
cases to include and what factor to multiply these with for each load combinations
depending on load period and expected load size. Table 4.1 lists the load combina-
tions used in this thesis.

Table 4.1: Load combinations used, where U stands for ultimate. Sc, Sf and Sq
are different serviceability limit states.

Load combination Partial factor γ Characteristic load

STR 6.10a U 1.35 Dead load
1.35 Dead load fill

STR 6.10b Live load whole U
1.2 Dead load
1.2 Dead load fill
1.5 Live load whole

STR 6.10b Live load half U
1.2 Dead load
1.2 Dead load fill
1.5 Live load half

SLS 6.14b Live load Sc
1 Dead load
1 Dead load fill
1 Live load

SLS 6.15b Live load Sf
1 Dead load
1 Dead load fill

0.5 Live load

SLS 6.16b Live load Sq
1 Dead load
1 Dead load fill

0.3 Live load

12



4. Theory

4.3 Material properties

This section discusses relevant properties of material, such as concrete and pre-
tension steel.

4.3.1 Concrete

The material properties of this thesis are retrieved from Eurocode (2023). According
to Eurocode 2 (EC 2) the design compressive strength is calculated as

fcd = αcc
fck

γc

, (4.1)

where αcc is a coefficient taking account of long term effects on the compressive
strength and of unfavourable effects resulting from the way the load is applied, γc

is the partial safety factor for concrete (= 1.5), and fck is the characteristic cylinder
compressive strength. Table 4.2 lists fck and fcd for some common concrete strength
classes.

Table 4.2: Characteristic cylinder compressive strength fck and design compressive
strength fcd for αcc = 1.00 for the concrete classes described in EC 2.

class 12/15 16/20 20/25 25/30 30/37 35/45 40/50
fck

[MPa]
12 16 20 25 30 35 40

fcd

[MPa]
8.00 10.67 13.33 16.67 20.00 23.33 26.67

class 45/55 50/60 55/67 60/75 70/85 80/95 90/105
fck

[MPa]
45 50 55 60 70 80 90

fcd

[MPa]
30.00 33.33 36.67 40.00 46.67 53.33 60.00

According to EC 2 the design tensile strength is calculated as

fctd = αct
fctk0,05

γc

, (4.2)

where αct is a coefficient taking account of long term effects on the tensile strength
and of unfavourable effects resulting from the way the load is applied and fctk0,05 is
the characteristic tensile strength. Table 4.3 lists fctk0,05 and fctd for some common
concrete strength classes.

13
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Table 4.3: Characteristic tensile strength fctk0,05 and design tensile strength fctd

for αct = 1.00 for the concrete classes described in EC 2.

class 12/15 16/20 20/25 25/30 30/37 35/45 40/50
fctk0,05
[MPa]

1.1 1.3 1.5 1.8 2.0 2.2 2.5

fctd

[MPa]
0.73 0.89 1.03 1.20 1.35 1.50 1.64

class 45/55 50/60 55/67 60/75 70/85 80/95 90/105
fctk0,05
[MPa]

2.7 2.9 3.0 3.1 3.2 3.4 3.5

fctd

[MPa]
1.77 1.90 1.97 2.03 2.15 2.26 2.35

4.3.1.1 Climate Impact of Concrete

The resulting geometry of this thesis will be compared to 2 different concrete slab
systems presented by Högström and Olsson (2001). This is done to evaluate the cli-
mate impact of the resulting slab. The data for material climate impact is retrieved
from Boverket’s climate database for the life cycle phases A1-A3 (conservative value).

4.3.2 Pre-stressing
To improve the performance of structures carrying forces through compression, pre-
stressing is a method commonly used. Sehlström (2021) discusses this and its ap-
plications used today. The method is based on the idea of adjusting the structural
behavior of an object by applying forces that counter stresses or movement to the
object. An example is the spokes in a bicycle wheel, that without pre-stress would
wobble and ultimately not work.

The Swedish Standard Institute has as an addition to Eurocode 2 giving spe-
cific properties for high tensile steel wire strands in SS 212553 (2013). All pre-
stressing strands used in this thesis is of class Strand SS 212553-Y1860S7 with a
yield strength of 1860 MPa.

4.4 Structural terminology
Loading any object give rise to a state of stress within the object. For thin shells,
the state of stress is dominated by membrane stresses acting in the tangent plane
of the shell. At any point on the shell, the membrane stresses can be expressed in
terms of its normal and shear stress components σX , σY , τXY = τY X relative to an
arbitrary orthogonal coordinate system with axes denoted X and Y (fig. 4.3, left).
By rotating the coordinate system an angle θp around the surface normal such that
the shear stresses components vanish, the state of stress can be expressed in terms
of its principal stresses σ1 and σ2 (Timoshenko & Goodier, 1951) (fig. 4.3, right).
These act along the orthogonal principal directions, which, in general, are different
at every point on the shell.
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4. Theory

Figure 4.3: Stresses in given coordinate system, translated to principal stresses.

For the stress plots, the negative (compressive) stresses are drawn in red, and
the positive (tensile) stresses are drawn in blue.
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5
Study I

Primary design and evaluation of doubly-curved concrete

slabs

Study I aims to lay the basis for the design and evaluation of the doubly-curved
shell-like slab. A first iteration of design will be made, and the outcomes of the
evaluation for this design will be the starting point for Study II. The questions that
Study I aims to answer is:

• How does different geometries behave when loaded?
• Can any geometries be discarded?
• How does the support type affect the structural behaviour of the slab?
• Can the doubly-curved geometry provide a efficient and stiff enough solution

to compete with the slabs used in the construction industry today?
There are three different geometries generated in Study I, one ruled where the

dimensions and shape of the slab is specifically defined (see section 4.1.1) and two
form-found surfaces, a concave and and a convex (see section 4.1.2).

The slab height was set to 1 m for the ruled surface. The form-found surfaces
were designed to receive similar height.

5.1 Method
In this section the three processes making up Study I will be described as follows:
model generation (geometry, loads and supports), analysis and evaluation.

5.1.1 Model generation
5.1.1.1 Ruled surface

Figure 5.1 illustrates the step-wise generation of the ruled surface model. To achieve
a doubly-curved slab, two sets of directrices were generated. The dimensions of the
slab were defined by the domain of the first directrix (fig. 5.1a), which was then
mirrored twice, by the yz- and xz-planes (fig. 5.1b). Each directrix was then divided
into an even number of parts with equal length (fig. 5.1c). The number of divided
parts determined the mesh complexity, where more parts increased the precision
of the shape approximation at the cost of increased computational demand. Two
sets of generatrices were then placed between the points on the opposing directrices,
creating a grid (fig. 5.1d). The grid was then triangulated and divided into the
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5. Study I: Primary design and evaluation of doubly-curved concrete slabs

desired slab shape by an extruded rectangle with one corner in the midpoint of
each directix (fig. 5.1e). Since the shape was generated by four symmetric lines, the
length and width of the resulting slab was equal to the x- and y- domain of the first
directrix. The shape height equals 1/4 of the directrix z-domain.

(a) Step 1: First directrix. (b) Step 2: Mirrored directrices.

(c) Step 3: Division of directrices. (d) Step 4: Placement of generatrices.

(e) Step 5: Splitting of mesh and
triangulation.

Figure 5.1: Generation of ruled geometry.

5.1.1.2 Form-found surfaces

Figure 5.2 illustrates the step-wise generation of the form-found models. The form-
found surfaces were started out in the same way as the ruled surfaces in order to
generate a similar adjustable mesh. Instead of three-dimensional directrices, the
surface was defined in the xy-plane (fig. 5.2a) and then ‘hung’ using the physics
engine Kangaroo2 (Piker, 2017) in Grasshopper. The yz-section of the slab was
first formed by fixating the edges along the x-direction, and the edges along the
y-axis to the yz-plane. The interior mesh edges were then defined as springs and a
uniform load was applied at each vertex of the mesh. The resulting single-curved
mesh (fig. 5.2b) formed the basis for both the concave and the convex form-found
surfaces.
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5. Study I: Primary design and evaluation of doubly-curved concrete slabs

(a) Step 1: mesh generation in
xy-plane.

(b) Step 2: generation of basis.

(c) Step 3a: generation of concave
shape.

(d) Step 3b: generation of convex
shape.

Figure 5.2: Generation of form-found slab geometry.

The curved edges were then fixed, and the old straight supported edges were
fixed to the xz-plane, allowing them to move along the x- and z-axis. The same load
was applied, in the same direction as before for the concave (fig. 5.2c) and opposite
direction for the convex (fig. 5.2d). The z dimensions (height) of the resulting shapes
were determined by load magnitude or spring strength.

5.1.1.3 Load generation

Three different loads were generated, one simulating gravel filling to adjust the upper
level of the slab system, and two different surface loads. One surface load covered
the entire slab and the other only half, both with magnitude 2.5 kN/m2 (fig. 5.3).
Since load combination SRT 6.10b (see table 4.1) give rise to the largest load effect,
therefore this load combination was used for analysis of the models.

(a) Dead load, gravel fill. (b) Live load, whole. (c) Live load, half.

Figure 5.3: The tree load cases, gravel fill, surface whole and surface half.
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5. Study I: Primary design and evaluation of doubly-curved concrete slabs

5.1.1.4 Support generation

The exterior edges along the y-axis were modelled as linear supports, with the
curvature divided into straight lines along the flat surface edges. Two different
support setups were studied for each slab, one making the slab simply-supported
with supports only handling forces in z-direction, one hinged where the supports is
fixed in space but can rotate freely (fig. 5.4).

(a) Hinged support. (b) Simply-supported.

Figure 5.4: The two support types, hinged and simply-supported.

5.1.2 Model analysis
The geometry generated was mounted to a FEM-design 3D Structures model (Strusoft,
2023a) using the FEM-Design API (Strusoft, 2023b) for Grasshopper. The flat faces
of the generated meshes were converted into surfaces, and modelled as 5 cm thick
plates in FEM-design. No reinforcement was used in this study. The material de-
cided was concrete class C12/15.

5.1.3 Model evaluation
The analysis resulted in one model for each slab with the two support types. From
the models, all forces, stresses, and deflections were obtainable. The ones decided
as relevant were taken out and put into tables. These were:

• principal stresses,
• stress patterns,
• maximum compression (σc,max) and maximum tension (σt,max),
• stresses in the slab centre (σcentre) and at the edge of the slab middle section

(σmid),
• maximum deflection δmax.

To further understand how the different slabs behaves with the two supports,
the principal stresses were plotted against the slab geometries.
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5. Study I: Primary design and evaluation of doubly-curved concrete slabs

5.2 Results
The results for Study I consists in final model geometry (fig. 5.5), stresses and
deformations (table 5.1) and plotted principal stresses (fig. 5.6). The principal stress
plot shows stress directions and magnitude with lines in blue for tension and red for
compression. The line length represents the stress magnitude.

(a) Ruled geometry.

(b) Concave form-found geometry.

(c) Convex form-found geometry.

Figure 5.5: Generated geometry used in calculation and evaluation.
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Figure 5.6: Principal stress plots for the three slabs.
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5. Study I: Primary design and evaluation of doubly-curved concrete slabs

Table 5.1: Stresses σ [MPa] and maximum deformations δmax [mm] for the three
slabs.

Hinged Simply-supported
Whole Half Whole Half

Ruled

σc,max -9.63 -9.01 -35.77 -31.64
σt,max 13.22 13.14 22.96 20.01
σcentre 0.78 0.66 22.96 20.01
σmid -7.02 -6.08 -29.6 -25.8
δmax 4.8672 4.23 47.13 41.144

Concave

σc,max -7.33 -7.63 -124.29 -103.44
σt,max 5.66 6.93 38.11 31.54
σcentre -1.81 -1.75 12.89 2.95
σmid -2.34 -2.05 2.45 1.90
δmax 1.7534 2.106 42.228 35.1556

Convex

σc,max -11.64 -12.08 -177.36 -147.65
σt,max 1.67 2.46 33.38 27.78
σcentre -2.26 -1.77 -6.53 -5.31
σmid -1.42 -1.42 -6.33 9.7* 7.77
δmax 1.8832 1.8089 21.2 17.5669

* For σcentre and σmid there may be two present forces in different direction, one
tensile and one compressive. σ < |0.5| is left out. For σmid for the convex

simply-supported with whole surface load, neither tensile or compressive was to
small to neglect.

5.3 Discussion

From the principal stress plot ( fig. 5.6), we can see that all the simply-supported
slabs work as a simply-supported beam carrying loads through bending. There are
big tensile stresses in the middle of the span. This is not ideal. By comparing
table 5.1 to table 4.2 we can see that the compressive stresses can not be handled
by even the highest class of concrete.

However, the hinged slabs perform well. We get compressive stresses that can
almost be handled by the lowest concrete class for all the geometries. For a slab
length of 10 m and a height of 1 m, we get a max deflection of 5 mm, which equals
L/2000, to be compared to L/300, which is a commonly used deflection limit for
slabs. The tensile stresses exceed the material capacity, requiring a mitigation of
tensile stress through alteration of the geometry, or introduction of pre-stressing.

To enable implementation of prefabricated doubly-curved slabs, they need to
be able to support their own weight without any supports when being transported
and handled by cranes etc. The construction of a hinged support might also be
difficult. When two slabs are meeting at a vertical support this is possible by
having their horizontal forces counter each other, but the horizontal forces still
needs to be taken care of at the end of the slab system. This is another problem
that pre-stressing might solve, by making the slabs act as hinged internally but only
transferring vertical loads to the supports.

23



5. Study I: Primary design and evaluation of doubly-curved concrete slabs

5.3.1 Ruled surface
When examining the ruled surface, I found that the cross section in the yz-plane is
identical for every x. This might be a big advantage when discussing production,
since this enables a mold that can be reused and adapted to the desired slab length
and height. This will be further discussed in section 8.2.1.

The linearity of the generatrices, also discussed by Osman-Letelier et al. (2019),
is advantageous when exploring pre-stressing of the geometry. Having pre-stressed
linear cables along the diagonals of the slab might make the simply-supported slab
act as a hinged slab (as discussed in section 5.3), while also improving the perfor-
mance of the slab.

5.3.2 Concave form-found surface
The concave form-found surface might be the geometry that is most affected by
the approximation needed to allow simulation of the structural behaviour (see sec-
tion 1.2). The second order of forces applied in the geometry generation (fig. 5.2c)
gives the surface are varying depending of the mesh density. Figure 5.7 displays
the different shapes depending on mesh density. The surprising fact is that even
though the surface used in the model analysis differs from the most ‘natural’ shape,
it still performs quite well. The biggest tensile stresses for the hinged concave slab
is 6.93 MPa, which is smaller than the tensile stresses in the ruled surface. However,
they are still to big to be handled by the concrete itself.

(a) n = 342 (b) n = 1056 (c) n = 4160

Figure 5.7: Side view of the concave form-fond slab with the number of faces n.

5.3.3 Convex form-found surface
The convex form-found surface is the geometry that as hinged produced the least
tensile stresses in this study. They are so small that they just exceed the tensile
stress of the concrete class C90/105. However, the pre-fabrication related issues
discussed in section 5.3 still applies, requiring introduction of pre-stress to the slab.
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6
Study II

Further adaptation and pre-stressing of the ruled surface

slab

The aim of Study II is to explore whether simply-supported doubly-curved slab can
be pre-stressed to make the principal stresses similar to the hinged versions from
Study I.

As mentioned in section 5.3.1, the ruled surface is advantageous when dis-
cussing pre-stressing due to the straight generatrices along the surface. No internal
straight lines could be found along the form-found surfaces, and they were therefor
excluded from this study. The geometry used in Study II was the same as in Study
I: 10 m long, 1.2 m wide, and 1 m high. The load combinations was kept the same,
with the addition of pre-stress forces.

The study also tries to adjust the geometry and boundary conditions to better
simulate the practical implementation of the slab. In Study I, the horizontal align-
ment was solved by filling the slab with gravel. For Study II, the option of lightweight
fill (such as Leca) and very light fill (negligible weight) was also explored, to see how
this affects the structural behaviour of the slab.

6.1 Method
This section discussed the method applied through support setup, pre-stressing and
fill elaboration.

6.1.1 Support setup
Supposing that the slab will rest on supports with a flat top, the curved slab would
need to be adapted to the supports to ensure stability.

As a first step in this study, the supported edges of the slab was extruded
to a horizontal line, giving the slab a thickened edge—‘shoes’—at the ends of the
slab (fig. 6.1). The shoes also helps with mitigating the stress concentrations that
can occur when introducing pre-stress. To simulate these shoes in the FE model,
fictitious bars with large stiffness was added to the slab ends, see fig. 6.2 .

The linear supports used in Study I was replaced with point-supports, acting
at the vertices of the slab edges. The supports was assigned only vertical strength,
allowing all horizontal and rotational movements. The middle point for one of the
edges was fixed horizontally to make the deformations relative to the slab itself.
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6. Study II: Further adaptation and pre-stressing of the ruled surface slab

Figure 6.1: Ruled slab with thickened edges—‘shoes’—to meet the external supports.

Figure 6.2: Support setup used in Study II.

6.1.2 Pre-stressing and fill elaboration

Next, two types of pre-stressing was added. The first pre-stressing layout was exter-
nal, where three sets of strands were added between the shoes, parallel to the slab
length. One strand between the centres of the shoes, and one at each side of the
slab, see fig. 6.1. A pre-tension force of 100 kN was added over the middle bar. The
resulting stresses over the slab with and without pre-stress were plotted.

The second type of pre-stressing included internal strands following the di-
agonal generatrices crossing in the middle of the slab, see fig. 6.4. Three different
load cases were created, see table 6.1, where the three 15.7 mm radius strands were
pre-stresses with the same amount. The resulting stresses is summed to 100, 150,
and 300 kN. The results were plotted over the slab.

A final pre-stressing case was constructed, involving both the internal and
external strands, see fig. 6.5. The stresses of the possible load combinations were
plotted with a live load covering whole and half of the slab.
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Figure 6.3: Ruled slab with external strands.

Table 6.1: The three pre-stressing cases used for the internal strands.

Pre-stress in one strand [MPa] Total pre-stress [MPa]
33.3 100
50 150
100 300

Figure 6.4: Ruled slab with internal strands following the straight diagonal gener-
atrices.

Figure 6.5: Ruled slab with both internal and external strands

The same pre-stressing cases were then simulated and plotted for three slabs,
one where the gravel fill was replaced with lightweight fill and one where the fill
was removed, see fig. 6.6. This was done to see how this affected the needs for
pre-stressing.
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(a) Gravel fill, ρ=1750 kg/m3.

(b) Lightweight fill, ρ=300 kg/m3.

(c) Unfilled, ρ=0 kg/m3.

Figure 6.6: Ruled surface slab with the three different fills used in Study II.

6.2 Results
This section includes the principal stress plots for the different pre-stressing cases.
Each stress plot, figs. 6.7 to 6.17, displays the principal stresses and the maximum
tensile stress σt,max and compressive stress σc,max. To exclude fictive stress concen-
trations, the 5% highest absolute stresses are disregarded.

Table 6.2 shows the 36 load cases tested in this study, and which figure display
the 11 cases deemed relevant.

Table 6.2: Figure references for considered load cases and applied pre-tension force.

Figure reference
Gravel Lightweight Unfilled

Pre-stressing case Total tension [kN] Whole Half Whole Half Whole Half

External 0 6.7 - - - - -
100 6.8 - - - 6.9 -

Internal
100 6.10 - - - - -
150 - - - - - -
300 6.11 - 6.12 6.13 6.14 6.15

Both 100/300 6.16 6.17 - - - -
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σt,max = 14.80 MPa σc,max = −21.1 MPa

Figure 6.7: Gravel filled slab with untensioned external strands.

σt,max = 7.87 MPa σc,max = −14.51 MPa

Figure 6.8: Gravel filled slab with 100 kN tensioned external strand, see fig. 6.3.

σt,max = 0.28 MPa σc,max = −2.93 MPa

Figure 6.9: Unfilled slab with 100 kN tensioned external strand.

σt,max = 12.85 MPa σc,max = −24.4 MPa

Figure 6.10: Gravel filled slab with 33 kN tensioned internal strands, see fig. 6.4.

σt,max = 5.02 MPa σc,max = −24.78 MPa

Figure 6.11: Gravel filled slab with 100 kN tensioned internal strands.

σt,max = 1.67 MPa σc,max = −17.21 MPa

Figure 6.12: Lightweight filled slab with 100 kN tensioned internal strands.
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σt,max = 1.67 MPa σc,max = −17.21 MPa

Figure 6.13: Lightweight filled slab with tensioned 100 kN internal strands under
live load over half the slab.

σt,max = 1.47 MPa σc,max = −15.7 MPa

Figure 6.14: Unfilled slab with 100 kN tensioned internal strands.

σt,max = 1.47 MPa σc,max = −15.7 MPa

Figure 6.15: Unfilled slab with 100 kN tensioned internal strands under live load
over half the slab.

σt,max = 0.27 MPa σc,max = −2.9 MPa

Figure 6.16: Gravel filled slab with 100 kN tensioned internal and external strands,
see fig. 6.5.

σt,max = 0.28 MPa σc,max = −2.93 MPa

Figure 6.17: Gravel filled slab with tensioned internal and external strands under
live load over half the slab.
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6.3 Discussion
The results from Study II shows it is possible to pre-stress a simply-supported ruled
slab element to make it behave like a hinged element. We can also see that the
maximum tensile stress, which is critical for concrete, is reduced for the pre-stressed
slabs compared with the ruled hinged slab from Study I (see table 5.1).

By using the external pre-stress case, the smallest tensile forces in the slab
are obtained. Since the tensile stresses are the critical for concrete, this pre-stress
setup could be argued as beneficial. When studying older large-span stone buildings,
we see the same method being used to mitigate the horizontal components of the
outward thrust from slab-like arches. However, such designs lack redundancy, and
are sensitive to temperature changes. If a fire would occur and heat up the steel
strand, the tensile stiffness of the steel would be greatly reduced, and ultimately lose
its purpose to keep the slab from snapping and releasing the slab ends outwards with
an enormous force. This of course excludes the solution of using only regular steel
in the strand, and would either require some other more heat-resistant material, or
a heat protection treatment.

One large advantage of the internal pre-stressed strands is the linearity dis-
cussed earlier, especially in reference to slab production. The pre-stress of the strand
could easily be mounted before casting of the concrete, without using special shape
adjustment technique. The strands could simply be tensioned in-place. The cover-
ing concrete layer would protect the strands from direct heat in case of fire. The
steel strands can still be subjected to corrosion and bond-slip, which needs to be
taken into account during the design of the shell thickness.

Even if the pre-stressed slab is behaving like a hinged slab, the tensile stresses
in the concrete are still to large to be handled by the material. To further develop the
design to an applicable state, solutions to remove or mitigate these needs exploring.

None of the pre-stressed slabs exceeds the compressive strength of concrete (see
section 4.3.1). An interesting note is that the slab with largest compression is not
the one with the most pre-tension, but the gravel-filled 100 kN internally-tensioned
(see fig. 6.11). I believe this is because the slab carries some of the forces through
bending, like in a regular simply-supported beam. We get next to no compression
in the middle of the transverse direction of the slab, which furthers points to this
conclusion.

It is also clear that the lightweight fill results in smaller tensile forces than the
gravel fill, while still fulfilling the requirement of simple installation and low climate
impact. Because of this, the lightweight fill will be the considered fill in the following
studies.
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7
Study III

Structure elaboration to reduce tensile stresses

The main goal of Study III is to limit the tensile principal stresses in the slab enough
for the concrete to not break. Two possible solutions are explored: thickening of the
slab and elaboration with the boundary conditions. The minimum concrete cover
required for the element is also calculated.

The aim of this thesis is to reduce the concrete usage. For the investigated
slab element, its thickness is one of the main factors affecting this reduction. The
thickness is decided by two main factors: if the material can handle the stresses it
becomes subjected to, and the minimum concrete cover. The minimum concrete
cover is defined to ensure:

• the safe transmission of bond forces between the concrete and reinforcement
bars or stands,

• the protection of the steel against corrosion,
• an adequate fire resistance.

According to Eurocode 2 (2008), the minimum concrete cover is:

cmin = max{cmin,b; cmin,dur + ∆cdur,γ − ∆cdur,st − ∆cdur,add; 10 mm} (7.1)

where:

cmin,b minimum cover due to bond requirement, equal to 2.5 times
the diameter of indented pre-stressed strands,

cmin,dur minimum cover due to environmental conditions,
∆cdur,γ additive safety element, (recommended as 0)
∆cdur,st reduction of minimum cover for use of stainless steel, (recom-

mended as 0)
∆cdur,add reduction of minimum cover for use of additional protection,

(recommended as 0).

7.0.1 Thickening of the slab element
In Study II the shell thickness was 50 mm. As mentioned earlier, there are two
factors deciding the element thickness. In the middle region of the span (x = 1.5–
8.5 m), the 50 mm thickness was enough to handle the stresses for the internally
pre-stressed lightweight-filled 10 m slab. The factor deciding the thickness in this
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region will be the minimum concrete cover for the pre-tensioned strands. At the
end regions of the span, (x = 0–1.5 m and x = 8.5–10 m) the tensile forces are too
large to be handled by the concrete.

If the thickness of the concrete is locally increased at the end regions, these
stresses might be lowered, while the amount of concrete in the slab could still could
be kept low in comparison to the traditional slab systems.

7.0.2 Boundary condition elaboration
Another approach to reduce the tensile stresses is to further explore how the slab
behave given other boundary conditions. How and where the slab wants to transfer
out the horizontal stresses could show the solution for tensile stress reduction.

7.1 Method
The method section describe how the modelling and simulations are conducted for
the thickening of the concrete layer and exploration of boundary conditions.

7.1.1 Thickening of the concrete layer
I started out Study III by finding the minimum concrete cover for the pre-stress
strands in the resulting design from Study II. Cylindrical concrete bars with the
radius of the strand (7.85 mm) plus this cover thickness was added along the strands.
The resulting geometry was then simulated for the same load combinations and
support setup used in Study II, see section 6.1.1.

The tensile forces were still to large for the concrete. To try and counter
these, the thickness of the slab was increased at the areas where these acted. The
concentration of tensile forces is shown in fig. 7.1. Three different thicknesses were
setup to find how the thickness affected the behaviour of the slab, the original 50 mm
with an addition of 50, 75, and 100 mm. The thickened slabs were simulated for the
whole live load, lightweight fill, and simple supports used in Study II.

Figure 7.1: Concentration of tensile forces. The darkness and diameter of each
circle represents the stress magnitude at the centre of the circle.

7.1.2 Exploration of boundary conditions
To not discard the option of a non-thickened slab, three other models were made.
For all the models, the number of diagonal internal strands were increased from 3
per corner to 7, see fig. 7.2.
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Figure 7.2: Internal pre-stressing setup with 7 strands in each direction.

The first model was based on the idea of letting the slab behave as it wants,
under point supports acting at the ends of each strand, parallel to the strand, see
fig. 7.3a. The z component of each support was removed to prevent the vertical
loads to be taken out of the system anywhere but at the supports at the slab ends.

The second model was set up with point loads applied at the ends of each
strand, parallel to the strand, see fig. 7.3b. Each point load was given a magnitude
of 50 kN.

The third model included line loads applied along the pre-stress strands, with
50 kN of pre-stress over each strand, see fig. 7.3c. The results of each pre-stress
setup was plotted for the whole live load, lightweight fill and simple supports used
in Study II.

(a) Point supports acting at the ends of the internal strands.

(b) Point loads acting at the ends of the internal strands.

(c) Line loads acting along the internal strands.

Figure 7.3: Boundary conditions to simulate pre-stress.

7.2 Result
The results for Study III involves the thickened geometry and the corresponding
principal stress plots, together with the principal stress plots for the new bound-
ary conditions. The principal stresses for fig. 7.4 can be seen in figs. 7.5 to 7.7.
Figures 7.8 to 7.11 are displaying stresses for the boundary conditions shown in
figs. 7.3a to 7.3c. The 5% highest absolute stresses are disregarded.
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7.2.1 Thickened element

Figure 7.4: Slab element with a thickened concrete layer around the strands and
at the location of the tensile force concentrations.

σt,max = 1.2 MPa σc,max = −12.71 MPa

Figure 7.5: Principal stress plot for the slab element with thickened concrete layer
around the strands.

σt,max = 1.18 MPa σc,max = −12.78 MPa

Figure 7.6: Principal stress plot for the slab element with thickened concrete layer
around the strands and an addition of 5 cm at the location of the tensile force
concentrations.

σt,max = 1.07 MPa σc,max = −12.81 MPa

Figure 7.7: Principal stress plot for the slab element with thickened concrete layer
around the strands and an addition of 10 cm at the location of the tensile force
concentrations.
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7.2.2 New boundry conditions

σt,max = 0.35 MPa σc,max = −4.12 MPa

Figure 7.8: Principal stress plot for the non-thickened slab element with point
supports applied at the ends of the internal strands.

Figure 7.9: Reaction forces in the point supports along the slab (compare with
fig. 7.8).

σt,max = 1.04 MPa σc,max = −14.59 MPa

Figure 7.10: Principal stress plot for the non-thickened slab element with 50 kN
point loads applied at the ends of the internal strands.

σt,max = 0.75 MPa σc,max = −13.58 MPa

Figure 7.11: Principal stress plot for the non-thickened slab element with 50 kN
line loads applied along the internal strands.
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7.3 Discussion

In this section the results of Study III is discussed, with the main focus being the
impact of the methods to reduce tensile stresses.

7.3.1 Thickened element

Since the stress is defined as force per area, the initial idea of Study III was to see
if the cross-sectional area of the slab could be increased locally to limit the tensile
stresses in the slab. The increased thickness was also required to fulfill the minimum
concrete cover demanded by EC 2 for the strands used in Study II. The results of
this simulation was quite unsatisfactory however. By comparing figs. 7.5 to 7.7, it is
clear that an increased cross-sectional area does not result in a significant reduction
of stresses. The tensile stresses are reduced marginally, and the compressive forces
are increased by a similar amount.

The local slab thickening is, however, increasing the complexity of the produc-
tion process. The made up production method, discussed in the following study,
is built around the identical cross section of the ruled surface. If the thickness is
increased locally, the cross section is altered depending on where in the span we are
looking. The solution to apply the thicker parts afterwards can be discarded due to
the in-homogeneous hardening for the element, which would compromise the slab
behaviour.

The solution to increase the thickness of the entire slab to make the cross
section identical to the most thick cross section would make the entire slab element
system useless, since the idea of the system is to reduce the material use.

7.3.2 New boundry conditions

The main goal of the model with supports along the slab was to see how the element
wanted to behave, provided the possibility of mitigating outwards facing stresses
through the point supports. The idea was that if given the possibility, the structural
behavior would limit the internal tensile stresses through mitigation, similar to the
form-found geometries discussed in section 4.1.2 and Study I. By studying fig. 7.8
the method is clearly working to limit all the stresses in the slab element. The only
points taking significant loads are the two most central at the slab edges, as seen in
fig. 7.9. The explanation for this is that in order to balance the internal forces, the
slab simply acts as a doubly-curved arch. This further explains why the external
pre-stressing cases in Study II were so successful (see section 6.3).

However, as discussed in Studies I and III, the possibility to mitigate the
stresses on the outside of each slab element counteracts the goal to make the slab
element work on its own. If the slab element can manage the stresses internally,
without external strands or horizontal stiffening, this is preferred. The external
current supporting structures would not need altering to make the internally pre-
stressed slab system work.
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On the other hand, both the point loaded and line loaded models perform well.
All the internal tensile stresses are surpassed by the concrete tensile strength. The
compressive stresses are also small enough to be handled by the concrete classes
25/30 and above. The lower pre-stress forces required for each strand (resulting
from the increased number of strands), also allow thinner strands which require a
smaller minimum concrete cover. For a stress of 50 kN, the diameter does not have to
exceed 6 mm. This lead to an element thickness of less than 40 mm. A preliminary
evaluation of the thinner element shows that this thickness is also handling the
forces.

The thinner strands also mean that the thickness of the slab can be uniform
over the element, resulting in a much simpler production process. The concrete
could simply be poured over the straight pre-stressed strands in the adaptable form
discussed in section 5.3.1.

Whether all the strands need pre-stress, or if some of them can be replaced
with simple straight reinforcement bars is something for another study. This would
result in a lower production cost.
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8
Study IV

Production and climate impact

Study IV revolves around evaluating the first implementation related issues and
questions for the resulting slab element from Study III. Unlike the earlier studies,
this study does not involve stress simulations, but has a more conclusive approach.

8.1 Method
This section begins with the thought production of the slab element, and continues
to discuss the climate impact that it might have. The climate impact is compared
to other concrete pre-fabricated slab systems that are common today.

8.1.1 Production method
Studying existing production methods for modular doubly-curved concrete elements,
like the Adapa adaptive moulds (see fig. 8.1) (Adapa A/S, 2022), a concept for
rational production of the ruled slab element was constructed. The method was
based on the identical cross section along the ruled slab element, briefly discussed
in section 5.3.1.

Figure 8.1: Adaptive piston controlled concrete mould. Photo credit: Adapa A/S.
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8.1.2 Climate impact
To roughly estimate the climate impact of the doubly-curved shell-like slab, the
CO2e/kg for the life-cycle phases A1-A3 was calculated for the resulting line-stressed
40 mm thick slab from Study III. This was done using the climate database provided
by Boverket (2023). The CO2e/kg for TT slabs and hollow core slabs was taken from
the same database. The CO2e/kg was then converted to CO2 equivalents per square
meter for the selected slab elements.

Some parameters from currently used systems was found, and these were com-
pared to the ruled slab to get an as similar as possible system to compare with. The
parameters were centred around the system geometry and structural efficiency. The
parameters were:

• Height,
• length dependency,
• cross-sectional area,
• load capacity.

A master thesis evaluating these parameters is written by Högström and Olsson
(2001). In the thesis, three pre-fabricated slab systems are presented, hollow core
slabs, TT slabs and lightweight concrete elements.

8.2 Results
This section discribe the thought of production process, and the calculation of the
material climate impact of the ruled slab, hollow core slab and TT slab

8.2.1 Production method
The thought rational production method looks as following:

Step 1 (fig. 8.2a): Identical thin (1-5 cm) plates are stacked next to each
other. Since the width of the element is standardized to 1200 mm (see section 1.2),
the plates can be mass produced and reused. The curvature in each plate varies for
different slab element lengths, but this thesis will not dive deeper into this matter.

Step 2 (fig. 8.2b): The plates are adjusted vertically by pushing up the
plates, using hydraulics, wedges or blocks. The plates are then fastened into place
to handle the weight of the concrete.

Step 3 (fig. 8.2c): A semi-stiff rubber membrane or similar is placed in the
plate form, to remove the small steps in the form and make the surface smooth.
The pre-stress strands are put into place and tensioned. This is possible to do
before the pouring of concrete due to the straight nature of the generatrices (see
section 6.3). The concrete is then poured into the form over the strands. Other
concrete application methods could be possible, such as spraying of the concrete.

Step 4 (fig. 8.2d): The concrete is left to harden, and the element is then
removed from the form which can be used again. The excess pre-stress strands
are cut away, leaving the thin doubly-curved shell-like slab element. The shoes
(see section 6.1.1) are then added, and the element is ready for transportation and
mounting at the construction site.
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(a) Step 1: Plate placement. (b) Step 2: Plate adjustment

(c) Step 3: Rubber membrane, pre-stress strands and concrete pouring.

(d) Step 4: Removal of hardened element from form, cutting of pre-stress strands.

Figure 8.2: The 4 steps of the thought production method.
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When the slab elements are placed on site, the are stacked next to each other
in the same way as pre-fabricated slab systems used today, on top of a primary
supporting structure. Piping and installations can then be placed in the slab system
if desired. The slab system is then filled with lightweight fill, which can also include
sound isolating material, to level. On top of the fill, the floor is placed.

8.2.2 Climate impact

Table 8.1: Calculation of kg CO2 equivalents per square meter for the ruled slab.

Concrete, class 25/30 Reinforcement strands
CO2e/kg [kg] 0.129 1.25
volume [m3] 0.467 0.0129

density [kg/m3] 2500 7850
weight [kg] 1167.5 101.27

weight/m2 [kg/m2] 97.29 8.44
CO2e [kg] 150.6 126.59

CO2e/m2 [kg] 12.55 10.55
Total CO2e/m2 23.1 kg

The selected slab elements that best matched the ruled line- stressed 40 mm
thick slab from Study III was hollow core slab HD/F 120/19 and TT slab TT/F
240/30.

Table 8.2: Calculation of kg CO2 equivalents per square meter for the hollow core
and TT slabs.

hollow core slab 120/19 TT slab 240/30
CO2e/kg [kg] 0.188 0.274

weight/m2 [kg/m2] 403.8 381.4
Total CO2e/m2 75.91 kg 104.50 kg

8.3 Discussion
I believe that the production method described is both rational and realistic. How-
ever, when comparing the efficiency of the production method with the hollow core
or TT slabs, it has some weaknesses. The production of the hollow core and TT
slabs is done by extruding concrete in a long form. The slabs are then cut to the
right length, resulting in multiple slabs for each casting. The casting machine is
programmable, and very little alterations of the cast are required depending on the
specific slab type (i.e. 120/19, 120/27 etc.). This means that the production of these
slabs is more effective than the ruled-slab production. The hollow core and TT slabs
also require less pre-stress, which further simplifies the production in comparison.

When comparing the climate impact of the material use for the ruled slab with
the hollow core and TT slabs, the reduction of the ruled slab becomes clear. The
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75.91 and 104.50 kg CO2e/m2 for the hollow core and TT slab, compared with the
23.1 kg CO2e/m2 of the ruled, shows that even though the ruled slab contains more
steel as a result of the larger required pre-stress, the ruled slab has less than a third
the material climate impact compared with the conventional slabs. More precisely,
the ruled slab has a climate impact 30% of the hollow core, and 22% of the TT
slab.
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9
Summary and Conclusion

This chapters begins with a summary and discussions of the results and conclusions
of studies I-IV. It then continues linking back to the thesis aim, hypothesis and
objectives. The chapter ends with suggestions for further research.

9.1 Summary
This section sum the results and conclusion of each study.

9.1.1 Study I
Study I revolved around two support types, and the difference between the ruled
slab element and two form-found elements.

The simulations done in the study shows that non of the slabs function when
only simply-supported. The stresses that occur in the slab is however much smaller
for the hinged support, even though the tensile stresses are still a little too large
to be handled by the material. The hinged supports also resulted in very small
deformations, at around L/2000.

Some characteristics of the different element geometries were discovered during
Study I. By the geometrical definition of the ruled surface, for each point in the
surface there are two straight lines running between the edges of the slab, intersecting
at the point. The cross-section of the ruled surface was also found to be identical,
no matter where along the span it is taken.

9.1.2 Study II
In study II the possibility to replicate the hinged slab behavior for a simply-supported
slab by using pre-stress was explored. For fire safety reasons, only internally pre-
stressed slabs were deemed valid, and since none of the form-found slabs included
any internal straight lines, these were discarded. Some further geometry elabora-
tion was also done, through the addition of "shoes" at the slab ends, to promote
element stability for flat topped supporting structures. Three different fills were
also explored.

The results of Study II showed that the hinged behaviour was possible to
replicate, by letting three 15.7 mm radius straight pre-stress strands run along the
diagonals of the ruled slab. The addition of shoes further improved the slab per-
formance, by mitigating stress concentrations at the slab ends. The replacement
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of gravel (ρ=1750 kg/m3) with lightweight fill (ρ=300 kg/m3) was found beneficial,
even under live load over only half the slab element.

9.1.3 Study III
The goal of Study III was to further limit the tensile stresses in the concrete to a
level where the material would not crack. This was explored by two approaches,
the first one being: Thickening of the concrete layer, and the second: Exploration
of boundary conditions.

The concrete thickening was done by first evaluating the minimum concrete
cover around the pre-stress main tensile stresses occurred close to the slab ends, in
the middle of the transverse direction. Three different thicknesses were simulated,
with a very small difference in results. The tensile stresses are reduced marginally
with the increased thickness, but not enough to consider increased thickness as a
solution for reduction of tensile stress.

For the second approach, additional boundary conditions along the slab edges,
with supports taking loads parallel to the generatrices. The results of the simulation
show that the horizontal behavior of the slab is to transfer all of the horizontal
stresses out of the system at the middle of the slab ends. Since only internal pre-
stress was allowed, the boundary conditions were hard to replicate in a optimal
way. The solution decided was to add four more pre-stress strands per diagonal
of the slab, resulting in 14 strands total. The result of the new pre-stress setup
limited the tensile stresses to 0.75 MPa, which is within the concrete strength. The
increased amount of pre-stress strands allowed for thinner pre strands, resulting in
no requirement of extra concrete around these.

9.1.4 Study IV
In the and last study, the resulting design of Study III was evaluated. A produc-
tion method was formulated, and the material climate impact was calculated and
compared with two conventional slabs.

The production method discussed is based on modular reusable plates, that
due to the fixed slab width can be reused again and again to eliminate construction
and tear down of complex forms. The top shape of the plate might have to be
adjustable, but that is something for future research.

The material climate impact showed that the thin ruled doubly-curved surface
has has 22-30% the material impact of the conventional hollow core and TT slabs.

9.2 Aim, hypothesis and objectives
This thesis aims to discuss the possibility to lower the material climate impact of the
construction industry, by changing the geometry of conventional slab elements to a
doubly-curved shell-like geometry. The slab element designed in the thesis can re-
place traditional slabs, without further alteration of primary supporting structures.
Another possible application of the element is in bridges. The aim and hypothesis
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of the thesis is explored through the 4 studies, by geometry elaboration, evaluation
and pre-stressing of the element.

9.2.1 First objective
The first objective was: To explore and describe design choices that affects the struc-
tural efficiency in concrete slabs. The thesis evaluate some design choices and the
impact on the structural efficiency. In Study I, the form-finding design method was
proved very beneficial in creating efficient geometry that distribute stress evenly.
However, their non-linearity was in Study II ultimately found fatal. Study I show
the support type dependency of the form-finding approach. In order to make the
design method work, the supports used to find the geometry need to be identical to
the supports that will support the standing structure.

The choices that affect structural efficiency are infinite in number. There is no
possibility to cover them all, but this thesis grasp on a few of them.

9.2.2 Second objective
The second objective was: To design and evaluate a doubly-curved slab element, to a
point where it is theoretically implementable. The resulting geometry (see fig. 8.2d)
of this thesis work in theory. It is construable and applicable in present load-
bearing systems. Therefor this objective is fulfilled. The practical production and
stress testing of a pre-stressed ruled slab could be a next step in the implementation
process.

9.2.3 Third objective
The third and last objective was: To compare the resulting design with currently
used systems, to see if the new slab element can reduce the climate impact. The
resulting 70-78% climate reduction is a satisfying conclusion to this objective.

9.3 Future Research
Like with most research, I feel that I have been giving rise to more questions than
answers during the thesis. Some of the topics that need further investigation will be
discussed in this section.

9.3.1 Further shape elaboration
To fully understand the possibilities and limitations of the ruled slab, further in-
vestigation of the shape is required. This thesis only study a 10 m long and 1.2 m
wide slab elements. Different spans need to be further explored, and how the slab
height impact the structural behaviour and material use. Another question regard-
ing structural behavior is drilling through the element to make way for installations
of ventilation, plumbing etc.
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The behaviour of a slab system is also in need of evaluation, where the inter-
action of the elements, fill and load distribution is regarded. The possibility to use
the fill volume, i.e. for sound insulation or horizontal installations, together with
the spacial impact of the doubly-curved geometry could also impact the possibilities
greatly.

9.3.2 Logistics and Production
The logistics and production optimization is only briefly touched upon in this thesis.
This is a field that need more research. The transportation of the ruled slab needs
further development. Both with cranes and trucks to the construction site, but also
practical storage and installation at site. The plate setup discussed in section 8.2.1
needs further refinement in order to work for different lengths and heights.

9.3.3 Economic optimization and gains
The reduction in material use could be a great opportunity when discussing the cost
of the slab, but needs to be weighted against the cost of production and transporta-
tion etc. In order to make the construction sector fully implement the slab, there
needs to be an economical gain, which needs to be developed for the ruled slab.
Further cost optimizations could include but not be limited to: replacing some of
the pre-stress strands with regular reinforcement, cheap or multipurpose filling or
increased number of slabs per truck due to less weight.
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