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The production of precast, concrete elements with complex,  
double-curved geometry is expensive. This is caused by the high 
cost of the necessary moulds and the limited possibilities for reuse.  
Currently, computer numerically controlled milled foam moulds 
are the solution applied in various projects. 
These moulds deliver good aesthetic performance, but also result 
in a waste of material, relatively low production speed and fairly 
high costs per element. The flexible mould method, as discussed  
in this thesis, offers an economic alternative for the state of art:  
it allows repeated reuse of the same mould in an adapted shape.
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SUMMARY

The production of precast, concrete elements with complex, double-curved geo-
metry is expensive due to the high cost of the necessary moulds and the limited
possibilities for mould reuse. Currently, CNC-milled foam moulds are the solution
applied mostly in projects, offering good aesthetic performance, but also resulting in
waste of material, relatively low production speed and fairly high costs per element.
The flexible mould method aims to offer an economic alternative for this state of art
technology by allowing repeated reuse of the same mould, and if necessary, reuse in
adapted shape.

A patent and literature review and comparison of state-of-art formwork methods
reveals that, although the idea of a flexible formwork already dates from the mid-20th

century, in building industry it has not yet found widespread application, and is still
experimental to a large extent. In other industries, such as aerospace and automot-
ive, flexible moulds are occasionally used for rapid prototyping purposes, mostly for
the forming of thin metal sheets. The understanding of the flexible mould principle
in terms of mechanics is still in development. In combination with concrete, the
flexible mould has been industrially applied only on occasion. Deliberately imposed
deformation of concrete after casting allows the use of only one single-sided flexible
mould, but - being a method quite alien to normal precast concrete production - has
hardly been investigated. Therefore, models are needed both for the flexible layer as
well as it’s use in combination with concrete.

By analysing a number of architectural cases in terms of geometrical aspects,
more information is gathered about building size, element thickness, curvature ra-
dius and number and type of elements. This information is used to define the
type of shapes for which the flexible mould method would be suitable. Through
the last 80 years, the shape of curved architecture has changed; whereas the early
famous shell designers such as Isler and Torroja aimed for structurally optimized
and material-efficient shapes, nowadays these shapes have mostly made place for
free-form curves, in which parametric design or sculptural influences are leading.
For larger projects, several hundreds to even thousands of uniquely curved elements
are manufactured, varying in curvature radius in a range between 0.75 m and 45 m.
Furthermore the contours and edge position can vary from element to element. Pre-
diction of each element’s edge position is non-trivial for the flexible mould method,
especially not for elements with strong curvature.

The deformation process can be described mathematically by analysing the
curvature parameters. An important and meaningful parameter is the Gaussian
curvature. Depending on the change in Gaussian curvature, the imposed deform-
ation of the mould surface and the concrete results in certain amounts of bending ac-
tion (B) and in-plane surface stretching (S). Bending tensile strains in the still plastic
concrete can be in the range of 25 to 50 ‰ for an element with 50 mm thickness,
which is far more than the values normally encountered in concrete after casting.
The application of in-plane shear deformation appears to be helpful to deform the
mould from flat to double-curved. The exact positioning of the element edges can
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be determined from this in-plane shear deformation. The shape of the mould, in the
present research, is controlled by a grid of actuators - extendible support points that
follow the intended architectural shape. As mould surface, a thin rubber layer can
be used, that, however, has to be supported by a material that is capable of carrying
the weight of the concrete without visible deflection between the actuators. Various
solutions are investigated for this support material, of which the strip mould offers
the most accurate results and predictability.

As said, the concrete in this method is deliberately deformed after casting in an
open, single-sided mould. This requires control over both the fluidity and strain
capacity of the fresh concrete: if the concrete is too fluid, it will flow out of the mould
after deformation due to the slope of the mould, if it is already too stiff, cracks may
occur. Various experiments are conducted to investigate the viability of the principle
as well as the parameters that influence the risk of either flow or cracking. It appears
that the use of a self-compacting concrete with thixotropic properties reduces both
the risks: as a result of quick stabilisation after casting, the yield strength build-up
will prevent flow once the mould is deformed and put at a certain slope. Thanks to
it’s plastic strain capacity, this type of concrete will be able to undergo the imposed
deformation without cracking. An important measure to prevent this cracking is
the curing of the concrete directly after casting and a deformation that takes place
before initial setting time. Thin steel rebar, glass-fibre textiles or mixed fibres are all
applicable as reinforcement, the latter two giving the best results.

For the measurement of yield strength development of the concrete mixture be-
fore and after casting, various methods are investigated. Literature research and
experiments demonstrate that, once the rheological behaviour of a mixture has been
determined with a viscometer accompanied with slump (flow) tests, the correct mo-
ment of deformation of the flexible mould can later be determined from repeated
slump (flow) tests with sufficient reliability. However, as soon as the mixture con-
stituents will be adapted, new viscometer measurements have to be carried out
again.

The flexible mould method has been successfully tested on single- and double-
curved precast concrete elements with a radius down to 1.50 m and an element
thickness up to 50 mm. Until this moment, the maximum element size tested was
approximately 2× 1 m2, but larger elements are expected to be feasible. An integ-
rated design-to-production process is required: due to the complex geometry and
the impact of this geometry on all aspects of the manufacturing, all parties involved
should cooperate to make the use of this method possible. Computational skills are
needed to determine design parameters and control the manufacturing process.

Several new questions were identified during the research, but at this moment,
implementation of the flexible mould method in an industrial environment in co-
operation with a concrete product manufacturer is the best way to determine the
priorities for further research. From the full research it is concluded that the flexible
mould method is viable for the production of double-curved concrete elements.
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SAMENVATTING

De productie van prefab-betonnen elementen met complexe, dubbelgekromde geo-
metrie is duur vanwege de hoge kosten van de benodigde mallen en beperkte mo-
gelijkheden deze mallen te hergebruiken. Momenteel vormen CNC-gefreesde mal-
len de oplossing die in tal van projecten wordt toegepast, met goede esthetische
resultaten, maar ook resulterend in verspilling van materiaal, relatief lage productie-
snelheid en vrij hoge kosten per element. De flexibele mal-methode is erop gericht
een economisch alternatief te bieden doordat hergebruik van dezelfde mal mogelijk
wordt gemaakt, waarvan de vorm telkens kan worden aangepast.

Uit octrooi- en literatuuronderzoek en vergelijking van bekistingsmethoden blijkt
dat, hoewel het concept van de flexibele mal al dateert van midden-twintigste eeuw,
in de bouw nog altijd geen wijdverbreide toepassing ervan voorkomt; de techniek is
nog experimenteel. In andere sectoren, zoals ruimtevaart en auto-industrie, worden
flexibele mallen al wel af en toe gebruikt voor rapid prototyping, vooral voor het
vormen van dunne metalen platen. Het begrip van de flexibele mal qua mechanica
is nog in ontwikkeling. Het opzettelijk opleggen van vervorming aan betonelemen-
ten na het storten is weliswaar gunstig omdat ze het gebruik van een enkelzijdige
mal mogelijk maakt, toch is dit principe - als methode ongebruikelijk voor normale
prefab productie - nog nauwelijks onderzocht. Daarom zijn modellen nodig voor
zowel de flexibele mal als het gebruik ervan in combinatie met beton.

Door het analyseren van een aantal architectonische cases met het oog op hun
geometrische aspecten, is meer informatie verkregen over gebouwafmetingen, ele-
mentdikte, kromtestraal en het aantal en het type van de elementen. Deze informatie
is gebruikt om het type vormen te definiëren waarvoor de flexibele mal geschikt
moet zijn. De laatste 80 jaar is het gebruik van gekromde vormen in architectuur
veranderd. Terwijl beroemde schaaldak-ontwerpers als Isler of Torroja vaak streef-
den naar constructief geoptimaliseerde en materiaal-efficiënte vormen, zijn het nu
de free-form gebouwen waarin parametrisch ontwerpen of sculpturale overwegin-
gen leidend zijn. Voor grotere projecten worden soms tot zelfs duizenden unieke
gekromde elementen vervaardigd, variërend in kromtestraal van circa 0,75 tot 45 m.
De contouren en de randpositie variëren van element tot element. Positionering van
de rand is niet triviaal, zeker niet voor elementen met sterke kromming.

Het vervormingsproces kan wiskundig worden beschreven door analyse van de
krommingsparameters. Een belangrijke parameter hierbij is de zogenaamde Gaus-
siaanse kromming. Afhankelijk van de verandering van deze parameter zal tijdens
de opgelegde vervorming van het maloppervlak en van het beton een bepaalde hoe-
veelheid buiging optreden loodrecht op het malvlak (B) en rek in het malvlak (S). De
benodigde buigrek in de nog plastische beton kan hierbij oplopen tot een ordegrootte
van 25 tot 50 ‰ voor een element van 50 mm dikte, wat veel hoger is dan de waarden
zoals die gewoonlijk in beton optreden. De toepassing van schuifvervorming in het
vlak blijkt een behulpzame vrijheidsgraad om de mal van vlak tot dubbelgekromd te
vervormen. De exacte positionering van de elementranden kan bovendien worden
afgeleid uit deze afschuifvervorming. De vorm van de mal wordt in dit onderzoek
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gestuurd door een raster van actuatoren - uitschuifbare steunpunten die de beoogde
architectonische vorm volgen. Als maloppervlak kan een dunne rubberlaag worden
gebruikt, die echter dient te worden ondersteund door een materiaal dat in staat is
het gewicht van het beton op te nemen zonder zichtbare vervorming tussen de ac-
tuatoren. Verschillende oplossingen zijn onderzocht voor dit dragermateriaal, waar-
van de strippen-mal de meest nauwkeurige resultaten biedt.

Zoals gezegd, wordt het beton bewust vervormd na het storten in een open,
enkelzijdige mal. Dit vereist controle over zowel de vloeibaarheid als de rekcapa-
citeit van het verse beton: indien het beton te vloeibaar is, zal het, als gevolg van de
hellingshoek, uit de mal lopen na vervorming; als het al te stijf is kunnen scheurtjes
ontstaan. Verschillende experimenten zijn uitgevoerd om zowel de haalbaarheid
van het principe als de parameters die het proces beı̈nvloeden te onderzoeken. Het
blijkt dat het gebruik van een zelfverdichtende beton met thixotrope eigenschappen
beide risico’s beperkt: als gevolg van snelle stabilisatie na het storten wordt voorko-
men dat beton wegstroomt uit de mal wanneer deze wordt vervormd en onder een
bepaalde helling wordt gebracht. Vanwege de dan nog wel aanwezige plastische
rekbaarheid zal dit type beton de opgelegde vervorming goed kunnen ondergaan
zonder te scheuren. Een belangrijke maatregel om scheurvorming te voorkomen is
het afdekken van het beton direct na het storten en het vervormen voordat chemische
binding intreedt. Dunne stalen wapening, glasvezeltextiel of meegemengde korte
vezels zijn alle drie mogelijk als wapening; de laatste twee geven de beste resultaten.

Voor het meten van de vloeibaarheid van het betonmengsel en de ontwikkeling
hiervan in de tijd na het storten zijn verschillende methoden onderzocht. Zowel li-
teratuuronderzoek als experimenten tonen aan dat, wanneer het rheologische
gedrag van een mengsel eenmaal is vastgesteld met een viscometer in combinatie
met zetmaat- of vloeimaatproeven, in de productielijn genoemde proeven voldoende
betrouwbaarheid bieden om het juiste moment van vervormen van de flexibele mal
te kiezen. Zodra echter de samenstelling van het mengsel wordt aangepast zullen
opnieuw viscometer-metingen moeten worden uitgevoerd.

De flexibele mal methode is succesvol getest op enkel- en dubbelgekromde ge-
prefabriceerde betonnen elementen met een straal vanaf 1,50 m of groter en met een
dikte tot 50 mm. Op dit moment is de maximale geteste elementgrootte ongeveer
2× 1 m2, maar naar verwachting is productie van grotere elementen haalbaar.

Een geı̈ntegreerd ontwerp- en productieproces is een vereiste: vanwege de com-
plexe geometrie en de invloed hiervan op alle aspecten van de productie, moeten
alle partijen intensief samenwerken om de toepassing van deze methode mogelijk
te maken. Computervaardigheden zijn nodig om de ontwerpparameters bepalen en
het productieproces te controleren.

Hoewel verschillende nieuwe vragen zijn gerezen tijdens het onderzoek, is op dit
moment de toepassing van de flexibele mal methode in een industriële omgeving in
samenwerking met een betonproducten-fabrikant de beste manier om prioriteiten
voor verder onderzoek vast te stellen. Uit het volledige onderzoek wordt gecon-
cludeerd dat de flexibele mal methode een haalbare techniek is voor de productie
van dubbelgekromde betonelementen.
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Chapter 1

Introduction

1.1 Realization of architecture using curved shapes

Curvature offers a beautiful shape language for architecture, a language that would
not exist if only straight lines and rectangular, flat surfaces made up the architect’s
vocabulary. The use of curvature results in expressive designs, as illustrated, for
example, by the building of Zaha Hadid Architects shown in Figure 1.1 on the fol-
lowing page. Even though the use of curvature is not a new phenomenon, in contem-
porary architecture it is still mainly restricted to high profile projects or iconic archi-
tecture, often with above-average budgets. This limited use is caused by the higher
costs of curved buildings due to both the extra effort needed for handling complex
geometry during the design stage and the need for unconventional construction
methods on the building site or in the factory. The famous builder-architect-engineer
Heinz Isler already stated two decades ago (Isler, 1994):

”There is a general trend today in the design of buildings to break out of
the boring uniformity of cubic architecture. Many new buildings are dec-
orated with some form of curved elements, imposed for aesthetic reasons
to interrupt the monotony of the box-like structural forms. Shell forms
can provide a remedy for design monotony, offering a real alternative”.

The cultural appreciation for free-form architecture is still growing: submissions for
international design contests and conferences show an increasing use of and interest
in complex geometry. Curved shapes inspire project developers and clients with
taste for aesthetics and beauty. Today, in many large cities worldwide, iconic projects
have been realized that illustrate this appreciation. Although complex geometry has
been an issue of continuous interest since decades, the new generation of architects
that have completed their study have now learned to use 3D-software such as Catia,
Maya, Rhinoceros 3D and others, that allow these complex shapes to be dealt with
in a powerful manner already from the design stage. Computational methods now
enable the detailed analysis and optimisation of the flow of forces through complex
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Figure 1.1: Example of the use of curvature in architecture: Heydar Aliyev
Cultural Centre in Baku, Azerbaijan, Zaha Hadid Architects, 2012
(www.skyscrapercity.com)

designs, which was not possible before. The structural efficiency of curved shapes
can already be evaluated in the early design stage. Driven by these developments
in design possibilities and by the wishes of clients, more experience is gained in
realizing curved shapes in buildings.

This thesis will cover a specific part of this new and emerging field of expertise:
the manufacturing of double-curved elements in precast concrete. Being the most widely
used building material, concrete seems to form a perfect match with free-form ar-
chitecture: the structural strength and aesthetic quality allow freedom of form, and
during its liquid stage, concrete can fill almost any shape of formwork.

It is this same formwork however, that, to a large extent, determines the total
costs of concrete buildings: percentages between 35 and 60% are found in literature,
expressing formwork costs as part of total construction costs. Casting concrete in-
situ basically requires the free-form building to be manufactured twice: once as a
formwork, and once in concrete. Although this is common practice for all buildings
in concrete, a formwork with complex shape is expensive and often hardly reusable,
as opposed to the formwork for orthogonal buildings. Precasting techniques reduce
these costs only for a part, as complex geometry often leads to very limited repetition
possibilities of similar concrete formwork-shapes. This thesis therefore addresses the
question of how to optimize the use of precast concrete in free-form architecture.
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1.2 Advanced formwork technology

For one-off buildings in which the shape shows little or no repetitive parts, the
formwork can be used only once. Free-form shapes, by definition, differ from math-
ematically described primitives such as spheres, cylinders, and cones, making it hard
to find repetitive elements. For free-form shapes, one might fall back on traditional
formwork techniques, or, as has been done in a number of occasions, use the possib-
ilities of CNC-milling. A formwork material, e.g. polystyrene foam, is milled from
a digital model of the building element, and then used to cast concrete in. One of
the first projects in which this technique was applied at large scale was Der Neue
Zollhoff in Düsseldorf, by architect Frank O’ Gehry. In this project a load bearing
concrete façade with a double-curved shape was used (see Figure 1.2). The foam
moulds were not reusable in another way than just recycling the material.

In situations where similar shapes can be identified, reuse of the moulds is pos-
sible. Elements with similar edge-contours, but with the curvature varying per
element, can be cast in a flexible rubber box. This flexible box, containing fibre-
reinforced concrete, still in unhardened condition, is then positioned on a poly-
styrene foam layer that has been given the desired curvature in advance by CNC-
milling or hotwire-cutting. This technique has been used for - among others - the
façade cladding of the Fondation Louis Vuitton pour la Création in Paris, also from
architect Frank O’ Gehry (see Figure 1.3 on the following page). The foam counter-
mould afterwards is disposed of in a similar way as after normal CNC-milling and
casting as described above. The rubber box can be reused for other curvatures.

The difficulty stays that for panels with more varying edge contours (e.g. triangu-
lar, differing angles per element or with curved edges) in combination with varying
curvature a unique mould is necessary for each individual element. A next step
towards mass-customization should be made in order to reduce labour and material
costs for realizing free-form architecture in concrete. In this study this is done by
the design of a versatile and reusable formwork system that allows the casting of
free-form concrete elements: the flexible mould.

Figure 1.2: Der Neue Zollhoff in Dsseldorf, architect Frank O’ Gehry - left:
CNC-milling of Styrofoam formwork, right: precast façade elements
(Thomas Mayer)
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Figure 1.3: Complex and curved façade cladding used in the new building for
Fondation Louis Vuitton pour la Création in Paris, architect Frank O’
Gehry

1.3 The flexible mould

Mass-customized production of double-curved free-form elements is generally re-
garded only possible after the realization of a flexible mould system: an adjustable
formwork consisting of an elastic material that can be formed into any curved sur-
face by the use of pistons, actuators, pin beds or the like. On this elastic formwork
the actual building element can be shaped, either by casting a hardening material
such as concrete on the formwork, or by depositing a material that can be softened,
such as a sheet of heated thermoplastic or glass. After the building material has
taken the form of the formwork and is hardened or solidified, e.g. by hydration or
cooling down, the shaped building element is ready for use, and the flexible mould
can be reused for another element, possibly with a different shape.

Several prototypes for a flexible mould system have been designed and in some
cases also been built by other researchers and architects over the years. One of the
first to design, construct and operate a flexible mould for architectural purposes was
the renowned architect Renzo Piano, that already built one around 1966 (shown left
in Figure 1.4 on page 7). Piano’s diagram shows how a part of a scale model of a
curved shape is enlarged into an element at full scale, using an ingenious pneumatic
device. In an article in the Italian journal Casabella the term stampo deformabile or,
translated, flexible mould is used:

“Diagram of the machine for the moulding of the membrane elements,
starting from a 1:10 scale model. The pattern is read by means of a device
that transmits the data to a deformable mould, which automatically takes
the shape read from the model (Piano, 1969, translation RS)”.

The machine was realized and has actually been used for the production of a number
of plastic shell elements for a number of sphere-shaped and free-form pavilions. A
machine with similar concept is shown in the middle image of Figure 1.4 on page 7.



Objective and scope of the study 7

Figure 1.4: Three concepts of a flexible mould, by Piano (1969, left), Spuybroek
(2004, middle) and a prototype by Vollers and Rietbergen (2009,
right)

In a discussion of various computer-controlled machining techniques architect
Lars Spuybroek (2004) imagined an elastic material as intermediate layer between
mechanical actuators and the building element’s material -plastic or concrete, for
example- so that the casting of plastic or concrete is possible with a smooth surface,
whilst protecting the mechanism of vulnerable moving parts.

One of the first recent prototypes of a flexible mould system for the material
concrete was built by Vollers and Rietbergen (see Figure 1.4, right image). This
system comprised a computer-driven set of vertical actuators, which were controlled
by coordinates read from an architectural design in the computer. The actuators
deformed a flexible layer, which was in turn used as a formwork for concrete. This
advanced and promising prototype demonstrated that it is possible to manufacture
precast concrete elements, using the flexible mould principle.

However, the system showed a number of imperfections, and aspects of it needed
further elaboration. One of the main unsolved issues was that the shape of the flex-
ible layer could not be controlled accurately. As a result of large deflections, inherent
to the principle, horizontal displacements occur in the control points of the flexible
layer. Furthermore a model for exact description of the elastic behaviour lacked,
making it impossible to predict the shape after deformation accurately (Huyghe and
Schoofs, 2009).

1.4 Objective and scope of the study

The objective of the present study was to develop and improve the flexible mould
method for the manufacture of double-curved precast concrete elements. These
elements will be applicable during the construction of buildings with complex geo-
metry. In this thesis, presently available production methods will be discussed and
compared to the flexible mould principle. A simplified production process with
industrial potential can form a valuable addition to these available techniques. This
study therefore will build further on the already existing concepts for a flexible
mould system as described in the previous section, and try to overcome shortcom-
ings and unsolved problems of these earlier designs after studying these designs.
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The main research question of this thesis is:

How can the flexible mould concept be effectively used
to manufacture double-curved precast concrete elements?

Although many other building materials are used in architecture, the scope of this
study is limited to the material concrete, partly as a result of the personal interest of
the author for concrete, partly because concrete by its nature is a suitable material
for casting in different shapes, and therefore particularly fit for use in combination
with the flexible mould concept. The research is further delimited by the choice
to only investigate and develop precasting methods, rather than extending to both
precasting and casting in-situ.

1.5 Outline

The thesis consists of five parts (see Figure 1.5 on the next page):

Part I Introduction to the research starts in Chapter 1 (the present chapter) with giv-
ing a brief introduction into the topic of this study and a description of its
objective and scope. The subsequent chapters then will identify what the state
of the art is (Chapter 2), give a patent review (Chapter 3) and literature review
(Chapter 4) and point out where further research and development is necessary.

Part II Double curved elements for architectural applications will, starting with
Chapter 5, provide the proper border conditions for parts III and IV of the
research, by analysing a number of cases of free-form architecture, that will
be discussed and analysed in terms of geometrical aspects, e.g. building size,
element thickness, curvature, radius, type of elements and potential for applic-
ation of a flexible mould method. This analysis will result in control parameters
for the type of shapes for which the flexible mould method should be suitable.
Chapter 6 will be a qualitative study that discusses the mathematical aspects
of the drafting and manufacturing process. This is done by reviewing closely
the methods of shape definition in current CAD software, and by discussing
a number of recent developments in the panelisation (distribution) of curved
surfaces into discrete elements. This study is partially done by referring to
literature, and partially by demonstrating a number of issues in an example. In
this thesis, a delimitation will be made to two specific categories of elements:
cladding and stay-in-place formwork panels.

Part III Mechanical engineering of the machine addresses the machine beneath
the mould surface that deforms it into the accurate shape. This study is de-
scribed in Chapter 7. Although more mechanical than civil engineering, the un-
derstanding and description of the kinematics of several parts of this machine
form a necessary step to produce accurately shaped concrete elements.
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Part IV Concrete technology forms the core of the experimental work with the de-
formation of concrete after casting into curved shapes, and is split in Chapter 8,
describing first viability tests, and Chapter 9, describing a parameter variation
study. Part IV aims to describe the behaviour of fresh and hardening concrete
under deliberately imposed deformation.

Part V Final remarks concludes this thesis with Chapter 10, a review of the most im-
portant findings, theoretical conclusions and recommendations for both prac-
tical application of the work as well as for further research.
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Chapter 2

Present formwork technology
and its limitations

2.1 Introduction

In this chapter, the state of the art in the field of manufacturing free-form concrete
elements will be discussed by carrying out a review of earlier work. Although the
main focus is on concrete, a few sidesteps will be made to the forming of other ma-
terials, and to manufacturing techniques stemming from other industries, offering
possibly useful solutions for the material concrete.

Figure 2.1: Timber formwork construction and casting of Isler shells (taken from
Bösiger, 2011)

11



12 Present formwork technology and its limitations

2.2 Available techniques for free-form concrete surfaces

2.2.1 Timber falsework and formwork

Placing timber falsework and formwork with wooden shuttering historically was
the traditional and most commonly used way of forming arches, shells and domes.
The materials could sometimes be reused, depending on the degree of customization
and the wear during the building process. In the shells structures designed by Heinz
Isler, for instance, lost formwork and partially reusable shuttering were used (see
Figure on the preceding page). This depended on the function of the building in
question: acoustic or thermal insulation layers were used as lost formwork panels to
improve building physics, but for buildings without demands on acoustics or insula-
tion, simple timber shuttering was reused. The methods described here, even when
allowing partial reuse of the material, require highly qualified carpenters working on
site (Bösiger, 2011, p165), and take a significant amount of time. Isler for example,
only worked with specialized contractors, and was very keen on quality control. The
reuse was possible only due to the fact that more than one shell with similar shape
was realized, leading to repetition. An example of a shell structure with repeatedly
used formwork can be found in Pöggeler (1982).

2.2.2 Steel formwork

To enhance stiffness and strength and reduce wear, steel formwork has also come
into use, leading to an increase of material cost which could be compensated by
the possibility of reusing the formwork multiple times. The use of steel modu-
lar formwork systems has therefore, understandably, boomed only for orthogonal
building shapes. For orthogonal and flat formwork systems, a high degree of auto-
mated customisation is already possible, especially in the placement of mould edges,
inserts, window frames and the like. This can be done using magnetic systems,
shuttering robots, plotters and laser projectors (Kuch et al., 2010, p216). For curved 

concrete 

static spherical  
mould surface

adjustable edges 

ribs for stiffness 

Figure 2.2: Jubilee Church in Rome (2000), architect Richard Meier - left: the
building, right: cross section of formwork for precast façade ele-
ments (RS, after Italcementi / Lamaro Appalti S.p.A.)
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Figure 2.3: CNC milling (left and middle images used with permission of
Nedcam, right image Bull, 2011)

shapes, this is much less the case. The companies that offer steel systems in some
cases have single-curved shuttering available. Double-curved formwork in steel,
however, is hardly available, and mostly custom-made for a specific project, as it is
only economically viable if sufficient repetitive use is possible. An example build-
ing in which a bespoke steel formwork for precasting was applied, is the Jubilee
Church in Rome of architect Richard Meier. Three large and partially overlapping
double-curved surfaces together form an impressive architectural gesture, not only
due to their geometry, but also due to their material and colour: all elements were
constructed through the connection of precast concrete elements in brightly white,
self-cleaning concrete. These elements were cast in a partially adjustable steel mould
(see Figure 2.2 on the preceding page).

2.2.3 CNC-milling

The use of high-speed Computer Numerically Controlled milling (also known as
CNC-routing) has found a wide-spread use in the production of ’plugs’ for ships, as
complex double-curved shapes are daily practice in ship building. A fast-spinning
tool head is moved along multiple axis to machine wood, foams, synthetic materials
or soft metals. In case foam is used as basis material, for obtaining a smooth surface,
the moulds after milling are normally coated with a hot-sprayed poly-urea which is
sanded and polished afterwards. Large building projects realized using CNC foam-
milling are Der Neue Zollhoff in Düsseldorf (Kolarevic, 2001, p277), Germany of
architect Frank O’ Gehry (PS foam moulds, see Figure 1.2 on page 5) and the Rolex
Learning Centre in Lausanne, Switzerland of architect SANAA (CNC-milled timber
moulds, Scheurer, 2010).

Nedcam, a spin-off company of MARIN (Maritime Research Institute Nether-
lands), that has shown interest in the developments of the present thesis work, main-
ly uses CNC-milling as shaping technique for architectural objects (see Figure 2.3).
Well-known examples of constructions milled by Nedcam are the Spencer Dock
Bridge in Dublin (Ireland, Garcia, 2010) and the roof of the Yitzhak Rabin Centre
in Tel Aviv (Israel, Menges, 2006). The Spencer Dock Bridge will be discussed in
more detail later (see page 63).
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Figure 2.4: Hotwire-cutting (Fangyuan Plastics Machinery Co., Ltd)

2.2.4 Hotwire-cutting

Drawing a hot-wire through polystyrene or other foams allows the creating of ruled
surfaces. Due to the necessary tension in the hot wire, the cutting front always has
a linear geometry. Single-curved surfaces in any chosen curvature can be made,
either convex or concave. Convex double-curved surfaces can be made as soon as
the workpiece and the wire-arm are rotated after initial cutting. Concave surfaces
cannot be made with a wire-cutter (Brooks and Aitchison, 2010). CNC-machines are
available to automate the cutting (see Figure 2.4). Although the surfaces that are cut
with a wire are already smoother than the ones that are cut by CNC-milling, a post-
processing with poly-urea spray and polishing is possible to even further enhance
the surface quality.

In hotwire-cutting, developments are in progress in implementing robotics (Rut-
tico and Lorusso, 2013). The technique described in the reference is to achieve double-
curved shapes by discretization of the surface in small single-curved parts, and
glued together after wire-cutting. This, however, still results in a slightly faceted
double-curved surface. , The Louis Vuitton Foundation in Paris, a building in which
the technique of hot wire cutting of foam shapes was applied in combination with
rubber moulds, was shown in Figure 1.3 in the previous chapter.

2.2.5 Fabric formwork with air pressure

Concrete can be cast in or on a formwork of fabric, foil or textile, leading to distinct
and remarkable shapes. In the early 1960s the use of inflatable formwork of fabric
was introduced by Bini (Mungan and Abel, 2011, p42). On top of these inflated
formworks, reinforcement steel and concrete were placed, so that after Hardening
a shell structure (“Binishells”) was realized. The Binishells formed a dome-shaped
shell structure with a regular and symmetrical shape. The creation of free-form shells
at that moment was not possible, as the design of the textile required computational
effort. A recent demonstration of pneumatic formwork was given in an Austrian
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Figure 2.5: Thin concrete elements lifted by inflation of a pneumatic formwork
(TU Wien, 2014)

project, conducted by TU Vienna (Aigner, 2014). In this project, wedge-shaped thin
concrete elements were lifted by a pneumatic formwork and fixed in their final
position (see Figure 2.5).

Research of Pronk and Houtman (2005); Ströbel and Singer (2008) showed that
computation of the textile strains and stresses has become more feasible by the use
of advanced computational methods, allowing more complex shapes. In Hennik and
Houtman (2008), the authors conclude that pneumatic formwork is suitable for the
construction of thin curved shells. However, only if repetitive use is possible, the
cost of the formwork, which are still considerable, can be spread over projects.

This viewpoint is confirmed in the interview of a structural engineer that recently
completed the design of a dome-shape fuel-station for Green Planet in The Nether-
lands. After looking into the possibilities for using an inflatable formwork, it was
concluded that the costs would be too high compared to other methods [interview
with ing. Van Vliet, ABT, august 2013]. The dome is now realized with intermediate
support points and a system of glulam timber beams en steel roof panels.

Another way to use air pressure is the creation of vacuum in closed textile or
plastic ’bags’ filled with particles. The atmospheric pressure will create a stiff form-
work that can be used for concrete. Recently Huijben (2014) completed his research
on the use of so called ’vacuumatics’. By selecting various particle types, experi-
menting with different pressure-differences and foils, it was demonstrated that the
use of the vacuumatics-principle is a feasible method for the support of freshly
cast concrete, and that both the interesting textures in the concrete surface can be
obtained. Also, under the proper circumstances the formworks are strong enough
to support larger structures in the stage when the concrete is still curing. A question
that remains is how to bring the vacuumatics formwork in the desired shape if a
specific pre-defined curvature for precast elements is required. Furthermore the
stiffness of these formworks is relatively limited for larger spans. This can, however,
be overcome by using an additional scaffolding system.
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Figure 2.6: Concrete cast using fabric formwork (taken from Veenendaal et al.,
2011)

2.2.6 Fabric formwork with concrete pressure

Instead of using air-pressure, it is also possible to let the concrete pressure in com-
bination with the elasticity of the plastic foil, fabric or membrane determine the final
concrete shape prior to hardening. Manipulation of the fabric formwork is possible
to control the shape before, during and after casting. One of the groups active in this
field is the CAST-laboratory led by prof. Mark West at the University of Manitoba
(West, 2001; West and Araya, 2009, 2012). An extensive overview of the history and
present use of fabric and membrane formwork was provided in a publication of
Veenendaal et al. (2011). The article provided a taxonomy of the various ways in
which fabric can be used, making a distinction between the method of pre-stressing
(no pre-stress, mechanical pre-stress and pneumatic pre-stress) on one hand, and the
distinction between thin layers cast under self weight and thicker elements formed
under self weight and concrete fluid pressure. Veenendaal et al. concluded that
the recent work at CAST has led to a renewed international attention to an already
existing technology, and that the development of engineering and analysis tools,
along with this attention is expected to deliver new developments in the near future.
Illustrating this, in 2008 and 2012 International Conferences on Flexible Formwork
(ICFF) have been held at University of Manitoba and University of Bath, respectively.

An interesting characteristic of using plastic foils as formwork, is the extremely
smooth and shiny quality of the resulting concrete surface. This is due to the absence
of water absorption by the mould surface in combination with the reflection of the
foil surface within the concrete. Both the shape control and prevention of wrinkling
of the foils however, remain difficult.

Based on work presented at the last IFCC2012, it must be concluded that the
use of fluid pressures in combination with the large deformations impose a certain
restriction on the shapes that can be efficiently and accurately realized using fabric
formwork. When compared to the more or less complete freedom of form and high
accuracy of CNC-milling, and the considerably limited freedom, but yet high accur-
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Figure 2.7: left: 3D printer ’D-Shape’ using sand and fluid binder of manufac-
turer Monolite; right: plans for a 3D-printed house with this printer
(website ESA / Universe Architecture)

acy of hot wire cutting, fabric formwork, looking at present state of art, seems most
suitable for organically shaped concrete surfaces for which the shape accuracy is not
the first and highest concern. Slight deviations in form in many of the cases where
fabric formwork was used even seemed an advantage, making the designs more
playful and organic. If, however, one thinks of the large numbers of cladding panels
of a free-form building that need to be quickly manufactured with many varying
edge shapes, varying curvature coupled with high required accuracy (within few
mm), fabric formwork seems less suitable.

2.2.7 3D-printing of concrete

One of the techniques nowadays directly associated with the term ’rapid prototyp-
ing’ is 3D-printing (also known as stereo-lithography or additive manufacturing).
The technology of depositing thin layers of a hardening powder or fluid on top of
each other allows the quick build-up of an accurate three-dimensional object, based
on a digitally available model. In the early years (mid 1990s) the development was
still received with cautious optimism (Hull et al., 1995). At present in many fields,
such as medical science, art, food, weapons, design and mechanical engineering the
technology is applied to a greater extent (Chhabra and Singh, 2011). The resolution
of the recent generation of printers is already comparable with that of traditional ink
jet printers (600 DPI). The materials from which the models are printed are many:
metals, gypsum, bioplastics, polyurethane, epoxy, ceramics, etc.

Although in architecture the use of 3D-printing until recently has mainly stayed
restricted to smaller models, the printing of full-scale buildings or building parts
gradually becomes within reach. In a research project for ESA, Foster + Partners
have even investigated the possibility to use a 3D-printer to produce buildings on the
moon (Leach et al., 2012). A development in direct relation to concrete-like building
materials is the work of the Italian engineer Dini (Soar and Andreen, 2012; Tissink,
2013). He designed a full-scale printer with the name D-Shape (see Figure 2.7, left
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image), using sand as basic material, and spraying an ecological binder on the sand.
The present resolution is limited to layers of a few mm each (equal to around 10 DPI),
resulting in a rather course surface that needs extensive polishing after printing. It
is however possible to print moulds, in which concrete can be cast later. An example
of this was the work on the Sagrada Familia in Barcelona, Spain, where scale models
of Gaudi’s details were printed in wax, to be later transformed into flat sections that
could be used by stonemasons (Beesley et al., 2004). Other full-scale 3D printing of
cement-based materials has been investigated and carried out by Khoshnevis et al.
(2001) under the name ’Contour Crafting’.

At present, the material quality and aesthetics produced by the printer are still
not comparable to what is possible using other techniques, but given the high pace at
which developments are proceeding, it can be safely assumed that within a number
of years the technology could offer solutions for specific niche-market applications.
A recent attempt to print a house at full scale is undertaken by Dini in collaboration
with the Dutch architect Universe Architecture (see Figure 2.7, right image).

2.2.8 Spraying concrete

Sprayed concrete, also known as shotcrete, is used for many years in situations
where the application of formwork is not or hardly possible or not desirable, for
example in situations where the surface that needs to be finished with concrete is
of irregular shape and a thin layer of concrete is required. The lining of traffic or
railway tunnels and structural support of mining activities are important fields of
application of sprayed concrete. Also the stabilisation of excavated areas in road
construction and the creation of rough and natural-looking artificial rock formations
in zoo’s and aquariums are often carried out with the use of shotcrete.

Figure 2.8: Spraying concrete on curved surface (confuzine.com)

Shotcrete is applied pneumatically, by conveying the dry or wet ingredients
through a hose and nozzle and blowing them at high velocity towards the surface
that needs to be covered. By adding short fibres of steel, glass or synthetic materials,
the structural performance and workability of the sprayed concrete can be influ-
enced. Also traditional steel reinforcement can be applied (see Figure 2.8), leading
to a concrete with similar structural performance as normal reinforced concrete.
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As the mixtures are generally designed and suitable for application in situations
where the receiving surface is under a slope, vertical or even overhead, application
for free-form structures is an obvious possibility. It is known that for some of his shell
structures Heinz Isler also made use of sprayed concrete (Balz, 2011, p3), (Bösiger,
2011, p168). In those cases, a traditional timber formwork was constructed first. Even
in the work of Prof. Mark West at the University of Manitoba, where fabric formwork
is used, spraying is suggested as a suitable method for concrete application (West,
2008). In situations where formwork is available, either in a non-deforming (timber)
or a flexible (fabric) shape, the method can prove useful, especially with regards to its
ability to cover sloping surfaces. For the formwork itself, however, the method does
not offer an alternative. A possibility could be to use the flexible and configurable
mould in combination with sprayed concrete.

2.2.9 Concrete cloth

Concrete Canvas, also on the market under license as Concrete Cloth, is a flexible
sandwich of fabric and foil, filled with a non-set premix of fine-grained concrete and
a three-dimensional matrix of fibres. After erection or deployment in the desired
final shape from a roll, the construction is sprayed with water after which the con-
crete mixture sets. After hardening, temporary support structures can be removed.
The thickness of the sandwich is typically 5 to 13 mm, and rolls have a width of
around 1 m. Applications mentioned by the manufacturer are a.o. canal lining, slope
protection, mining, protection of water outfalls and sheltering.

Figure 2.9: Concrete Cloth; left image: sealed rolls; middle image: inflated
shelter; right image: build-up of the material (Nuna Innovations Inc.
/ Concrete Canvas)

Although the thickness and flexibility of the material are probably useful in com-
bination with a flexible mould, the aesthetic quality at this moment is more suit-
able for civil and military engineering purposes than for architecture. The principle
however, is probably transferable without fundamental problems to an architec-
turally more attractive appearance. For truly free-form shapes, the material then
not only needs to be able to cover developable surfaces, but also double-curved,
non-developable surfaces. For this it needs to allow in-plane stretching, shearing or
a combination of both which is only possible to some extent with the present product
due to the backing of PVC foil.
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2.2.10 Discussion of available formwork methods

In the previous subsections an overview was given of available methods for arriving
at a free-form shape in concrete. In Table 2.1 on the facing page a comparison is
made between the various techniques. From this comparison it is concluded that a
flexible formwork method, as studied in the present thesis, could form a valuable
addition to the state of art. This is mainly the result of the form-changing ability
of the flexible mould that allows manifold reuse. This characteristic is especially
beneficial in free-form architecture, where repetition of shapes is limited. This will
be discussed further in the next section.

2.3 General need for a flexible mould principle

Prefabricated concrete elements stand for a growing market share in the total
European building construction volume, both in high and low rise buildings (Vam-
berský and Schipper, 2010). Precast concrete elements have the advantage of com-
bining high quality with relatively high strength and stiffness and heat accumulation
properties. Usually, these precast concrete elements are flat or prismatic in shape,
that is, without curves, and the repetition of these elements (achieved mostly by the
use of the “master mould” principle in the manufacturing) makes it possible to reuse
a single mould many times during the same project. Precast concrete offers many
of the desired qualities required in our (environment conscious) human society:
production by skilled workers in labour-friendly off-site environment, freedom of
shape, high aesthetic value, high load bearing strength, small size tolerances and
safe and fast assembly on-site (Vamberský and Schipper, 2010).

New developments related to computer aided manufacturing (CAM) such as file-
2-factory and mass-customization have been adapted into a large degree by precast
manufacturers, reducing failure costs, enabling flexibility in the production pro-
cess whilst maintaining efficiency, economy and accuracy. From this point of view,
precast concrete technology seems a very suitable construction technology for free-
form architecture.

Due to the complexity of the free-form shapes, however, it is often not possible to
distinguish any repetition between elements in the building at all (Iwamoto, 2009).
Furthermore, most free-form building designs consist of many single- or double
curved surfaces which require complex shapes for the mould and element edges
(Pottmann et al., 2007). As the costs of the moulds (formwork) for precast concrete
make up a significant percentage of the final price per element or per square meter,
the feasibility of free-form buildings in precast concrete is still far from optimal.
A flexible mould system that combines complex and adaptable geometry with the
advantages of precasting can be seen as a key-enabler for concrete in the market of
free-form construction. An early adopter of this idea was Renzo Piano, which is
illustrated by an ingenious device designed by this architect, discussed in the next
section.
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2.4 Early example: free-form plastic by Renzo Piano

One of the firsts to carry out comprehensive research and development on the flex-
ible mould in relation to the manufacturing of architectural elements was Renzo Piano
(1969). A flexible mould for the production of double-curved fibre-reinforced plastic
(FRP) elements was described, built and used by Piano in the years prior to the
publication. Piano did not refer to the material concrete in his article, but Makowsky,
who studied Piano’s work (Makowsky, 1969; Oosterhoff, 1969), stated that the mould
could also be used for the construction of reinforced concrete shells. Piano’s work
will be discussed here, as it gives a good illustration of many issues involved in
producing free-form elements, forming a reference for the discussion in the further
literature review.

Piano was experimenting with blob-like shapes, pavilions and free-form domes
in plastic, and realized that the production of these shapes and material required
new manufacturing techniques. The prototype of a flexible mould that Piano built,
consisted of a grid of plungers (or “actuators”) and a flexible mat on top of those
plungers, to shape three-dimensionally curved elements of plastic segments, that
would together be assembled into free-form pavilions. The position of the plungers
was ingeniously controlled by a measuring device that ’read’ the vertical height from
a scale model, and translated this to the real element by multiplying the measured
height and transferring this height to the correct x-y coordinates electronically. Fig-
ure 2.10 on the next page shows a scheme of the mould, including a number of
clarifying photographs and sketches of details. Aspects that are important to note
for the further research are:

• the pneumatic or hydraulic plungers were positioned in a rectangular grid of
9x9 plungers (in other images a 10x10 square grid) on a typical distance of
between 10 and 20 cm in both directions;

• the flexible surface was formed by a ’mat’, which was able to follow the desired
curvature and is suitable to cast a plastic element on;

• the tops of each plunger were connected to the mat in such a way that rotation
was made possible;

• the prototype suggested a highly automated, or at least mechanized, manufac-
turing process;

• the process required a panellization or subdivision of a continuous building
shape into smaller elements that could be manufactured in the workshop and
assembled later on the building site;

• Piano used square, rectangular as well as triangular meshes for subdivision
(not visible in figure);

• Piano, in the accompanying text, spoke of “printing individual elements”,
which places the present development of 3D-printing in an interesting historic
perspective;
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Figure 2.10: Renzo Piano’s prototype for a flexible mould, used for shaping of
plastic (Piano, 1969)
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Figure 2.11: Two ways of connecting the triangular elements together, during
assembly (left two images) and in the final stage (right) (Piano,
1969)

• Piano also stated that “industrial production does not necessarily mean pro-
duction of standard elements with constant dimensions”, suggesting that the
mould was meant for mass-customization.

The articles also showed a solution (see Figure 2.11) for connecting the thus manu-
factured elements together during the assembly and further lifetime of the building:
a temporary connection to keep the elements in place during the construction stage
and a gluing system, realized by injecting polyurethane in a rather wide joint that
provided for the required tolerances during manufacturing and assembly. A rein-
forced polyester part was used to ensure structural continuity.



Chapter 3

Patent review of flexible
formworks

3.1 Introduction

Patents generally give a good idea of the developments and state of the art of certain
technical inventions over time. Although not every patent is always applied in
practice, the filing of a patent demonstrates that a specific line of thought was invest-
igated and a problem was solved in some manner, which was apparently puzzling
people at that time. Combined with a review of scientific literature, such as journal
and conference papers, insight can be obtained into both the developments of the
flexible mould over the years, as well as the present state of art. A classification of
patents can furthermore help understanding the general principles and give a clue
regarding necessary further developments.

3.2 Search method

Espacenet, the database of the European patent office, was searched for filed patents
related to flexible moulds for concrete. As the database contains more than a million
patents from all over the world, the following search strategy was applied to narrow
down the number of hits: most of the patents have a long and descriptive title, a short
abstract in English describing the content, and a separate file with images giving
an impression of the finding. Table 3.1 on the following page gives a schematic
overview of the keywords and search method.

Search (1) lead to a collection of around 1000 patents, related to various indus-
tries, including, but not limited to, building industry and also related to various
materials, including those normally used in construction. These 1000 patents were
related to a wide range of topics, such as the forming of air plane fuselages, wind
turbine blades, optical lenses, marine vessel and automotive sheet metal, foam con-

25
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tainers, laminated glass windscreens, products in food industry, antenna dishes,
LCD displays and touch screens, other electronic parts, 3D-surface polishers, vehicle
seats and foam cushions, bottles, footwear and orthopaedics, medical, dental or sur-
gical auxiliaries, clothing and personal protection, agriculture, furniture, insulation
elements, tubes and pipes, and others.

Table 3.1: Search method used for finding relevant patents in Espacenet

search (1) Title and abstract, selection on keywords:
[ (die OR mould OR mold OR formwork OR shuttering)

AND
(flexible OR reconfigurable OR adjustable)

AND
(curved OR double-curved) ]
resulting circa 1000 patents

>1973 selection on last 40 years, resulting in circa 450 patents
browsing titles and images

resulting in circa 25 relevant patents
search (2) above subset of 1000 patents, selection on keywords:

(concrete OR gypsum OR cement OR ferrocement)
cross-ref also adding relevant cross-referenced patents

resulting in 75 relevant patents
manually browsing, reading and selecting relevant

selection selection of around 60 patents, shown in Appendix A

After a restriction of these findings to the ones filed in the last 40 years (thus
starting 1973), a selection of around 450 patents remained. By browsing titles and
visually scanning the images in these 450 patents, a further selection was carried
out. Patents that did obviously not relate to the research question were deselected.
Among these last category were many patents concerning general reconfigurable
formwork systems for prismatic and flat shapes of cast in-situ concrete, and a large
number of patents related to slip-form, jump-form and other climbing or sliding
formwork systems with adaptation over the length of the structures (e.g. pipes and
towers). Around 25 patents appeared to offer useful information for this thesis work.

In search (2), the first 1000 titles, not restricted to year of invention, were again
narrowed down, this time to select those mentioning specifically cement- or gypsum-
based materials. This yielded another 75 patents that were not already in the first
selection of 25. The collection of around 100 patents then was read more thoroughly,
also the cited and citing patents were checked for additional relevant material. Out
of these 100 and adding the mentioned cross-referenced patents, a total subset of
around 60 patents resulted, that needed further detailed analysis to get a good idea
of previously patented work.
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3.3 Classification

The above-mentioned subset of around 60 patents was analysed in more detail.
Keeping in mind the research question of this thesis (page 8), various criteria were
used to determine the relevance for this research and classify the patents. The patents
were skimmed, looking for techniques, ideas, procedures or explanations that could
offer solutions for the production of double-curved precast concrete elements. The
table in Appendix A (starting page 265) gives a complete overview of the classifica-
tion. The following criteria for classification were used:

• Reconfigurable: Is the mould surface reconfigurable, can it be used repeatedly
and for various shapes? For any economically acceptable system, this is an
important issue.

• Actuation method and actuator distance: in what way is the flexible mould
surface manipulated to take the correct position corresponding to the desired
shape? Also it was examined whether this is done manually or mechanically
and whether controlled is numerically (NC), computer-numerically (CNC) or
otherwise. At what intervals are the actuators positioned? Many tools from
metal industry use closely packed actuators, tools e.g. stemming from glass
industry on the other hand use actuators at several cm intervals. Two main
categories can be distinguished: (1) pin-beds with directly adjacent pins, or (2)
pin-beds with distant pins at regular intervals.

• Reduction to practice: Is a practical implementation known of the described
invention? Often the patents do not give a clue about this, so if ’yes’ is filled
in, this information is generally coming from other sources. In some cases the
name of the company holding the patent gives a clue in this direction (e.g.
Eternit, Lafarge or North Sails).

• Apparatus, product or method: Does the patent describe an apparatus, a pro-
duction method, a product or a combination of these? Some patents merely
describe the mechanical engineering invention or solution, others also give an
extensive description of a production process or product for which the patent
is meant.

• Curvature: Can the patent be used for single-curved or double-curved elements
or both? Generally double-curvature is harder to achieve due to elastic phe-
nomenons. Some patents use ruled surfaces or segmented surfaces as basic
form, which is not what we are looking for. A single-curvature formwork is
fundamentally easier to achieve than one with double-curvature, as only elastic
bending stresses in the formwork material have to be dealt with, as opposed
to the situation with double-curvature, where large in-plane shear and normal
stresses will result from the deformation, introducing elastic resistance opposed
to the desired deformation and instability through buckling.
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Table 3.2: Patents within selection filed per decade, showing a clear increase
after 1990 [RS]

year patents filed
<1940 1

1940 - 1950 1
1950 - 1960 2
1960 - 1970 4
1970 - 1980 2
1980 - 1990 8
1990 - 2000 13
2000 - 2010 11

>2010 13

• Edge solution: If discrete elements are produced, how is the configuration of the
edge of the element dealt with? Not only is the shape of elements out of plane
important, but also the shape of the element edges. Some patents describe only
the first.

• Radius and element size and thickness: Does the patent mention any specific
radius or can it be roughly estimated from the description? What element
length, width and thickness is intended with the method? Some patents de-
scribe the forming of continuously curved strips with parallel edges of thin
material (e.g. long corrugated roof elements from sheets of concrete or metal),
others describe elements of a limited size (e.g. automotive wind screen). Many
patents do not give a clue about the dimensional possibilities; in such cases a
rough estimation is made by the author based on the images in the patent and
scale and shape of the apparatus described.

• Single- or double-sided mould: Is the cast material completely surrounded by
mould surfaces; is only a bottom mould present or is a double-sided mould
applied?

• Formed product: Which material is formed? e.g. concrete, gypsum, glass, metal,
etc.

• Mould surface material: What material is used as mould interpolator surface
between actuators and formed product? Generally it is necessary to have an
intermediate layer smoothing the actuator tips, in order for these tips not to
show in the final product.

• Deformation after casting: If the material of which the product is formed is cast,
is it deformed after casting or is the mould shape configured before casting?

• Application: For what type of products is the patent intended?
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Figure 3.1: Three examples of single-curved mould or formwork systems, from
left to right Hawes (1952), Jones and Brown (1993), Glorieux (2012)
(Espacenet)

The selected patents were filed in 12 different countries, plus a number of Worldwide
and European patents, and were filed between the years 1928 and 2013. Except
the 1928 patent, all are filed after 1945. Table 3.2 on the preceding page gives the
distribution over the decades, illustrating a clear increase of the number of patents
filed starting from 1990. It was not investigated how this increase can be explained,
but a possible explanation for this might be the use of complex geometry CAD soft-
ware, resulting in a growing need for production of curved elements. Evaluating and
examining the results of the classification shows that a large variety of combinations
is found, making a classification in strict classes somewhat arbitrary. Therefore, a
number of groups and trends are discussed in the following subsections.

3.4 Single-curved moulds formed by bending

A first and important group of patents are those describing variable single-curved
moulds or formworks (see examples in Figure 3.1) . Around 20 single-curved moulds
in the list all boil down to some form of configurable formwork systems for arches,
barrel-vaults, tunnel liners, silo’s and tanks. As, often in practice, a different radius
is necessary for each new project, many systems are patented allowing easy change
of radius, reusing the same formwork materials. Examples are Hawes (1952, Fig-
ure on this page left) and Vidal (1987), both showing a single-sided formwork for
use in erecting arched roofs, floors, ceilings and similar arched structures formed
in concrete, Jones and Brown (1993, Figure 3.1 middle), describing an adjustable
formwork systems for walls with variable curvature and Glorieux (2012, Figure 3.1
right), describing a device for manufacturing an arched element, arched element and
roof assembly in precast concrete following a continuous moulding process. The
patent of Alweg Forschung (1960) used twisted and single-curved steel plates as
variable formwork for the production of curved rail-beams for monorail systems.
Jump-form systems for cooling towers are described in Parry (1928) and Mygind
(1983). Although the hyperbolic shape of a cooling tower is double-curved, these
towers are made by using single-curved systems, as the radius of a vertical section
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Figure 3.2: left: pivoting actuators, Vidal (1987); right: varying radius by actu-
ators in offset to plane parallel to mould, Maier (1985) (Espacenet)

is so large that it can be approximated with single-curved segments.
As discussed in the previous subsection, a single-curvature formwork is fun-

damentally easier to achieve than one with double-curvature. However, from the
patents concerning single-curvature, some useful lessons can be learned: it can be
observed that large required deformations require solutions for the horizontal dis-
placements and rotation of the actuator tips, Hawes (1952), and rotation of the actu-
ator foots, Vidal (1987, see Figure 3.2 left). Many of the solutions describe adjustable
horizontal positioning, an important phenomenon that will be observed in our own
research later in this thesis as well. An interesting way to achieve a variable radius
is by creating a layer of actuators in the same direction as the formwork, but with a
certain offset, see Maier (1985), Figure 3.2 right. Change of length of the actuators
leads to a change in curvature of the formwork.

3.5 Wax milling and inflatables

A second but small group found in the patent database are systems that use altern-
ative principles to obtain reconfigurability. The first is a system which recently has
found renewed interest, the CNC-milling of wax. A CNC-router is used to mill a
predefined shape from a block of hardened wax. In this open space that is formed
after the removal of wax, concrete is cast. After the hardening of the concrete, the
elements are demoulded and the remaining wax mould is heated to its melting
point, after which the process can be repeated with the milling of a different form.
The advantage of this principle is that it ideally leads to a zero-waste situation. A
disadvantage is the time necessary for the milling, since for a large building with
many varying elements essentially the whole building might need to be milled, all
scale 1:1. Examples of wax-milling in the patent database are the inventions filed by
Ahonen (1986) and Dittmann (1989), see Figure 3.3). It is known that these systems
have been used in practice, e.g. by the Finnish precast-company Partek, that has
had a broad interest in robotising and automating production of precast concrete
elements (Van Acker, 1996). Recently, the use of wax was mentioned in work that
will be discussed below (Oesterle et al., 2012).

Matthews and Matthews (1962) and Liron (2006) use air-pressure to form con-
crete. Matthews and Matthews described the use of an inflatable formwork for syn-
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thetic resin or asbestos-reinforced concrete to create dome-shaped elements. Liron
uses a similar method to produce double-curved sails. In the literature review below,
a number of other alternative ways of shaping will be discussed, not present in this
patent list due to the chosen keywords.

Figure 3.3: Two examples of CNC-milling and casting of concrete in a meltable
wax, left Ahonen (1986), right Dittmann (1989) (Espacenet)

3.6 Draping and deforming after casting

A third group are the patents describing the draping of an extruded layer of concrete
or other materials over a pre-formed die or formwork. Although in the described
patents the formwork is not always reconfigurable, the technique of draping or
deforming after casting is interesting, and will play a central role in this further thesis.
Examples are the patents of Kasahara Natsue (2006, see Figure 3.4 top left), which
described the extrusion of a layer of concrete on a sort of conveyor belt, after which
the top of the layer of yet plastic concrete is impressed with a pattern, and the con-
crete is draped over a formwork. Finally, the hardening takes place and the concrete
can be demoulded in the pre-formed shape. Deformation after casting was also used
by Liu Nong (1997) and Oohi Kunio (2002, Figure 3.4 top right), that deformed a
layer of yet plastic FRC in a curved shape, after which the hardening took place. A
further step of applying these curved elements is using them as lost formwork, like
Oohi Kunio proposed and can be seen in Figure 3.4 top right. Oesterheld (1965) and
Eternit (1967) described a method for the production of the bending of corrugated
asbestos cement panels, also in the stage when the concrete is still plastic.

It is also possible to deform a product that is already hardened. Imura Hiroyuki
(1996) described this for thin concrete panels that have been made flexible by cutting
grooves in it. Rietbergen and Vollers (2007, see Figure 3.4, bottom left) described
a method for deforming glass panes over a pre-formed mould after heating the
glass. The patents of Krug (1993, see Figure 3.4 bottom right) and Sykes (1996)
discussed a similar production method, used for curved automotive wind screens
from a precast flat sheet of laminated glass. In another patent, Vollers and Rietbergen
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Figure 3.4: Draping or deforming after casting, top left Kasahara (2006), top
right Oohi (2002), lower left: double-curved glass, Rietbergen and
Vollers (2007); lower right: wind screen production, Krug (1993)
(Espacenet)

(2008) described this process using a configurable mould, and also extended the
application to concrete or other curing materials.

The vacuum moulding process patented by Lafarge in 2008, mentioned in
Martin-Saint-Léon et al. (2011), was investigated (see Figure 3.5). The principle of
casting and then deforming is mentioned by Behloul and Quidant (2008, 2011). In
this patent, a similar principle is described, to deform a closed flexible mould, con-
taining a ultra high performance (possibly fibre-reinforced) concrete mixture
(UHPC), into a predefined shape by means of actuators (“organes de déformation”),
which are connected to the mould using ball joints, thus allowing rotation around
three axes. The authors describe that the mould is initially on a table in horizontal
position to allow easy filling and closing of the mould. The lower and top part of the
mould are kept together by means of a vacuum system. As soon as the mould is filled
and the vacuum is applied, the actuators lift the mould from the horizontal table into
its deformed shape. The mould is kept in this shape until the concrete has hardened
sufficiently. The method is meant to manufacture 3D single- or double-curved thin (5
to 50 mm) concrete elements, preferably without discontinuities. The elements have
a size of preferably 5 m2, but possibly up to 20 m2. A similar process is described by
Jaques and Lagrange (2010), also from Lafarge. The vacuum-part of this patent was
actually applied in practice for the manufacturing of the façade panels for the Frank
O’ Gehry building “Fondation Louis Vuitton pour la Création” in Paris. Instead of
actuators, however, wire-cut PS-foam was used for shaping the flexible moulds (see
right image in Figure 3.5).
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Figure 3.5: Left and middle: Images from patents of Behloul (2008, 2011) and
Jacques (2010), describing a vacuum-based system, all filed by La-
farge [source: Espacenet] - Right: Ductal panels of Fondation Louis
Vuitton pour la Création in Paris

The method of deformation by actuators brings us to the fourth group of patents,
the pin-beds, which will be described in the next subsection.

3.7 Pin-beds

The fourth and final group are the patents in which pin-beds are used. A pin-bed
is a set of configurable actuators placed on a regular grid, with their tips together
forming the contours of a double-curved shape. Two categories can be distinguished:
(1) adjacent actuators and (2) distant actuators. On top of this contour of actuator
tips, a flexible mat of e.g. rubber, often called an ’interpolator’, is placed to form a
smooth surface. The interpolator transfers the concentrated forces from the tips to
the actual material that is deformed by pressing or stretching, much like in the earlier
described work of Renzo Piano. Obtaining a smooth surface is not simple, as will be
discussed later.

The patent of Behloul and Quidant (2008, 2011) in the previous subsection also
uses a pin-bed, and discusses the visibility of the actuators in the workpiece of
concrete:

“If one member of deformation is implemented” ... ”the surface may
have a single hump, if several members of deformation are used, then
the surface may comprise a plurality of bumps more or less high and
separated by valleys” ... ”The workpiece surface is similar to the surface
of a rough sea”.

This is an issue that is addressed by others and will also play an important role in
this thesis. The oldest patent found using actuators to define a flexible and adjustable
shape in concrete is from Eisel (1979) (Figure 3.6). Eisel described an upper and
lower formwork that could be used for precast elements with a variable architec-
tural appearance. The example of precasting parts of spherical shell structures was
mentioned. The shape of the formwork could be adjusted by modifying the height
of a large number of pins that were covered with a plastic foil to prevent contact
between concrete and mechanism.
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Figure 3.6: left: earliest patent found using a pin-bed for concrete elements, Eisel
(1979); middle and right: large degree of shape freedom, Laloux
(1988) and Gould (2006) (Espacenet)

Laloux (1988) and Gould (2006, see Figure 3.6) described a reusable formwork
modules making it possible to form a large variety of architectural shapes. Remark-
able in these patents is the large freedom of form that was envisioned, allowing
fabrication of spheres, walls, roofs and other free-form shapes, using actuators from
all directions. This is more or less similar to the sketches of a flexible mould drafted
by Spuybroek (2004), whose work will be discussed later (see Figure 4.8 on page 51).
It is questionable, however, whether this freedom of form is possible in reality, due
to various practical issues, also to be discussed later.

Most patents aim for much simpler, slightly and gradually curved shapes, for
example those patents covering metal stretching: Chen Yueming et al. (2013) and
Zhongyi Cai et al. (2011) described a continuous process using stretch forming of
metal over a reconfigurable pin-bed die for the production of gently curved plates,
that can be used e.g. in façades. The stretching method of Zhongyi Cai is illustrated
in Figure 3.7, top left. Mingzhe Li et al. (2011) also described a system with closely
packed pins that support the material (see Figure 3.7, top right). Yamahada described
a general-purpose platform in which parts can be formed in a specific shape (see
Figure 3.7, bottom). Guangjun Li (2009) describes the use of a pin-bed for rapid
prototyping of double-curved aluminium aircraft wing parts.

One of the first to give an extensive description of the possible use, scientific
background and suggestions for practical application for creating free-form struc-
tures in concrete is Kosche (1999) in his patent “Integriertes rechnergestütztes Entwurfs-
Konstruktions- und Fertigungsverfahren unter Verwendung eines Schaltisches für frei
geformte Bauteile und erhrtende Materialien” (Kosche, 1999). Kosche envisioned a flex-
ible formwork, adjustable in shape by computer-controlled actuators, and stated
that, although the calculation of free-form structures becomes more feasible through
the use of finite element software, the manufacturing of these structures still is a
problem. Kosche did not consider the use of CNC-milling to be a practical solution
for large-scale buildings, for much the same reasons as those against wax-milling
described above. He suggests that the use of precast elements made in a reusable
mould is a better way to reach an accurate, fast and economically feasible production
technique. He comes with two solutions: (1) the use of an actuator-controlled system
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Figure 3.7: Various pin-bed moulds, top left Zhongyi (2011), top right Mingzhe
Li (2011), bottom Yamahada (2002) (Espacenet)
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Figure 3.8: Similar principles patented by Kosche (1999, left), Kristensen and
Raun (2010, middle) and Vollers and Rietbergen (2010, right) (Espa-
cenet)

and (2) the use of computer-shaped sand, both as alternative undergrounds for a
flexible formwork. To the author’s knowledge, Kosche’s patent was never applied
in practice by himself. The patent, however, is referred to in the patents of Vollers
and Rietbergen (2007, 2008) and Kristensen and Raun (2010), that have actually built
flexible moulds for concrete.

The firm Adapa from Denmark has described (Kristensen and Raun, 2011) and
patented (Kristensen and Raun, 2010 and Raun, 2013) a quite advanced combination
of actuators, flexible mats and vacuum-technique to obtain the required shape with
a smooth surface that can be used for casting concrete, and also other thermoplastic,
hardening or drying materials, such as acrylic plastic, glass, gypsum, polyester or
epoxy. This recent patent is also described in (Raun et al., 2010) and was implemen-
ted in a prototype. Recently, Raun filed an additional patent on the subsystem of
three layers of flexible rods that supports a flexible mat (see Figure 3.9). The shape
is controlled by a combination of measuring and correction, and the possibility to
exchange the flexible variable rods for others with different stiffness. At present,
the company is advertising that the technology can be used in commercial projects.
Furthermore a recent patent (Raun and Henriksen, 2014) was filed by Adapa and
Waagner-Biro Stahlbau that describes the use of the above-mentioned apparatus to
first manufacture a double mould surface in a thermoplastic material, that is in turn
used as formwork for a curing material such as concrete. This stepwise approach
makes it possible to produce large series of elements without the need for a large set
of expensive moulding machines. The thermoplastic material is recycled after use.

Vollers and Rietbergen own two patents (Vollers and Rietbergen, 2008, 2010) on
the use of the flexible mould. The first one, invented in 2008 and filed in 2010,
describes the application of a “viscous-fluid” material, cast on a flat and horizontal
plane. After a certain time of hardening, the plane is deformed in a predefined
curved shape, during which process the viscous-fluid material also takes the desired
shape. The time necessary for the fluid to gain strength to allow deformation and
later the time to harden sufficiently to be demoulded is important in the process. The
patents describes several methods for obtaining the predefined shape of the plane
and of the edges of the cast element.
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Figure 3.9: left: Raun (2013) patent for subsystem of flexible mat; right: Raun
& Henriksen patent (2014) for using intermediate moulded layer
(Espacenet)

3.8 Patented product types

Milinkovic and Milinkovic (2010); Nachbauer et al. (2012) have patented not the
production system, but the application of precast-elements as stay-in-place form-
work for large curved cast in-situ roofs or other curved surfaces, see Figure 3.10.
Whereas Nachbauer described the use of variously shaped elements with a rein-
forced top layer of cast in-situ concrete for free-form shapes such as artificial moun-
tains, but Milinkovic described a more mathematical geometry, like a tunnel arch
built of precast ferro-concrete shell elements, also with a cast in-situ top layer.

Milinkovic uses ribs on the elements described in the patents. Haeger (2010)
described the use of a flexible mould for the production of precast-concrete Telecom
towers with tapered cylindrical shape.

Figure 3.10: Products that could be produced by a flexible mould. Left: concrete
elements used as lost formwork for a plank floor (Nachbauer, 2012),
right: tunnel liners (Milinkovic, 2010) (Espacenet)
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Figure 3.11: Schematic representation of an ideal reconfigurable tool (taken
from Munro and Walczyk, 2007)

3.9 Patent study by Munro and Walczyk (2007)

Munro and Walczyk (2007) carried out an extensive patent review of reconfigurable
moulds from various industries. The article traced back ideas for using pin-beds as
reconfigurable surfaces for forming or moulding materials in various industries as
far back as the year 1863, and characterized and compared 35 patents filed until 2004,
partially overlapping with the patents described above. Also academic research and
realized-in-practice work were investigated. All reconfigurable moulds were given
a score by comparing them to an imaginary and ideal reconfigurable tool (see Figure
3.11), based on nine preferable characteristics. Many of these nine characteristics
would be desirable properties of concrete moulds as well, making the article a use-
ful basis for scoring possible developments made later in this thesis. The authors
concluded that, despite the long history of the topic, there still was considerable and
continued interest in developing reconfigurable pin-type tooling. Progress however
was limited: the same basic design features kept reappearing in many patents filed
in the last century. The introduction of computer control re-boosted developments,
especially regarding the configuration speed.

Remarkably enough, the authors conclude that, when measured along the men-
tioned nine characteristics, the current reconfigurable tools have almost matched the
ideal configurable tool. Yet, the use in practice in general industry has remained
limited to only two commercial versions. The authors therefore analysed factors
that explain this limited interest of industry, identifying three factors: 1) the market
for the reconfigurable tool is too limited in relation to the costs, 2) the advent of
rapid CNC tooling has reduced immediate need, 3) the material needed as flex-
ible, interpolating layer between the pins and the moulding material gives several
concerns. The authors finally gave recommendations to help facilitate successful
commercialisation: develop an economical tool consisting of individually actuated,
close-packed pins with sufficient size and resolution (small pins, large elements),
do research into more efficient control schemes, and pursue application in other
industries than the aerospace market, where most of the earlier commercial attempts
were done.
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For architecture, it was observed by the authors that the use of reconfigurable
tooling would be ’ideal’, since the repetition of parts is generally low. In the dis-
cussed patents, the material concrete, however, is not mentioned. The authors men-
tion curved sheeting of metal and drape-forming of glass as examples.

3.10 Discussion of patent review

The patent research has revealed several interesting points:

• The flexible mould principle has puzzled many inventors from various
branches of industry for almost a century, basically for the same reason: creat-
ing freely formed elements in a quick and affordable manner. The oldest patent
discussed in this study stems from 1928, the most recent one from 2014. Earlier
reviews, as discussed in the previous subsection, even discussed patents from
1863. Yet, practical application was only found in few projects, as will be
discussed later in the present study.

• Different methods are used to reach the deformed shape: pressurized air (in-
flation or vacuum), actuators, pins, bending, wax milling and shaping. The
pin-bed reconfigurable mould types are the mould types offering a large de-
gree of freedom and reconfigurability. In many cases the pins are actuated
mechanically, and in the most recent patents controlled by computer.

• On top of the pins generally an interpolating layer is necessary. As interpolat-
ing layer, some inventors use a soft, rubber-like formwork, others use timber
or steel plating that is elastically deformed by force, without however reaching
the plastic stage, so that reconfiguration for other shapes is possible.

• Many materials can be used for the cast elements. Patents from automotive
or aerospace industry are describing the forming of thin metal sheets. Other
materials found in the patents are characterized by a typical two-phase work-
ing: fluid but viscous at first, then hardening, e.g. concrete, gypsum or syn-
thetic resin. In some patents the addition of reinforcement is described. Some
patents describe the use of thermoplastic materials, which are heated prior to
deformation.

• Any method needs to be accurate, fast and reusable in order to be economically
more attractive than in-situ formwork. The reuse of the formwork also has
environmental advantages in terms of limited material and energy use.
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A number of ideas or solutions were not found in the patents:

• The use of a single (open) mould in combination with concrete is mentioned,
but there are clues given neither for the proper type of concrete nor the type of
reinforcement that could be used in combination with the deformation process;
the only patent that gives a quite detailed concrete recipe uses a double (closed)
and vacuumised mould.

• The exact displacement- and elastic behaviour of the mould surface is touched
by some patents, but never described in detail; some patents mention meas-
urement methods for checking the form. Further literature study must show
whether the exact shape control was investigated and solved or not.

• The exact placement of the edges in relation to the subdivision of the complex
geometry of the curved building into smaller elements is touched, but not
described in detail in any of the patents.

In the further literature review these ideas and open questions will be investigated
further.



Chapter 4

Literature review of flexible
formworks

4.1 Introduction

As already stated in the introduction of the patent review, a patent review needs to
be combined with the review of literature, such as journal articles and conference
papers to acquire a complete idea of developments and prior art. In this chapter, an
overall review of the relevant material will be provided.

4.2 Forming of thin sheets of material

For forming thin and flat sheets of material, such as metal or plastic, into three-
dimensional shapes, solid dies are often used. These pre-formed solid dies have the
negative shape of the desired product, and are used as backing for the sheet of the
actual product that is force-pressed into the die. For each new shape, a new die is
necessary, making this particular process mostly feasible for large series of similar
products. For small series or for rapid prototyping, a reconfigurable mould would
be a better solution. In various industries other than building industry this similar
problem occurs: marine, aerospace, automotive, transportation and energy industry
are all confronted with situations in which low-repetition, dedicated shapes have
to be manufactured, making tooling costs very high due to low quantities, required
accuracy and high variety. It is for this reason that research on reconfigurable tools
has been done in the past.

The Japanese pioneer Nakajima (1969) in the late 1960s worked on the idea to use
bundled small diameter pins or wires to form a reconfigurable shape to stamp thin
sheet metal into double-curved shapes. He protected the sheet metal from being
scratched by the sharp ends of the pins by using rubber sheets as interpolator in
between. Nakajima showed that his method could also be applied for vacuum

41
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Figure 4.1: FlexiMold system (taken from Boers, 2006)

forming, die-casting or compression moulding of plastics. The work of various
academic researchers in the 1970s and 1980s using the same principle for creating
double-curved shapes for aerospace industry is discussed in Munro and Walczyk
(2007). Most of the work described presents configurations of large numbers of
closely packed pins with small diameters.

A principle quite similar to Renzo Piano’s prototype, analysed in more detail
from a mechanical engineering point of view, was described by Kleespies and Craw-
ford (1998). The authors used a rubber membrane ’interpolating’ between the po-
sition of discrete pins (actuators) to form a sheet of styrene thermoplastic. As in
Piano’s design, the pins are at a relatively large distance from each other. In con-
trast to Piano’s principle, a vacuum pressure is used to maintain contact between
interpolator and rubber membrane. The authors investigated the relation between
the thickness and Young’s modulus of the interpolating material, the dimpling or
waviness, the vacuum pressure and the radius of the formed shape. They investigated
this by using and comparing three approaches: 1) Timoshenko’s plate theory 2) FEM
analysis to account for in-plane membrane forces and large displacements and 3)
measuring of experimentally formed plastic sheets. One interesting conclusion of
their work (Kleespies and Crawford, 1998, p336) was, “the surface geometry of the
formed parts is limited, however, to a compromise between the surface waviness and
radius of compound curvature”, an observation also done later in our own research:
looking at free-form shapes, one has to restrict the radius to a certain minimum if a
feasible flexible mould system is to be designed.

Boers (2006) developed the FlexiMold-system, another example of a reconfig-
urable mould. In his PhD thesis, mechanical engineer Boers (2006) described a
reconfigurable die using a matrix of pins (see Figure 4.1) that could be reconfigured
in short time in any shape, allowing rapid prototyping and small series of uniquely
shaped sheet metal elements. The method could also be used for forming of other
materials, such as thermoplastics. The elasticity and plasticity of the deformed ma-
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Figure 4.2: Pin-bed mould and sheet of thin metal pressed into saddle shape
(taken from Song et al., 2010)

terial and the supporting rubber sheets (’interpolators’) were researched by the au-
thor for a number of NURBS-curves, in order to come to a smooth surface qual-
ity without visibility of the pins in the final product (’dimpling’). The author also
aimed at application of the reconfigurable die in the field of architecture and build-
ing construction materials. Although the size of the machine at the time of the
above publications was still small (40 x 50 x 25 mm3), larger prototypes were under
development, with effective working volumes of 1000 x 1000 x 500 mm3 (Pronk
and Moncrieff, 2009). These prototypes could potentially be used for production
of concrete elements.

A well-illustrated description of the process of pressing thin metal sheet using a
similar method was found in Song et al. (2010). Figure 4.2 shows the upper half of a
mould and a produced saddle-shaped metal piece.

In contrast to using a double-sided die, the deformation of flat sheet metal into a
pre-formed die can also be executed using a single-sided die and explosion forming
(Groeneveld, 2008; Pronk and Moncrieff, 2009). The sheet metal is placed on the
die which has been milled in the required shape in a prior step. After that, the die
cavity is vacuumised and the assembly is placed under water. An explosive charge is
detonated to press the metal in the die within a few milliseconds. The method offers

Figure 4.3: Explosion-formed stainless steel cladding, booster pump station
Amsterdam, Group A architects, 2006 (image courtesy of flickr-
jpmm)
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Figure 4.4: ’flex-rod’ system (taken from Vollers and Rietbergen, 2008)

a larger freedom of shape than the FlexiMold process, allowing large plates (up to
10 x 2 m) in various thicknesses (0.3 - 60 mm) and is suitable for various metals. The
method is not likely to be suitable for concrete, since the explosion forming principle
makes use of the plasticity of metals, a material property typically not present in
concrete, at least not to the same extent.

Similarly, it is possible to bend glass over a mould, addressed by Vollers and
Rietbergen (2007) by the realisation of a ’flex-rod system’ and a ’Free-D’ surface
for the manufacturing of double-curved glass panels (see Figure 4.4). The system
was made of CNC-cut timber sheets with curved upper edges and thin and flexible
metal rods across these edges to carry the glass pane. The glass pane was cut to
the correct edge sizes prior to deformation. After this, the glass pane was slid in
an oven, where the glass temperature would rise to the annealing temperature, and
the glass pane would sag over the predefined shape of the flex-rod system. Upon
cooling down, a curved glass pane would be obtained. In the paper (Vollers and
Rietbergen, 2007), two outlooks are given: 1) a computer-driven set of actuators for
the above mentioned flex-rod system to replace the CNC-cut timber parts, and 2) the
use of a flexible mould with a freely curving working surface for the production of
plastic and concrete panes. The paper already shows an image of an early prototype,
which was later successfully used for concrete by Schoofs and Huyghe Huyghe and
Schoofs (2009).
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(a) pin-bed membrane mould (b) Flexible mould from two layers of strips

(c) with carved fibreboard surface, left: actuators, right: mock-up panels

Figure 4.5: Various ideas conceived during master’s thesis projects at TU Delft
in the years 2000-2011: (a) Quack (2000); (b) Jansen (2004); (c)
Huyghe and Schoofs (2009)

4.3 Various master’s thesis projects at TU Delft (2000-
2011)

In the last decade, the work of a.o. Vollers and Rietbergen at the Faculty of Archi-
tecture and the Structural Design Lab at the Faculty of Civil Engineering resulted in
a constant interest of master-students at TU Delft in the topic. A brief overview of
MSc-thesis work is presented here.

Quack, in her master’s thesis research (Quack, 2000; Eekhout et al., 2004), su-
pervised by Vollers et al., does the preposition that free-form or ’fluid’ designs can
only be accurately manufactured if the panels that make up the desired curved
design are curved themselves. According to Quack, prefabrication is a suitable
method for such accurate manufacturing. She denotes that subdivision of the fluid
shape into flat panels would lead to less attractive buildings, that differ from the
original conceptual design. Since building industry is still mainly used for serial
production of large numbers of similar elements, there is a contrast to the variability
of shape in free-form designs. Prefabrication, in the eyes of Quack, can therefore be
only cost-effective when founded on a flexible serial production method. In such
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a method, the computer is not only playing a role in the design stage, but also
in the manufacturing stage. Quack proposed the use of a flexible mould system
(see (a) in Figure 4.5), consisting of a pin-bed carrying a flexible rubber surface
for the manufacturing of double-curved façade elements constructed from GFRC.
Quack’s design builds further on the work of Piano, also featuring an automatically
adjustable pin-bed, controlled by a CAM-system. The exact shape of the rubber
surface is checked by measuring through a mechanical gauge, following the surface
in an x-y-grid, or remotely by using a laser measuring device.

Jansen (2004), supervised by Vollers et al., investigated new production methods
for the realisation of free-form buildings. According to Jansen, these buildings can
be characterized by the use of three-dimensional curved surfaces without repetition.
Using Maya and Rhinoceros, that - at the time of publication - were still mainly
applied for surface modelling, Jansen recognized the need to model volumes instead
of surfaces, in order to be able to design proper detailing for concrete elements.
Jansen built a prototype of a strip-mould supported by a pin-bed (see (b) in Figure
4.5), and cast a number of curved concrete elements on this mould.

Although Diks (2005) focusses on sandwich systems in translucent plastic for
double-curved complex geometries in her master’s thesis, some valuable conclu-
sions are drawn in her master’s thesis report, supervised by Vollers et al., conclu-
sions that are relevant for free-form concrete structures as well: 1) special moulding
techniques using a flexible mould are necessary to realize geometrically complex
shapes, 2) in these moulding techniques special attention should be paid to the rules
for shape description of the element edges, 3) integration of architectural shaping,
structural design, production method and assembly is a necessary condition for suc-
cess and 4) in this integration the computer plays a central role to achieve sufficient
fitting accuracy.

Van Roosbroeck (2006), supervised by Wagemans et al., observed that the con-
struction of concrete shells had stagnated, after a flourishing period roughly around
the 1950’s and 1960’s. This stagnation is mainly due to the high labour costs and the
inefficient use of formwork materials. The scope of the thesis was limited to load-
bearing precast concrete shells, not considering curved cladding panels. Van Roos-
broeck stated that, despite the developments in concrete technology and renewed
attention for both free-form and form-finding-based structures in recent years, a
re-flourishing was still hindered due to lack of an integral and optimal design- con-
struction process for precast concrete shells. She implicitly suggested that precasting
in this respect has more future than in-situ casting. Van Roosbroeck’s master’s thesis
aimed to make a step towards optimisation of this design to production process, by
mapping the aspects and relationships within both the design and production pro-
cess and defining a new and integral process by linking the design, the segmentation
and the production. After research, Van Roosbroeck concluded that this linking is
possible through the utilisation of innovative options of design tools, concrete com-
positions, production methods and surface segmentation techniques. The process,
according to Van Roosbroeck, is very much depending on the building project itself:
in situations where morphology is leading, she recommends to start the process by
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defining morphology, then defining concrete composition and performing structural
calculations. After this, the next steps are surface segmentation, choice of production
method and defining a connection system, in an order suiting the project, and with
feedback after each step to the results of earlier steps.

Van Roosbroeck recommends that 1) more research is needed on the flexible pin-
bed mould, especially regarding the heads of the pins to improve smoothness of
the concrete surface, 2) the flexible mould system should be considered a vulnerable
system in which non-functioning of one pin can possibly block the entire system, 3)
integration between the segmentation and the structural calculation is necessary to
prevent the segmentation to be done on locations where the forces are too high, 4) a
fully automated process from design to production is necessary, 5) the construction
method needs to be taken into consideration and 6) the price of the flexible mould
should be investigated, since it might become too high compared to use of milled
formwork.

Den Hartog (2008), supervised by Wagemans et al., carried out a master’s thesis
research in which the aim was to find the difficulties and possibilities of the design
and production of prefabricated concrete shells, and to come with possible solutions
for these problems and make production more feasible. Like Van Roosbroeck, Den
Hartog emphasises the need for an integral approach from architectural design, via
structural analysis, to production and assembly, since all steps are interrelated to
great extent. In her work, a broad spectrum of aspects are studied: 1) structural
mechanics of prefabricated shells, 2) grid generation and element subdivision and
the influence of these on element connections and structural behaviour, 3) concrete
composites, 4) the adjustable formwork and element edges and 5) the design process.
Den Hartog finalized her research with the development of a geometry design tool to
facilitate this process and a case study. Conclusions of the work were, among others,
that research on the connections between shell elements is necessary, that high-
performance FRC is a suitable material for precast shell elements, at least when valid
design codes will be available, that an adjustable formwork needs to be developed
first, and that the best way of proceeding with further research is the construction of
a real prefabricated concrete shell.

Ter Maten (2011) investigated the possibilities for constructing a 150 meter span
dome structure using 35 mm thin precast shell elements in UHPC . The findings are
applied in a case study involving plans for a free-form sports-dome in The Neth-
erlands, and demonstrate a high potential for this solution. The issue of moulds
is also addressed. Ter Maten deems the development of reconfigurable or flexible
moulds still not proven in practice sufficiently, and therefore chooses a reusable
static steel mould with adjustable edge positions to accommodate different element
edge contours. The curvature is kept constant for each mould, but due to change in
curvature over the dome shape, multiple steel moulds are necessary.

Janssen (2011), Kok (2013) and Eigenraam (2013) also carried out master’s thesis
research on the topic, but their work is done within the framework of this PhD thesis
and will discussed later.
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4.4 Tests of Huyghe and Schoofs

Huyghe and Schoofs (2009) did a research on the production of double-curved con-
crete panels under supervision of Vollers, Rietbergen and Grünewald, and, for some
aspects, were given consultation by the author of the present thesis. The research
contained various experiments with the principle to first cast concrete in a hori-
zontal, flat position, and then, after an initial setting period, deform the concrete
into its finally required curved shape. The further hardening then took place with
the element in this deformed shape. Demoulding was done when the concrete had
sufficiently hardened. Finding the right moment of deformation appeared to re-
quire a concrete composition with predictable and optimized development of fluid-
ity. Slump tests were executed to find out the right moment of deformation. In
discussion with the author of the present thesis it was also found that the deforma-
tion itself may cause strain in the fresh concrete mixture, depending on the thickness
of the element and the radius of the curvature. This possible effect was already
denoted earlier by Hartog (2008) on page 95-96. In the research of Schoofs and
Huyhge, some initial theoretical assumptions were worked out with respect to strain
ε, curvature κ, thickness d and radius R, leading to at least one important conclusion,
that the experiments were not scalable with respect to the behaviour of the concrete
in relation to the deformation after casting.

After several experiments with concrete mixtures and programming control
scripts in Rhinoceros 3D® and Grasshopper®, the automated version of the flexible
mould constructed by Vollers and Rietbergen (2007) was used to cast a number of
panels. Much attention was paid to choose the right type of flexible surface on
top of the grid of actuators. An expert involved in a large Dutch precast concrete
manufacturing firm strongly advised to use timber as basis, mainly due to econom-
ical reasons and because of the fact that the concrete industry is very much used to
application of wood. It was observed that the automated movement of the actuators
was obstructed by the horizontal reaction forces on the tips of the actuators holding
the curved surface. Here another important notion was understood: the flexible
surface will show significant horizontal displacements, which need to be taken into
consideration if the system is to work in a controlled fashion. Various materials were
tested for the flexible surface: reinforced polyurethane rubber, reinforced silicone
rubber, stiff rubber and timber in the form of a carved medium density fibre-board
panel (see (c) in Figure 4.5 on page 45), of which the last material gave satisfying
results. It was also concluded that a calculation model for the flexible surface is an
absolute must to get rid of unforeseen inaccuracies in the final shape of the panels.
Finally it was also recommended to investigate the control of the edge positioning.
With respect to concrete technology, three different concrete mixtures were tried:

1. a basic recipe consisting only of sand 0.125-2.0 mm, cement CEM 1 52,5 R and
water;

2. a more advanced FRC mixture (’Holcim’) consisting of CEM 1 52,5 LA, micro
silica, Poraver 0.1-2.0 mm (expanded glass aggregate), plastic fibres, water and
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various admixtures;

3. an ECC mixture consisting of cement CEM 1 52,5 R, fly-ash, quartz sand, 0.125-
0.25 mm sand, PVA fibres, water and admixtures.

Due to the unknown rheological (=flow) properties of the mixtures it appeared quite
difficult to estimate and control the moment in time appropriate for deformation,
but it was expected by Schoofs and Huyghe that this could be controlled easily after
more research. By varying the amount of admixtures, such as plasticizers or re-
tarders, the moment of deformation was expected to be controllable, aiming for rhe-
ological properties that would be convenient in a manufacturing process. A second
test by Huyghe and Schoofs was carried out in opposite order: first deformation
of the mould, then casting. Due to the slope of the mould, a certain minimal yield
strength was necessary during casting (> 40 Pa, see p84 of their thesis). For these
tests an undisclosed mixture of Hurks Beton was used. The following conclusions
were drawn (a.o.):

1. self-compacting concrete is preferred, this makes it possible to embed complex
edge profiles or surface textures in the mould; vibration is not desirable on the
fragile set-up;

2. first deforming the mould and then casting concrete makes it difficult to control
the exact thickness of the element; since a relatively large yield strength is
necessary, the compaction of the mixture is problematic;

3. first casting and then deforming therefore is the preferred order of working.

In discussion with the author of this thesis the hypothesis was raised (Huyghe and
Schoofs, 2009, pp51-52) that the developed strain ε in the deformed concrete is pro-
portional to the thickness of the concrete element and to the reciprocal of the radius
of curvature over which the element is deformed, similar to a bending problem in a
linear elastic material (see Figure 4.6, second left graph). Perhaps, this makes scaling
of experiments impossible: if e.g. the thickness of the concrete element is scaled
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d [m]
h [m] k [m] 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00
2,80 5,60 79 39 26 20 16 14 12 11 10 9
3,00 6,00 90 45 30 23 19 16 14 12 11 10
3,20 6,40 103 51 34 26 21 18 15 14 12 11
3,40 6,80 116 58 39 29 24 20 17 15 14 13
3,60 7,20 130 65 44 33 26 22 19 17 15 14
3,80 7,60 145 72 48 37 29 25 21 19 17 15  

Tabel  1: kromtestraal in meters als functie van verdiepinghoogte h en reliëf d 

  
In het schaalmodel van de beide studenten (circa 50x50 cm2) is een reliëf van naar 
schatting tenminste 5 cm aangebracht. Ingevuld in de eerder gevonden relaties zou 
dit een kromtestraal van circa 1,3 m geven, wat ruimschoots kleiner is dan enige in 
bovenstaande tabel gevonden kromtestralen. Wat al vermoed werd, namelijk dat de 
voor de proef gekozen kromming vrij extreem was, is dus juist. Uiteraard zal nabij 
gebouwhoeken, waar twee vlakken samenkomen het wel mogelijk zijn dat kleine 
kromtestralen gevonden worden. Dergelijke elementen lenen zich naar verwachting 
minder voor het hier gebruikte procedé. 
 
rek en/of spanning in het materiaal als gevolg van buiging 
De kromming  (kappa) wordt in de mechanica gedefinieerd als het verloop van de 
rek  (epsilon) over de hoogte van de doorsnede, nl. d/dz. Bekend is dat voor een 
doorsnede geldt: = 1 / R, waarin R de hierboven gevonden kromtestraal van het 
gebogen plaatprofiel is.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Afbeelding 3: relatie tussen kromtestraal, kromming en rek 

 
De rek  (epsilon) is volgens de Wet van Hooke voor een lineair elastisch materiaal 
recht evenredig met de spanning  (sigma) in het materiaal volgens de relatie = E. 
Hierin is E de elasticiteitsmodulus, die de rekstijfheid van het materiaal aangeeft. Een 
materiaal met een hoge E-modulus (bijv. constructiestaal E=210.000 N/mm2) zal bij 
een zelfde rek een hogere materiaalspanning geven dan een materiaal met een lage 
E-modulus (bijv. rubber, E=10 tot 100 N/mm2). Bij een nog plastisch materiaal is de 
wet van Hooke niet geldig, omdat het verhardende materiaal zich waarschijnlijk nog -
tot op zekere hoogte- als een (weliswaar viskeuze) vloeistof gedraagt. Hier zijn 
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andere relaties uit de mechanica wellicht meer geschikt om het spannings-rek-
gedrag te beschrijven. 
De noodzakelijke vervorming bij het opleggen van een kromming aan de nog 
onverharde fase van het beton veroorzaakt rekken in de betonmassa. Dit kunnen 
zowel positieve rekken (langer worden) als negatieve (korter worden) zijn. Het effect 
hiervan was ook zichtbaar op de proefstukken: daar waar deze moesten verlengen 
ontstonden op sommige plaatsen trekscheuren, daar waar deze moesten verkorten 
werd het materiaal iets opgestuikt. Bij buiging ontstaat aan één zijde verlenging, aan 
de andere zijde verkorting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Afbeelding 4: positieve en negatieve kromming en rek 

 
rek en/of spanning in het materiaal als gevolg van verlenging 
Behalve door het buigen ontstaat er mogelijk ook nog positieve rek (verlenging) in 
het totale materiaal (zowel onder- als bovenzijde) doordat het in de gekromde vorm 
een grotere lengte moet hebben dan in de platte vorm. Dit is te zien uit onderstaande 
Afbeelding 5. De dikke lijnen vormen de situatie voor en na vervormen. De koorde k 
van de cirkel heeft een kleinere lengte dan het boogdeel b. 
 

  
 

Afbeelding 5: verlenging als gevolg van booglengte 

Verwacht wordt dat de bekisting (in dit geval een rubber mat) zijn oorspronkelijke 
lengte behoudt bij het krommen. De beschikbare lengte k wordt bij het vervormen wel 
langs de cirkelboog gevormd, maar zal niet de volledige booglengte b krijgen, omdat 
het rubber in lengterichting niet wordt opgespannen. Hierdoor zal het rubber in die 
richting in principe spanningsloos blijven, en dus niet worden opgerekt tot lengte b. 
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Figure 4.6: First assumption regarding the relation between curvature radius
and strain, 2009
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Figure 4.7: Shaping a doubly-curved surface with an array of numerically-
controlled pins (Mitchell and McCullough, 1994)

with a factor 2, the expected strain under a certain radius of deformation is also
scaled with a factor 2, making the findings of a scaled experiment not representative
for a full-scale situation. If deformation would not lead to cracks in the scaled
experiment, this would not offer any guarantee that the same would result in the
full-scale situation1.

4.5 Other research worldwide

Mitchell and McCullough (1994), MIT and Harvard professors, give an early theor-
etical framework behind the world of computer-aided design and manufacturing.
In a discussion of several prototyping methods, also a system very much alike the
idea of Piano is mentioned: “Shaping of a double-curved surface with an array of
numerically controlled pins”. In the subsections “Reshaping” and “Reproducing
Moulds and Dies” the possibilities are mentioned to “reshape a material through the
application of force, heat, steam, and so on”. No further details are given as how
such a system would work in practice, but a simple schematic figure is offered (see
Figure 4.7).

Architect Lars Spuybroek, in his book NOX: machining architecture (Spuybroek,
2004), discussed several methods of shaping. Spuybroek has realized several free-
form objects, both architectural and sculptural, and recognizes the manufacturing as
an integral part of the design. In his book, Spuybroek envisions a fully automated
file-to-factory manufacturing system: a house can be ordered ’over the internet’
and automatically manufactured. He stated that a shift from standardized to vari-

1During the research of Huyghe and Schoofs it did not become clear whether there really is strain
possible directly adjacent to the mould surface. In fluid dynamics, it is usually assumed that at the surface
a no-slip situation is present. At the interface surface between concrete and mould, this would imply that
the strain of the concrete is equal to the strain of the mould. For an oiled mould however, this might be
different. Also, the stretching of the mould itself due to the deformation from flat to double-curved may
result in strains in the concrete. These aspects will need further investigation.
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Figure 4.8: A building with various double-curved surfaces (top left) and a
flexible mould (other images) to manufacture the building elements,
according to Spuybroek (2004)

able and non-standard elements would change building technology considerably.
A formwork-table that could be adjusted numerically into a double-curved shape
could be used as a mould to make concrete elements. The author also recognized
the possibly conflicting requirements: flexibility to take any free-form shape, and
stiffness to carry the weight of concrete. Spuybroek suggested that variable flexib-
ility could be obtained by application of vacuum-forming, but describes no further
attempt to find specific design rules for a flexible mould system or for the behaviour
of the mould surface. Figure 4.8 shows a mould consisting of a flexible surface
controlled by hydraulic or pneumatic actuators, apparently capable of small-radius
deflections. Apart from using the material concrete, Spuybroek also imagined that
large corrugated rubber-polyurethane sandwiches could be used as self-supporting
building envelope.

Raun et al. in 2010 and 2012 reported on a reconfigurable mould for double-
curved surfaces in Raun et al. (2010); Raun and Kirkegaard (2012). Some parts of the
technical system were not described in detail, but more information was found in
patent (Kristensen and Raun, 2011), discussed above. The authors saw a market for
a flexible and reconfigurable mould for cladding panels in concrete or other harden-
ing materials such as gypsum or thermoplastic, possibly reinforced with glass-fibre
(FRC, FRG, FRP). They described a number of available manufacturing methods for
curved panels, among which the ’milled foam method’, system-based traditional
formworks, air-pressure-controlled membrane moulds, and actuator-
controlled moulds. The authors considered the latter to be a valuable addition, po-
sitioned between the relatively fine detailed, small-radius 5-axis CNC-milling tech-
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nique and the large-scale, limited detail, large-radius traditional formwork systems.
The described mould was made up of a 1.20 x 1.20 m2 membrane controlled by a 5
x 5 grid of Arduino-controlled electric actuators. The authors stated the elasticity of
the mould surface is something that can only be known from testing the prototype.
The edge-continuity was controlled by an angle-restraining device around the outer
contours of the mould. The radius that could be formed was 1.50 m or larger, the
deviations between the CAD-shape and the realized panels were between 2 and 3
mm. The panels had a thickness of around 10 mm. The principle described was to
put the material on the mould when this mould was still in horizontal position, and
after a waiting period deform it in the desired shape. The described system was build
in a prototype, and several mockup-panels were successfully cast. The positioning of
the mould edge prior to deformation is performed by a laser projector. A potential
disadvantage of the technology presented by Adapa might be the complex mould
surface and subsystem in relation to the curing time of the concrete: to obtain an
acceptable cycle speed for larger numbers of elements in a full scale project (typically
100++ panels), either very-fast-hardening concrete needs to be applied or multiple
costly set-ups of the mould system will be needed in parallel.

Oesterle et al. described the use of hot wax, shaped on a mould surface that
was deformed by a flexible 5x5 robotised actuator system (Oesterle et al., 2012). The
research was embedded in the EU-FP7 project TailorCrete (www.tailorcrete.com).
The wax, after solidifying, was used as smooth surface for casting concrete on. A
double-sided wax mould can be used for walls, a single-sided mould for floors.
After removal, the wax could be fully reused waste-free, reducing the costs of the
system. Special attention was necessary for the melting point of the wax in relation
to surface temperatures due to solar radiation and hydration heat. Also the hardness
of the material required a specific wax in order not to be damaged by the application
process of the steel reinforcement. The method differs from the earlier discussed
patents of Ahonen (1986) and Dittmann (1989), in which an actuated mould is used
to form the wax instead of CNC-milling.

Michel (2012) reports on a model to electronically control an adaptive wall form-
work for free-form concrete walls and shells. As part of his PhD research Michel
targets to understand and model the complex geometric and kinetic behaviour of a
two-surface formwork, controlled by an array of actuators. Perhaps, Michel is the
first to recognize that this behaviour is non-linear and that a simulation is required
to accurately predict and control the position of actuators and mould surfaces. By
coupling a geometrical model in Rhino and a numerical solver Michel succeeded in
doing so. A physical prototype has yet to be made.

Another target of Michel’s work is to find a mould surface that can accurately
follow the required deformation. As we will see later in the present thesis, for this
deformation in-plane strains (longitudinal and/or shear strain) are necessary to form
a double-curved surface. Michel and Knaack (2014) for this purpose propose a clever
system of rotating elements that can undergo these strains.
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Figure 4.9: Model of a surface as free-form wall formwork (Michel and Knaack,
2014)

4.6 Discussion of literature review

In this subsection, the present state of art will be discussed and summarized, based
on the findings the literature review:

• A flexible mould system is believed to be potentially cost effective by various
authors, limiting both labour and material costs. If however the technology
in the flexible mould system becomes too delicate, high-tech or advanced, its
costs might become higher than other presently available technology (Quack,
Van Roosbroeck). One author clearly states the flexible mould principle is still
not proven technology (Ter Maten). In terms of possible level of detail, the
flexible mould is positioned between CNC-milled formwork and traditional
curved timber or steel formwork (Raun et al).

• The flexible mould is considered applicable for the manufacturing of precast
rather than in-situ concrete elements, both for load-bearing and for architec-
tural (cladding) elements (Quack, Van Roosbroeck, Den Hartog). In case of
precasting, the assembly during the construction stage requires special atten-
tion due to the complex geometry and fitting.

• An integrated design-to-production ’file-to-factory’ process using innovative
tools for parametric design, panellization, structural analysis and construction
stage are deemed essential, tailored on the project requirements (Diks, Van
Roosbroeck, Den Hartog).
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• New cement-based materials are mentioned as possibly very suitable in com-
bination with the flexible mould: ECC, SCC, FRC, UHPC, concrete composites
(Van Roosbroeck, Den Hartog, Ter Maten, Huyghe and Schoofs). Some sources
mention that compaction through vibration of the concrete is not desirable
in combination with the delicate system. Deformation after casting (Mitchell
and McCullough, Huyghe and Schoofs, Raun) presumably gives better thick-
ness control and reduces need for compaction. Prediction of the development
of concrete fluidity then becomes important to choose the right moment of
deformation (Huyghe and Schoofs). Also a first assumption regarding the
parameters determining the strain in the fresh concrete is done (Huyghe and
Schoofs). Other building materials, such as corrugated rubber-polyurethane
sandwiches (Spuybroek) or fibre-reinforced gypsum or thermoplastics, (Raun
et al, Mitchell and McCullough) are also mentioned.

• Various authors claim that the geometry and placing of the element edges need
special attention; furthermore, surface segmentation is considered important,
especially for load-bearing structures (Diks, Van Roosbroeck, Den Hartog,
Huyghe and Schoofs, Raun). The accuracy of the shape needs to be measured
and controlled mechanically or with laser (Quack).

• Most authors use the principle of an automatically adjustable pin-bed with
a rubber-like interpolation surface. The adjustment is done by hydraulic or
pneumatic actuators. Some authors discuss the characteristics of the interpol-
ation layer on top of the pins (Mitchell and McCullough, Quack, Diks, Van
Roosbroeck, Huyghe and Schoofs, Spuybroek, Raun), but no mathematical
or mechanical models are found. Both the continuous surfaces, strips and
more advanced layered systems are discussed as possible interpolation surface.
Obviously, all sources agree that the tool should be reconfigurable after use.
Multiple sources describe the need for accurate prediction of the mould elastic
behaviour and kinetic behaviour and/or horizontal displacements (Huyghe
and Schoofs), possibly leading to contradicting demands (Spuybroek). Dim-
pling or waviness is considered a potential risk of any system using a pin-bed,
meaning that the pins in that case will be visible in the final product.

• As was also concluded from the patent research, some authors suggest the use
of an intermediate material that is formed first before casting on that intermedi-
ate material. For this intermediate material a recyclable such as wax (Oesterle
et al) or thermosetting plastic (Raun and Henriksen, 2014) could be used.

• Among the first to address the computational and kinetic complexity of a flex-
ible mould are Michel and Knaack. They present a solution for these issues by
a Rhino-model linked to a numeric solver, and for the mould surface present a
clever stretching principle.

Only a limited number of sources could be found in which the use of a prototype
of serious dimensions during the research was described in combination with a
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cement-like material: Vollers & Rietbergen (and their students Schoofs and Huyghe)
did various tests with a real prototype and produced multiple elements in various
concrete mixtures. Adapa / Raun show, on their internet-pages, various elements
that have been manufactured with their flexible mould. Finally, also Oesterle et al.
describe the tests done in the EU-FP7 project TailorCrete. Theoretical underpinning
of either the flexible mould mechanism, the deformation of concrete or the mechanics
of the interpolation layer could however only be found in the work of Michel.

4.7 Conclusions of part I

The purpose of the chapters 2 to 4 was to obtain an overview of prior art, and identify
areas in which progress can be made. Based on the presently available techniques for
manufacturing free-form concrete elements, and on the patent and literature review,
it is concluded that:

1. the flexible mould technology for application in building industry, and more
specifically for precast concrete elements with double-curved geometry, is po-
tentially viable and powerful, but still is experimental to a large extent;

2. the understanding of the flexible mould principle in terms of mechanics is
still in development; only one researcher was found describing the principle
in terms of validated models or rules;

3. models or rules are needed not only for the interpolating layer, but also for the
use of concrete in combination with a flexible mould: deformation after casting
is a principle which is quite alien to normal concrete practice.

The objective of the present thesis research as already described in section 1.4 there-
fore is considered relevant.
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Double-curved elements for
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Chapter 5

Architectural examples and
cases

5.1 Introduction

This chapter will provide border conditions by analysing a number of architectural
cases in terms of geometrical aspects, e.g. building size, element thickness, curva-
ture, radius, type of elements and potential to apply the flexible mould method. This
analysis will render a bandwidth of control parameters that will be used to define
the type of shapes for which the flexible mould method would be suitable.

5.2 Architectural designs using curvature

First, this section will show a selection of projects that clearly illustrate the use of
curved concrete in architecture over the past 80 years. For each project a short
description is given, e.g. span, type of material use, concrete dimensions or struc-
tural system (see Table 4.1 on the following pages). The overview demonstrates
that the application of curvature can originate from many different reasons, such
as structural, aesthetic or functional, and sometimes combines of all these three.
The table could have easily been extended with multiple pages, since an abundant
number of examples can be found in literature. From the buildings and their open-
ing years, it is concluded that the application of double-curved concrete surfaces is
neither a modern trend nor a trend that has diminished over time. Initially, shell
designers sought for optimal structural performance by finding forms that would
reduce bending moments and promote shell-action. The form-found shape then was
generally also considered to be of aesthetic value.
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Table 5.1 Selection of curved concrete structures in the last 80 years

year

project title, city, country

(architect / structural

engineer)

type of structure image

1934

Algeciras Market Hall,

Algeciras, Spain (arch.

Manuel Sánchez Arcas / s.e.

Eduardo Torroja)

thin concrete shell dome,

diameter 47.6 m; thickness 10+

cm (Clark, 2012)

1945
Storehouse (arch. / s.e. Pier

Luigi Nervi)

18 mm thick ferrocement

corrugated elements (Greco,

1995)

1957

Táchira Club, Caracas,

Venezuela (arch. Fruto Vivas /

s.e. Eduardo Torroja)

thin free-form concrete shell,

locally spans 32 m, thickness 10

cm (Escrig and Sánchez, 2005)

1958

Chapel Lomas de Cuernavaca,

Cuernavaca, Mexico (arch.

Guillermo Rosell and Manuel

Larrosa / s.e. Félix Candela)

Concrete hypar shell, top height

21 m, span 31 m, locally 4 cm

thick (Garlock and Billington,

2008; Holzer et al., 2008)

1959
Guggenheim Museum (arch.

Frank Lloyd Wright)

concrete structure, curved parts

consist of shotcrete on vertical

formwork (Cohen, 1958)

1962

TWA building Kennedy

airport, New York (arch. Eero

Saarinen)

connected free-form concrete

shells, thickness 20-110 cm

(Boothby and Rosson, 1998;

Consiglieri and Consiglieri,

2010)

1969
Sicli Building, Geneva (arch /

s.e. Heinz Isler)

two connected thin shells, span

34.5 m (Schafer, 2012)

1973
Sidney Opera House (arch.

Jørn Utzon / s.e. Ove Arup)

roof cladding in precast 3 cm

thick ferro-cement panels with

stiffening ribs and ceramic tiles

1977

Pavilion for Zentralverband

Gartenbau, Bonn (arch Hans

Luz und Partner / s.e. SBP)

hypar shells of 1.5 cm GRC

shotcrete, repeated formwork

(Mungan and Abel, 2011)
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Table 5.1 Selection of curved concrete structures in the last 80 years

year

project title, city, country

(architect / structural

engineer)

type of structure image

1979

Tennis halls, Bern,

Switzerland (arch / s.e. Heinz

Isler)

connected thin concrete shells,

span 34.5 m, thickness 9-10 cm+

(Isler, 1994; Chilton, 2000)

1981

Badi Brugg, Switzerland (arch

Gross und Hermann / s.e.

Heinz Isler)

thin concrete shell spanning 35

x 35 m2, thickness 9 cm (Isler,

1994; Chilton, 2000)

1987

Air Force Museum,

Dübendorf, Switzerland (arch

Gross und Hermann / s.e.

Heinz Isler)

connected thin concrete shells

spanning 51.7x18.6 m2 (Isler,

1994; Chilton, 2000)

2000

Infosys Campus Bangalore

(arch / s.e. Sundaram

Architects)

hypar shells on repeated

formwork 7.5-20 cm thick, span

20 m (www.builtexpressions.in)

2003
Casar de Cáceres Bus Station

(arch. Justo Garcı́a Rubı́o)

curved continuous loop canopy,

cast in-situ concrete

2005

Magma Arte & Congressos,

Adeje, Tenerife, Spain (arch.

Fernando Menis)

concrete shell structure, folded

landscape (Liu, 2007, page 56)

2005
Kakamigahara Crematorium

(arch. Toyo Ito)

concrete shell structure on

wooden formwork (Mungan

and Abel, 2011, page 22)

2006

Mercedes-Benz Museum,

Stuttgart, Germany (arch.

UNStudio)

cast in-situ concrete structure

featuring a double helix ramp

connecting all floors (Liu, 2007,

page 44)

2008 Het Funen (NLArchitects)

residential building with cast

in-situ single curved concrete

roof (drawings from architect)
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Table 5.1 Selection of curved concrete structures in the last 80 years

year

project title, city, country

(architect / structural

engineer)

type of structure image

2010

EPFL Rolex Learning Centre,

Lausanne (arch. SANAA, s.e.

Bollinger + Grohmann)

moderately curved concrete

floor, cast in-situ on

CNC-fabricated formwork

((Weilandt et al., 2009)

2012

Cidade da Cultara, Santiago

de Compostella, Spain (arch.

Peter Eisenman)

free-form curved landscape

(www.cidadedacultura.org)

2013

Heydar Aliyev Cultural

Centre, Baku (arch. Zaha

Hadid / s.e. Werner Sobek)

GFRC-panels on steel

space-frame substructure

2014

Fondation Louis Vuitton pour

la Création (arch. Frank

Gehry, s.e. RFR)

curved FRC tile cladding, by

use of rubber moulds on EPS

formwork (Martin-Saint-Léon

et al., 2011)

International design competitions such as the FEIDAD awards Liu (2003, 2007);
Liu and Lim (2009) demonstrate that aesthetic value is still an important driving as-
pect in recent flourishing of non-orthogonal architecture. In cases where the concrete
is used structurally, sufficient double curvature is required for proper shell-action, in
order to transfer normal forces without buckling problems (Isler, 1994). However,
the desire to have complete freedom of form can be conflicting with this structural
law. This can be clearly observed in buildings that at first glance might seem to profit
structurally from their shape, but after further study show to have made concessions
like extreme concrete thickness (e.g. Rolex Learning Centre) or a clear division
between structure and finishing (e.g. Fondation Louis Vuitton or Heydar Aliyev
Cultural Centre). This division was already seen in the Sydney Opera House, and
sometimes is a more economical solution than trying to integrate load-bearing and
aesthetic function of the concrete. Furthermore, thin concrete shells as built in the
middle decades of the last century are not built as frequently now as then, among
others due to the changed proportion between labour and material costs in Western
countries (see ”Are thin concrete shells dying out?” in Mungan and Abel, 2011, p41).

In this thesis, both load-bearing elements and cladding elements are taken into
consideration, but always based on a precast solution. For the cladding, precasting
is a natural choice, since joints and seams are generally accepted in cladding. For
a load-bearing structure, however, the notion of manufacturing precast parts that
need to be assembled on site may conflict with structural issues. For small-span
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Figure 5.1: Spencer Dock Bridge, Dublin - clockwise, starting top left: overview
photo, rendering of soffit surface and pillars, photo of milled form-
work set-up with pillar rebar, photo of finished soffit surface with
fluid lines accentuating its curvature ( informatique / Nedcam)

buildings, such as the 1945 storehouse of Nervi, the use of precast load-bearing
elements with repeating shape appeared a good choice. For large-span buildings
though, subdivision of a large span in smaller segments might result in structural
conflicts due to the thus introduced joints. In the following section, an illustration is
given how for both the categories the application of precast double-curved concrete
elements may be useful. This is done by looking in detail at a number of cases.

5.3 Overview of cases

5.3.1 Case 1 - Spencer Dock Bridge, Dublin, Northern Ireland

Spencer Dock Bridge: discussion of existing formwork system

The first case is not a building but an infrastructural object. This concrete bridge
with a span of 40 m and a width of 25 m was completed around 2009 and built
according to a design of Amanda Levete / Future Systems Architects. The bridge for
pedestrians, cars and trams spans the Royal Canal in the docklands area and has a
very soft and characteristic non-orthogonal shape, which is visible in the ’manta ray’
shaped deck edges and the curved soffit of brightly coloured concrete that contrasts
with the dark water surface, see Figure 5.1.

The formwork for the double-curved soffit surface was CNC-milled by the Dutch
company Nedcam of EPS blocks directly from the 3D geometry files, and after that
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Figure 5.2: Suggested use of thin precast concrete formwork planks for the
Spencer Dock Bridge - for an impression of the scale: the element
that is shifted from its place has a size of around 1.10 m at the shortest
edge, 3.75 m at the opposite edge and a longest edge length of 6.40
m. The thickness in the drawing here was (arbitrarily) chosen as 5
cm. The curvature in two directions is visible.

finished with multiple layers of hot-spray poly-urea coating to obtain a smooth and
sufficiently strong top surface. The curved formwork surface was divided in sep-
arate elements, both for transportation, manufacturing and architectural purposes.
The fluid division lines in the surface were chosen in dialogue with the architect, and
contribute to the accentuation of the curvature. The coated EPS blocks around the
pillars locally had to support relatively high concrete pressures due to the increasing
deck thickness at that point, as well as local point loads on the mould surface from
the supports of the heavy rebar system.

The bridge’s soffit surface has the strongest curvature around both pillars, that
have a radius of 0.75 m (diameter 1.5 m) at the circular section leading to the foun-
dation. In the plane perpendicular to these circles, the radius varies from around 1.50
m around the point where the circular section starts widening up to several meters at
further distance from the pillars. Around both bank supports, locally a radius of 0.3
m was applied. Most of the soffit surface is double-curved, resulting in a non-zero
Gaussian curvature.

Spencer Dock Bridge: alternative formwork system

If the same bridge were to be constructed using an alternative formwork system in
which the EPS blocks would be replaced by thin stay-in-place double-curved precast
concrete elements, a situation as sketched in Figure 5.2 could be obtained. After divi-
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sion of the surface into smaller segments, these segments, given a certain thickness
in the same range as traditional flat plank floors, like 5 to 7 cm, and strengthened
with sufficient reinforcement, could be used as formwork panels. These formwork
panels then at the same time form the aesthetic outer shell of the bridge, and also
- as true formwork - provide sufficient strength to carry the full weight of the thick
cast in-situ concrete layer of the bridge deck and its reinforcement. The thin precast
panels, in their turn, would also need to be supported by a dense scaffolding system,
as was the case in the original solution where the EPS blocks also were supported.
The use of thin GFRC panels as permanent formwork was investigated earlier by
Kim et al. (2010).

5.3.2 Case 2 - EPFL Rolex Learning Centre, Lausanne

Rolex Learning Centre: discussion of existing formwork system

The second case that will be discussed in more detail is the Rolex Learning Centre for
the EPFL in Lausanne by architect SANAA, see Figure 5.3. In Weilandt et al. (2009),
the structural engineers give a detailed description of the formwork system used:

Figure 5.3: Rolex Learning Centre, EPFL, Lausanne - clockwise starting top
left: the building as it was under construction around 2010; the
curved CAD geometry of the concrete ground floor with a thickness
of around 80 cm; the scaffolding system consisting of props and
customized timber tables; a detail of the tables and the concrete
surface after de-shuttering (images: wikipedia, RS, Weilandt et al.,
2009, Dennis Cheung)
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Figure 5.4: Rolex Learning Centre, EPFL, Lausanne - Alternative solution with
stay-in-place concrete planks as formwork (left) with cast in-situ top
layer (right); shown is a possible panelisation in transportable units
of the curved precast formwork planks; each element has a size of
around 8 x 3.4 m2 (RS, after Moiralis, 2013).

”The formwork was prefabricated in factory by 2.50 x 2.50 m formwork
tables.” ... ”Each of these tables consisted of two wooden base beams on
which 7 OSB plates where fixed. The lower edge of these plates was hori-
zontal while the upper edge followed the contour lines of the formwork
surface. The formwork surface itself consisted of 10 cm wide wooden
planks and a laminated chipboard panel subsequently nailed on these
plates”.

The curvature has a different scale than the Spencer Dock Bridge: for the Rolex
Learning Centre the smallest radius is around 45 m. Yet, transformation to flat ele-
ments would have visibly resulted in kink angles and loss of aesthetic quality. There-
fore, in order to give each of the nearly 1500 formwork tables the correct curvature
and to be able to assemble them in the correct order at the building site, the process
was programmed to automatically CNC-cut each table. Each of the thus manufac-
tured formwork tables was supported by standard scaffolding towers with different
heights (Scheurer, 2010). The tables had to be able to withstand - without unaccept-
able deformation - a formwork pressure equal to about 80 cm of concrete (around
20 kN/m2) plus point loads of heavy reinforcement bars. A smooth surface finish
was required, although it was allowed to have the pattern of formwork visible in
the concrete surface after de-shuttering. After de-shuttering, the customized tables
could only be reused as waste or - in the best case - as biomass, although OSB and
chip-wood may contain chemical glues. The scaffolding towers, being standard
equipment, were completely reusable in other projects.

Rolex Learning Centre: alternative formwork system

An alternative formwork method might have consisted of around 5 cm thick stay-
in-place concrete planks with sufficient load-bearing capacity and stiffness to trans-
fer the weight of the cast-in-situ top layer and the reinforcement to the scaffolding
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towers. The concrete planks in that case would then have already formed the final
soffit surface of the floor and would have formed the basis for placing of reinforce-
ment nets, ducts, etc., much similar to the existing practice of precast plank floors
in Europe. Figure 5.4 on the preceding page shows the proposed precast and in-situ
layers for a fragment of the floor area, which are slightly double-curved.

The precast elements would always need to have modest dimensions that allow
transportation by truck (here chosen 8 x 3.4 m), which implies that the structural
span of the shell for this building would be larger than the length of a single precast
element. The consequence of this is that the precast element cannot have a structural
function, but will merely be used as replacement of the timber formwork, but with
this advantage that it can stay-in-place (reducing waste) and that its surface finish
is of high quality. Disadvantages could consist of the reduced height available for
the shell reinforcement (namely 80 -/- 5 = 75 cm), leading to a lower lever arm,
and of the more complex temporary connection between scaffolding towers and the
precast concrete planks in comparison to the straight lower edges of the wooden
formwork tables that were used in the original solution. These disadvantages and
their possible solutions will not be further investigated in this thesis, where the
feasibility of manufacturing thin double-curved concrete precast planks is the prime
focus.

5.3.3 Case 3 - Precast concrete shell, Mysore, India

Mysore shell: discussion of existing formwork system

The third case is a shell structure. Figure 5.5 shows a sketch-design for this planned
shell structure in Mysore (India), having spans of approximately 48 x 60 m and a
height just over 21 m. Since the building has not been constructed yet and is still in an
early stage of development, no formwork system has been chosen yet. Generally, for
this type of shell structures, the traditional way of scaffolding, shuttering and con-
creting is applied, as was already discussed in subsection 2.2.1 and is also described
in a.o. Isler (1994). For countries such as India where labour costs are still relatively

Figure 5.5: left: sketch design for a shell in Mysore, India (RS, after R.
Sundaram) - right: possible subdivision in precast elements (R.
Sundaram)
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Figure 5.6: Shape of the elements in terms of curvature (left) and contours (right;
RS after R. Sundaram)

low in comparison to material costs, this traditional approach will still be feasible.
But, as was already stated in subsection 2.2.1, highly skilled carpenters are needed
on the site, and also the placing of reinforcement and concrete requires a sufficient
amount of craftsmanship. An alternative technology could be the precasting of
smaller elements and joining these on site to one structurally integrated shell.

Mysore shell: precast elements as alternative solution

In such an alternative approach, the designers of the shell at Sundaram Architects
investigated the possibility to divide the shell into precast segments, as shown in
the right image in Figure 5.5. Here the ribs (in blue) form the division of the shell
surface (in purple) into lanes of double-curved elements that can be prefabricated.
This would require a solution to obtain sufficient coherence in the connections. These
connections need to be sufficiently strong and stiff, in order not to disturb the shell-
action and introduce new buckling problems. Studying this is outside the scope of
the present work. However, Hartog (2008) and Ter Maten (2011) investigated the
general possibilities to build shells out of precast elements, and were positive about
the idea. Apart from the above-mentioned obstacles, they both identified the limited
repetition of the formwork. This could be addressed by the use of a flexible mould
system as studied in the present thesis.

The minimal curvature radius of the shell is approximately 43 m in the longest
span direction and 23 m in the shortest span direction (curvature analysis in Figure
5.6). Although in some points of the shell the (variation of) curvature is relatively
limited, the contour shape of the elements is varying for more or less rectangular in
the middle to parallelogram- or diamond-shape near the support points of the shell.
The flexible mould would need to accommodate this variation in curvature and edge
contours.
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5.3.4 Case 4 - Heydar Aliyev Cultural Centre, Baku

Cultural Centre: discussion of existing formwork system

The fourth case to be discussed as example of one where the flexible mould tech-
nology could have offered an alternative solution is the recently completed Heydar
Aliyev Cultural Centre in Baku, Azerbaijan The project, designed by Zaha Hadid
Architects, was already shown earlier in this thesis in Figure 1.1 on page 4. In this
iconic building, the double-curved façade elements do not have a structural function,
since a steel space frame underneath the panels is forming the substructure.

Figure 5.7: Panellisation of Heydar Aliyev Cultural Centre, colours indicating
various degrees of curvature such as flat, single-curved, double-
curved (Zaha Hadid Architects)

In an interview with the responsible project manager of Werner Sobek, Thomas
Winterstetter, the following details are given on the manufacturing and fixing of the
cladding panels (Dispenza, 2011):

”Glass fibre reinforced plastics (GFRP) and glass fibre reinforced con-
crete (GFRC) panels are the predominant materials used in the façade
system. The panels are composed of various layers of fine-grain high-
performance white cement concrete, reinforced with fibre glass mats. It’s
a very durable and resistive material1 which can be made very thin, only
a few mm or cm, because there is no concrete cover needed, like for steel
reinforcements. By eliminating the need for steel reinforcing, the panels
offer a lightweight construction method, and they can be individually

1some remarks on durability of glass fibre can be found on page 217
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moulded to form the curved shapes required by the design2. The panels
are cast into customized single-use mould. These moulds are partly from
CNC-cut 2D ribs (like a boat’s hull) and partly from 3D-milled Styrofoam
blocks. Werner Sobek had to generate all of the production information
associated with the exterior panels, so that they could be manufactured,
then shipped to the site for installation by local workers. On site, each
panel is lifted by crane, then negotiated into position by hand (which
is possible due to the product’s light weight). The panels are screwed
to fittings on a previously installed metal substructure. There are about
15,000 panels, each with an individual curved geometry, in sizes up to
a maximum of 1.5 m wide and 7 m long, none equal to another one.
There are 40,000 m of 3D computer-generated substructure metal tubes
underneath the panels, no tube equal to another one, perfectly matching
the panels and their fixing positions.”

Curvature analysis of the model of the building shows that some parts of the en-
velope surface are strongly double-curved, for example the areas indicated with
bright-green in Figure 5.7. As far as could be derived from available drawings, these
elements have a smallest radius of approximately 12.5 m in one direction and 2.20 m
in the perpendicular direction. Other elements with stronger curvature have a radius
of approximately 1.35 m in one direction, but are almost linear in the other direction.
Figure 5.7 also indicates that substantial parts of the building could be covered with
flat panels (the grey areas) or single-curved panels (the red areas), which are less
expensive to manufacture and were acceptable from an architectural point of view.

The position of the seams and the rationalisation of the various categories of pan-
els were a major point of attention during the design. As the subdivision into smal-
ler panels is necessary for manufacturing, transportation and assembly, the seams
were intentionally used to emphasize the shape of the building and give a better
understanding of the project’s scale to visitors. This has made the seams an essential
element in the design (Bekiroglu, 2010).

Cultural Centre: alternative formwork solution

The flexible mould method could have been used here to reduce the number of
necessary CNC-milled moulds, thus possibly reducing the project costs. The tech-
nology of reinforcing with glass-fibre fits well in the flexible mould method, as will
be demonstrated later in the present work. It is not to be expected that 100% of the
curved elements would or should be made on the flexible mould, as especially the
most strongly curved elements impose severe demands on the moulds flexibility. In
some cases, CNC-milling of some extremely shaped panels might be less expensive
than designing a flexible mould according to these extreme specifications. So even
here, a rational approach is always needed. However, a large portion of the single-
or moderately double-curved elements could have been manufactured with a flex-

2water-tightness was reached by a closed foil in a cavity underneath the panels
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ible mould, to our expectation. For now, the radii as described above give a good
indication of what the flexible mould should be capable of.

5.3.5 Case 5 - Metro stations for new Crossrail-line London

Crossrail: discussion of existing formwork system

The fifth and final case that will be discussed here are two subway stations for the
new Crossrail line in London. For these stations, that are presently under construc-
tion in London, a clear idea exists for the desired interior finishing: a smoothly
curved cladding that connects the various tubes is shown in the mock-up that was
built to communicate the envisioned image (see Figure 5.8). That the elements are
double-curved is clearly emphasized by the pattern of the panel seams. The large
tube has a radius of 4,48 m; the smaller tube 2,72 m, and the fillet between the
tubes 1,25 m. Presently, the idea is to use a CNC-milled formwork system with
sprayed concrete (the formwork shown earlier in the utmost right image Figure 2.3
on page 13).

Although the available data of the project is limited, the use of sprayed concrete
on CNC-milled formwork is expected to lead to high amounts of waste material,
since especially in the areas where the new metro tube is connected to passenger
tunnels leading to other tunnels and station buildings, many customized shapes will
be present, having limited repetition.

Figure 5.8: Double-curved interior cladding panels in a mock-up for the new
Crossrail Line in London (Bull, 2011)

Crossrail: alternative formwork solution

If it would be possible to reduce the amount of CNC-milled formwork, a substantial
cost cut-down could possibly be achieved. The flexible mould could be a solution for
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this, if it will be able to deliver the sometimes strongly curved shapes with sufficient
accuracy and also with the proper concrete quality. Another choice could be, as
discussed above, to still manufacture the most extremely curved elements on milled
formwork, and use the flexible mould to bridge the production gap between milled
formwork and flat or single-curved panels.

5.4 Discussion

The previous sections have given insight in the type of architecture that could benefit
from a production method incorporating the flexible mould method. Some prelim-
inary conclusions:

• through the last 80 years, the use of curved architecture has sustained;
nowadays, the structurally optimized shapes of the early famous shell design-
ers, however, have mostly, though not exclusively, made place for free-form
designs in which parametric design or random shapes are introduced; this is
greatly facilitated by the availability of 3D CAD and FEM software;

• whereas traditional concrete shells were mostly constructed using timber form-
work, for non-repeating double-curved elements CNC-milled formwork
is the method used most nowadays; the material that is milled can be a.o. EPS
foam or timber;

• materials that are used for the elements are traditional steel reinforced concrete,
ferrocement, sprayed concrete or GFRC; in one case GFRP is mentioned;

• the radius of the curvature in the found examples varies between 0.75 m and
45 m; in many cases curvature in one direction was (much) stronger than in the
other direction; this could have implications for the flexible mould; in various
projects a curvature analysis was done to categorize the elements in flat, single-
curved and double-curved;

• in larger projects, the number of elements that needs to be produced is gener-
ally in the order of hundreds to even many thousands; this requires an efficient
production strategy and capacity; although not all of these elements have a
complex shape, even the high costs of a small percentage of the panels can
make a project very expensive;

• the fact that precasting technology requires a subdivision into smaller and
transportable elements is not necessarily a disadvantage from an architectural
point of view: in various examples the seams between the panels are used by
the architect to emphasize the curved shape, and have become an essential part
of the design;

• not only the radius offers challenges, also the position of the edges: the con-
tours of many elements are irregular, having curved or diamond-shaped edges;
this needs to be addressed by the manufacturing method;
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• distinction can be made between

– load-bearing elements, spanning larger distances, sometimes carrying
floors of large live loads

– (thin) cladding panels, carrying mainly self-weight, wind-load, snow, etc.

this distinction may be gradual, as can be seen in the situation where the thin
panel is used as stay-in-place formwork for thicker concrete floors or shells.

These preliminary conclusions will help to get a general idea of the border conditions
for the manufacturing method that will be developed. It makes sense to aim for thin
cladding panels, precast plank floors and possibly also other products that can be
manufactured with a flexible mould.
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Chapter 6

CAD, CAM and complex
geometry

6.1 Introduction

This chapter will be a qualitative study that discusses the mathematical aspects of the
drafting and manufacturing process. This is done by reviewing closely the methods
of shape definition in current CAD software, and by discussing a number of recent
developments in the panellisation of curved surfaces into discrete elements.

6.2 Principles

6.2.1 Shape description

The production of any curved building element starts with the specification of the
three-dimensional geometry of the building. Whereas traditional form-finding
methods as applied by for example Antoni Gaudi or Heinz Isler would lead to a
physical scale-model that was reproduced on full scale at the building site, nowadays
software is used for shape description. Even a modern architect like Frank Gehry,
that in the initial sketch design stage still prefers to work with physical models, will
have his model transferred to a software environment early in the design process for
further shape description, engineering and construction. Generally, a surface model
is obtained that describes the envelope surfaces of the building and subdivision in
various rooms. An example of such a model that will also be used in the remainder
of this thesis is shown in Figure 6.1 on the next page. It was provided by the Austrian
firm Evolute, and represents a typical shape of a free-form building comparable to
the cases described earlier in section 5.3. Before we discuss the subdivision into smal-
ler elements as shown in the right part of the image, let’s first look at the geometrical
primitives used to describe free-form shapes.

75



76 CAD, CAM and complex geometry

Figure 6.1: Surface model of a virtual building envelope and possible subdivi-
sion in smaller elements that can be prefabricated (Evolute)

6.2.2 Splines

The description of the shapes of curves and curved surfaces in CAD drawings is usu-
ally performed through the definition of some variant of splines. Although nowadays
the word is almost directly associated with computer drawing, it is interesting to
briefly go back to the use of splines in their original context: the making of hand
drawings in e.g. ship, air-plane and automotive engineering.

Splines (see Figure 6.2) are thin flexible rods, fixed in position on the drawing
board by small weights connected to these rods. The splines were (and sometimes
still are) used by draughtsmen for drawing smooth free-form curves by hand. It
is not difficult to understand why the spline was also introduced as a tool in CAD
software: some smooth shapes cannot be defined by a circle, ellipse or hyperbola,
and require some other sort of a numerically constructed curve. In 1959 and 1962
respectively, the Frenchmen Paul de Casteljau and Pierre Bézier worked independ-
ently on the same mathematical algorithm (Pottmann et al., 2007) to construct a curve
from a number of control points. With control points we mean that the curve follows
a number of predefined points, such as points that define the contour of a road,
ship or car: by moving the points, the curve follows. The control points can be
compared to the weights in the traditional analogue splines. The analogy between

Figure 6.2: Splines for ship design
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Figure 6.3: NURBS-curves

manipulating a spline and manipulating a flexible mould surface is striking, and will
be investigated later in this thesis.

6.2.3 NURBS-curves, point control and NURBS-surfaces

In modern CAD software, curves are usually drawn with a digital and more en-
hanced version of splines: Non-uniform rational B-splines (abbreviated NURBS).
These are primitives that can describe virtually any curvature by interpolation and
weighing of a number of control points. The higher the degree of the NURBS-curve,
the more complex and smooth the shape can be (higher order polynomial). NURBS-
curves offer far more user control than the traditional spline, since they have the
following properties:

1. NURBS are subdivided in several shorter curves to allow more complex shapes.
The subdivision in smaller segments enables the user to make complex curves
with curvature into different directions and radii (also out-of-plane).

2. The degree of the curve defines the extent up to which interpolation between
control points takes place: the higher the degree, the more control points are
included in the calculation of the coordinates of a certain point on the curve. In
terms of mathematics: a curve with a degree 2 is defined by a quadratic poly-
nomial (parabola); a curve with a degree 3 is defined by a cubic polynomial,
and so on (Figure 6.3a).

3. A knot vector is defined to collect the knots where the different curves are joined,
allowing for a smooth connection from one curve segment to the following.

4. NURBS offer the possibility to add weight to each control point, making some
control points “more important” than others (Figure 6.3b).

It is important to notice that these increased control possibilities for digital curves as
compared to the traditional spline-tool cause some difficulties as soon as one tries
to translate digital shapes back to the analogue shape of a flexible mould: the first
simple observation that can be made is that, for example, the control points of the



78 CAD, CAM and complex geometry

NURBS-curve in Figure 6.3 are only laying on the curve itself in the endpoints and
one intermediate point. Whereas the profile of the traditional analogue spline is
controlled by a number of small weights that hold it in place on the drawing board,
simply translating control points of the curve into position of the actuators of the
flexible formwork does not work. Furthermore sharp turns (called “bumps”, “loops”
or “cusps”) will be difficult to realize using a flexible formwork: the radius near
control point d4, for example, is so small that an average elastic formwork would
probably break at this point. For the drawing of very sharp curves, it is obvious
that the rod of the spline has to be more flexible than for curves with a big radius.
This relation is also apparent in the flexible mould: the choice of the stiffness or
elasticity depends on the amount of curvature one wants to reach. We will look at
the consequences of this observation later.

So far, only linear CAD elements have been discussed. A collection of NURBS-
curves or points in 3D space can be used to generate a NURBS-surface. Basically,
each point at the surface is determined mathematically by interpolating between the
describing curves or points (Béchet et al., 2013, lecture 6). NURBS-surfaces can be
used to describe building geometries in an accurate and efficient manner, and due
to their mathematical definition make it possible to perform geometrical manipula-
tions, such as determining intersections, extruding, trimming, and so on. This makes
NURBS-surfaces the most used primitives in modelling of complex geometries in
architecture and other industries.

6.2.4 Curvature of surfaces

The curvature of a surface is a geometrical variable defined by the radii in two
directions Rx and Ry (for double-curved elements) or by their reciprocal value κ
(kappa), which are defined for the x- and y-direction as

κx = −d2w
dx2 =

1
Rx

(6.1)

and

κy = −d2w
dy2 =

1
Ry

, (6.2)

where: κx, κy curvature along x- and y-axis m−1

w coordinate of surface on z-axis m
Rx, Ry radius of curvature along x- and y-axis m

For double-curved elements also the so-called ’Gaussian curvature’ Gauss (1827)

K = κ1 · κ2 (6.3)

is relevant, being the product of the two principle curvatures in perpendicular dir-
ections 1 and 2 and having the unit [m−2]. A positive Gaussian curvature of a
double-curved surface is found at locations where this surface has the centre of the
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Figure 6.4: Left: Gaussian curvature = 0; right: Gaussian curvature 6= 0; the
truncated cone in the left image can simply be manufactured by
folding a flat piece of material; in the right image however, the flat
piece of material will not lead to the barrel-like shape without local
in-plane distortion

radii of both principle curvature directions on the same side of the surface (e.g. in
a parabolic or sphere-shaped surface). A negative Gaussian curvature is found at
a location of a surface where the centres of curvature are at opposite sides of the
surface (e.g. in a hyperbolic or saddle-shaped surface). If the Gaussian curvature
is zero, the surface is only curved in one direction, a single-curved surface, or it is
a flat surface (Pottmann et al., 2007). The Gaussian curvature has great importance
for manufacturing processes, as single-curved surfaces can be bent or folded from a
flat piece of material without any in-plane strains, whereas double-curved surfaces
cannot be formed without in-plane shear-strains and/or normal-strains (see Figure
6.4). In subsection 6.5.2 this will be discussed further.

6.3 Recent developments in software algorithms

6.3.1 Surface subdivision or panelling

The NURBS-surfaces that define the building shape generally will have to be sub-
divided into smaller elements in order to allow manufacturing. This subdivision
process is also referred to as panelling. The position and size of the seams between
elements is influenced by both technical and architectural considerations, as was
already discussed in Chapter 5. Given a chosen pattern of seams, the mathematical
subdivision of the larger NURBS-surface into a collection of smaller discrete NURBS-
surfaces is done by software. These smaller surfaces will be further called elements or
panels here. After analysis of the curvature of each item in this collection of elements,
generally the following types can be discriminated:
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• planar (flat, not curved)

• cylindrical (single curved, constant radius)

• parabolic (single curved, variable radius)

• torus (double-curved, two constant radii)

• cubic (double-curved, variable radii)

In the work of Eigensatz et al. (2010), it was recognized that the manufacturing costs
per element generally are increasing significantly in the order of the above list, due to
the increasingly complex manufacturing method that is needed. Since many build-
ing materials are shaped by first making a mould (or mold), the manufacturing costs
for a series of panels in a specific shape are the summation of the price per individual
panel plus the price per mould needed to produce this panel. Depending on the
building material, the costs of one mould will, in general, be significantly higher than
the cost of an individual panel. This principle is a well-known fact in precast concrete
design: steel formworks are relatively expensive, and are only feasible in case of
sufficient repetition. For complex geometry, due to the very limited repetition, this
results in an optimisation process, also referred to in literature as rationalisation. In
the next subsection some aspects of this rationalisation are discussed.

6.3.2 Mould depots and rationalisation

In the work of Eigensatz et al. a mould depot is defined, in which a reduced number
of moulds for each panel type is used, together enough to enable the production
of the complete series of panels for a specific building project. Two computational
techniques can help to facilitate the process of recognizing similar shapes in a large
number of different elements present in a building of reasonable size (typically sev-
eral hundreds):

1. finding congruency: by first grouping elements that are geometrically defined by
similar parameters, classes of similar shapes can be defined. Within each class,

Figure 6.5: image from Eigensatz (2010) showing the grouping of elements with
a similar torus-based shape (taken from Ceccato et al., 2010)
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Figure 6.6: Example of panelisation and curvature analysis of the shape shown
earlier in Figure 6.1: 144 panels have been assigned to 119 moulds
with different curvature - depending on the accepted tolerances, the
number of moulds will in- or decrease (Evolute)

parameter variation is still allowed, but restricted to a limited number of vari-
ations. Although the edge position might differ for each element in the same
congruent class and with the same curvature parameters, these elements can
still be manufactured on the same mould, by repositioning the edge profiles
(see Figure 6.5).

2. optimizing panel shape if no exact congruency can be found: since technique 1.
could still lead to a large number of classes or instances within classes (all con-
taining 1 unique element), rationalisation is necessary: by building classes of
sufficiently distinctive shapes, and for each necessary shape finding the mould
that closely approximates the desired shape of the original design, the number
of necessary moulds in the bank can be reduced drastically. As long as the
divergence between the intended shape and the rationalized approximating
shape is sufficiently small, it can hardly be observed by eye, leading to an
architecturally acceptable solution for significantly less costs.

Both techniques will be illustrated now, using the virtual building shape shown
earlier in Figure 6.1 on page 76, using the proposed division curves between 144
panels shown in the right image in that figure. Assume that these proposed curves
are an architectural choice, based on aesthetics. The calculated mould assignment
of this shape is shown in Figure 6.6. The colours in the image represent the five
types from the list presented above; within each type also the variation in radius
parameters is identified. Almost 83% of the panels (119 out of 144) apparently need
a unique mould surface, illustrating the very limited repetition.
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The question now is, how this large variation in panels can be reduced and
repetition increased? Advanced algorithms to guide this computational process
have been developed in recent years by various research-groups. Eigensatz et al.
worked on advanced mathematical algorithms to help reduce costs by exchanging
more expensive panel types for less expensive ones, without unacceptably com-
promising the aesthetics of the building. In this optimization process a trade-off is
made between costs and accuracy, by defining allowable discrepancies between the
’real’ surface and the ’approximated’ surface. The kink angle between panels, the
allowable divergence between panel edges and also the position in the building of a
specific panel are taken into account, as well as the manufacturing costs per category.
The optimisation algorithm will produce a ’best fit’ based on the pre-specified toler-
ances. This appears to be a very effective strategy to reduce the total panelling costs.
This work has been implemented in Evolute Tools, software from the Vienna-based
firm Evolute.

Another firm, Gehry Technologies, is working on the software framework ’Eu-
clid’ to efficiently deal with the computational tasks related to complex geometry,
using cloud computing to enable the processing of large amounts of data (Witt and
Boyer, 2013).

6.4 Towards a full mass-customized production

6.4.1 Large scale free-form asks for mass-customisation

The larger the building, and the less repetition the geometry shows, the less milling
or hotwire-cutting of moulds become a suitable solution. Scale and size matter
(Scheurer, 2009), as can be understood from the path length the milling head or wire
has to travel to produce an object: if the size of a three-dimensional object doubles in
all directions, the one-way travel distance and production time will at least double,
while the amount of waste, the material that is subtracted from the original blocks
that are milled, increases with a factor 23 = 8. For this reason, CNC-milling in
large buildings can only be used economically after profound simplification and
rationalisation, leading to a situation in which moulds can be applied more than
once, for example by the use of a mould depot, as was explained earlier. Otherwise,
the building will, in the worst case, be manufactured twice: once in foam moulds,
and once in concrete.

As was also concluded earlier from literature and patents, a solution funda-
mentally different from simplification and rationalisation is reconfigurability of the
moulds: if more panel types could be manufactured with the use of one flexible
and reconfigurable mould system, a mould depot would become superfluous. Re-
configurability can lead to a smaller cost difference between different types, leading
to lower building costs. Ultimately, the geometrical difference between panel types
might become unimportant, which would also take away the constraints in the ra-
tionalisation process, ending in a full mass-customized production. However, as
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was concluded from the literature review in Chapter 2, to be able to profit from a
cost benefit of a reconfigurable mould, the amount of manual labour and materi-
als necessary for the reconfiguration then have to be kept to an absolute minimum.
Despite all the interesting technical challenges, this consciousness should be present
during all steps of the further development of the flexible mould method.

6.4.2 Sketch of the proposed method

Reconfigurability will lead to a number of challenges in terms of geometrical adapt-
ation of the mould: both the mould’s surface shape as well as the position and shape
of the edges need to be adaptable. Even the position of anchors, cut-outs, desired
surface texture, etc. can change from panel to panel. As with CNC-controlled foam
mould milling, the proposed reconfigurable mould is expected to be highly depend-
ent on digital technology, such as 3D-computation, laser-projection, CNC-actuators
and the like. Yet, keeping in mind the costs, a simple solution should be strived after,
in order to arrive at the desired cost cut-down. Figure 6.7 on the next page shows
a sketch of a possible manufacturing line: (1) each empty flexible mould is cleaned
and oiled (2) controlled digitally, the pins supporting the flexible formwork are set
to the proper height for each panel (3) the mould edges are fixed (4) the panel is
cast when the panel is still in horizontal position (5) the panel is deformed into the
shape prepared in step 2 and 3 (6) each panel needs hardening time (7) the panels
are demoulded and (8) packaged.

A number of aspects characterize the proposed method:

1. Multiple flexible moulds will be necessary to allow a sufficiently fast produc-
tion, as concrete hardening and preparation of each casting session requires
time;

2. Each mould has a separate pin-bed and interpolation layer; these two compon-
ents are kept as simple as possible;

3. In the proposed method, step 2 and 3 are the only steps in the process that are
fully or partially supported by CNC-technology, whereas the other steps rely
on mechanical steps that can - but not necessarily need to - be automatised or
mechanized.

The mechanical engineering of the flexible mould will be discussed later in Chapter
7. At first, some geometrical issues will be discussed that are related to step 5, the
deformation from flat to curved, which is a less trivial step than might be expected
at first glance.
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6.5 Geometrical issues in this method

6.5.1 Introduction

In step 5 of the manufacturing method described above, the concrete is deformed
from flat into curved after casting; this has several advantages that were already
discussed earlier in Chapter 2 and 3. It was also concluded from these chapters that
this transformation needs to be executed following an accurate method that results in
exactly the desired shape. In patents and literature, however, no model or calculation
method was found to cover this aspect. During the earlier attempts of Rietbergen
and Vollers and Schoofs and Huyghe, it was already experienced (see page 48) that
without sufficient understanding of this process, it will not be possible to produce
accurately shaped elements. Therefore, an attempt is now done to describe this
transformation more accurately.

6.5.2 Developable or non-developable surfaces

The transformation of a flat surface into a curved surface, after studying background
literature, appears to be fundamentally different for developable curved surfaces
and non-developable curved surfaces Pottmann et al. (2007, p533):

Developable curved surfaces

Developable curved surfaces are surfaces that are curved, but can be formed from a
flat material without any in-plane strain or compression. For example: a cone shape
can be formed from a sheet of paper by simply rolling it, but a barrel shape can not
(see Figure 6.4 on page 79). In relation to the flexible mould process this could be
understood as a situation in which, with very limited force, the desired shape can be
obtained by simply bending or twisting the surface into the final shape. This bend-
ing or twisting does not result in any in-plane strains, but only in strains resulting
from bending and torsion deformation. Since bending and torsional stiffness of thin
surfaces are generally low in comparison to their in-plane tension- or compression-
stiffness, only limited external forces need to be exercised. Figure 6.8 shows two
examples of flat shapes that are deformed into developable curved surfaces:

The fact that no in-plane strains and stresses are caused by this transformation
process was described first by Carl Friedrich Gauss (1827, p21):

”When a surface is regarded, not as the boundary of a solid, but as a
flexible, though not extensible solid, one dimension of which is supposed
to vanish, then the properties of the surface depend in part upon the form
to which we can suppose it reduced, and in part are absolute and remain
invariable, whatever may be the form into which the surface is bent”.

Whether a transformation is, or is not possible without stretching can mathematic-
ally be tested by calculating the Gaussian curvature before and after. If, during a
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Figure 6.8: Developable surfaces with zero Gaussian curvature in all shown
situations (left: only bending, right: bending and torsion)

transformation of a surface from one shape into the other, the Gaussian curvature
remains constant (but not necessarily zero), no in-plane strains or stresses will occur
due to this transformation.

The flexible mould methods always starts with a flat surface, which has Gaussian
curvature K = 0. As long as deformation of the flexible mould is only carried out into
shapes that are developable surfaces, like the ones shown in Figure 6.8, no extension
of the mould or the concrete will take place, only bending and/or torsion. Calladine
(1983, section 5.2) gives an example that illustrates this:

”if a triangle is drawn on a piece of paper, the length of the sides of
this triangle do not change when the paper is rolled into an arbitrary
cylindrical or a conical surface”.

Figure 6.9: Sinusoidal 6 point projection of the world globe on a flat map:
example of the strains necessary to project a curved surface on a flat
piece of paper
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Non-developable surfaces

Non-developable surfaces are surfaces that cannot be made from a flat piece of paper
without tearing or distortion. Referring to Calladine’s triangle again: they cannot be
made without changing the length of the triangle’s sides when formed from a flat
piece of paper. This is illustrated clearly by the projection of the world globe on a
flat map (see Figure 6.9): due to differences in arc lengths between two points for the
flat and curved shape, strains are necessary, which in case of the globe projection is
solved by cutting segmented parts, as with an orange peel. This category of curved
surfaces have a Gaussian curvature unequal to zero; they are double-curved.

Gauss’ observation could - unfairly - be considered an iron rule that implies that
it is impossible to deform any flat surface into a double-curved surface. For elastic
materials, however, Gauss’ condition of being non-extensible is not true, implying
the invalidity of the above-mentioned rule under such circumstances. This can be
easily imagined by thinking of a rectangular thin rubber sheet, fixed at four edges
and loaded with e.g. water or sand: due to stretching, it will transform easily from
flat to double-curved. This notion in the flexible mould method will also be used in
the rubber interpolating surface of the flexible mould method.

Still, Gauss’ rule is helpful in understanding some effects: if materials with a
higher Young’s modulus than rubber, such as thin steel or timber plates, that are
’almost’ non-extensible, are deformed from flat to double-curved, Gauss’ observa-
tion explains the buckling effects that occur. Initially, in the present research, it was
attempted to deform a thin timber plate into a double-curved shape (see section 7.3
and subsection 8.5.3). Although it was indeed possible to obtain roughly the desired
deformed shape, internal normal strains were responsible for buckling effects that
distorted especially the edges of the plate (see Figure 7.12 on page 113). With a
massive plate, the limits of deformation appeared to be set by buckling effects under
compression stresses. The division of the plate into an array of narrow strips solved
this problem, as we will see later in section 7.4 on page 114. Deformation of flat
surfaces into developable surfaces will not demonstrate this behaviour.

6.5.3 Imposed strain distribution

During the process of deforming the - initially flat - flexible mould into a curved
surface, several materials possibly have to deform somehow:

• the concrete

• the reinforcement in the concrete

• the rubber mould surface keeping the concrete

• the edges of this rubber mould

• the elastic surface or set of strips that support the rubber mould
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The textbook ”Theory of Shell Structures” of Calladine (1983) appeared very helpful
for the further study. To describe the structural behaviour of curved shell surfaces,
Calladine separated shells conceptually into two surfaces, labelled the bending sur-
face (B) and the stretching surface (S). Similarly, for the flexible mould process, we
distinguish two kinematic effects of any imposed deformation that may or may not
occur simultaneously:

(B) bending action (when deforming a flat piece of material into a developable or
non-developable surface)

(S) in-plane stretching (when forming non-developable surfaces out of flat material
or when stretching flat material)

Both kinematic effects will be discussed here in more detail now.

(B) Bending action

Assume that a rubber mould, containing still plastic concrete, is curved from a flat
into a cylindrical (thus single-curved and developable) surface, without stretching
the mould surface by any means: it is basically just rolled (developed) from flat to
curved, as if wrapping it around a cylinder. Both the mould and the concrete in
the mould will need to undergo a change of shape from linear to curved. At this
point we will not go into the possible elastic reaction of the rubber mould or the
forces needed to deform the concrete, but we will restrict to trying to understand the
kinematic behaviour. The goal is to find a description of the strains that necessarily
follow from the deformation.

Let’s first look at the concrete, and assume that the plastic concrete completely
follows the shape of the deformed mould surface during deformation. We assume
that no slip occurs between mould and fresh concrete and that neither any gaps will
occur between mould and concrete.

Already during the experiments of Huyghe and Schoofs (2009), the imposed
curvature was assumed to be governing for the strain in the concrete mixture (see
Figure 4.6 on page 49). Strong curvature (= small R = large κ) was expected to result
in high strains, although it was not clear which strain distribution occurred over
the height of the elements: the kinematic relation between curvature and strain was
unknown (see Figure 6.10). We will now try to find this relation.

If the plastic concrete obeys Bernoulli’s hypothesis “flat sections remain flat after
curvature”, the question is where the neutral line due to the curvature is. The
neutral line is that height in the cross-section where the strain is equal to zero. Fig-
ure 6.10a shows three hypothetical strain distributions, where in the left image of
Figure 6.10a it is assumed that the neutral line is in the middle of the element, in
which case εmax = ± 1

2 h · κ, according to simple beam equations from structural
mechanics. The sign of the strain in all three images depends on the direction of
the curvature and the position of the neutral line. The middle image of Figure
6.10a is an example of a possible strain distribution that does not follow Bernoulli’s
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Figure 6.10: (a) possible strain distributions as a result of out-of-plane action of
the mould (b) possible influence of thickness on strains

hypothesis (∂ε/∂z 6= constant), and is for that reason rejected. In the right part of
Figure 6.10a it is assumed that the neutral line is on the mould surface, in which case
εmax = h · κ = h/R. Of the three suggested possible strain distributions, this is the
only one that corresponds with the idea of ’wrapping’ the mould around a cylinder,
since the mould surface itself is not stretched, but only curved, and a no-slip situation
was assumed. It is concluded that the relation εmax = h · κ = h/R fits best to all border
conditions.

Apart from the radius R, the element height h then also has influence on the
strains resulting from bending action (see Figure 6.10b). Table 6.1 on the following
page gives the order of magnitude of the strains necessary for following a certain
curvature, depending on the element height. For this table, the relation εmax = h · κ =
± h

R was used, in which the sign follows from the direction of bending. It can be seen
that strain values above 25‰ are possible for elements of h = 0.050 m or thicker
combined with curvatures with R ≤ 2.0 m. To compare the order of magnitude: in
fully hardened and loaded concrete C20/25 the strain generally is between 1.5 and
2.5 ‰ when the compression strength is reached. The much higher strain values
in Table 6.1 therefore make clear that imposed deformation can only occur without
cracking in a stage that the fresh concrete is still sufficiently plastic.

So far, only the deformation of the concrete was discussed. As pointed out in the
beginning of this subsection, also the reinforcement, the mould surface and edges
and the supporting strips will have to follow the deformation, and it is important to
understand their kinematic behaviour. Furthermore, not only the kinetic behaviour,
but also the resulting stresses and reaction forces need to be described. For the
reinforcement in the concrete, various options will be discussed later in this thesis,
among which are: flexible reinforcement in the form of textiles (see subsection 9.9),
and traditional steel reinforcement in small flexible diameters (see subsection 8.2.5).

The effect of bending action on the reinforcement is depending on its distance
to the neutral line. In hardened concrete, for reinforcement which is at a non-zero
distance from the neutral line, imposed deformation cannot take place without strain
of this reinforcement. This is the result of the bond between hardened concrete and
reinforcement. In the case of the flexible mould method, in plastic concrete that is just
starting to develop initial stiffness, it is not very likely that the imposed deformation
at an early stage can lead to an overall normal strain of the reinforcement, as bond has
hardly developed. It is expected that the reinforcement will bend, but also will slip



90 CAD, CAM and complex geometry

 

 

 

h1 

h2
ε max 

ε max 

εmax 

0 < εreinf < εmax 
εreinf =0 

Figure 6.11: Reinforcement laying outside of the neutral line will have to strain
(left) or slip (right) - in the latter case, the concrete that is above this
layer might also restart with zero strain - later it will be shown that
this is the case with a dense 8 mm mesh of textile reinforcement (slip
of reinforcement plus concrete). For steel mesh with 100 mm mesh
size, the reinforcement will be ’retracted’ through the straining
section of concrete (slip of only reinforcement)

Table 6.1: Imposed strain due to bending [‰] - The table presents the order
of magnitude of maximum strains εmax = h

R to be expected during
deformation for different element radii R.

element height h [m]
element radius R [m] 0.010 0.025 0.050 0.075 0.100
1.0 10 25 50 75 100
2.0 5 13 25 38 50
3.0 3.3 8 17 25 33
4.0 2.5 6 19 19 25
5.0 2 5 15 15 20

in the concrete or induce a slipping plane between two layers of concrete (see Figure
6.11).

At the same time, the curvature of the reinforcement will lead to bending strains in
the reinforcement, that depends on the moment of resistance of the individual bars
or fibre bundles. The flexible textiles will appear to be not much affected by this type
of bending action, since textiles have small diameters and are consisting of bundles
of very flexible fibres. The bundles follow the imposed deformation effectively, as
will be shown later. Due to a larger moment of resistance the steel reinforcement
will indeed appear to be affected; elastic spring-back could even result in the bars
coming out of the concrete. Restricting the diameter in relation to the curvature of
the deformation will appear to keep this in control. In the mentioned subsections
this will be discussed in detail, and also supported by experiments.

For the mould surface, the effects of bending action are considered negligible,
as in the present research it is made of rubber with a low Young’s modulus and is
very thin (1-2 mm). For the mould edges, effects due to bending action were also
neglected in a pragmatical way, as in the experiments a very elastic foam was used
that could easily follow any deformation of the mould surface. The edge positioning
and edge behaviour however is less predictable and controllable when looking at (S)
in-plane stretching, which will be discussed below. Finally, chapter 7 will investigate
in depth the deformation of the mould and supporting strips, and also discuss the
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elastic effects resulting from this deformation. For all materials however that are
subjected to bending action, the same relations between radius R, curvature κ , strain
ε and element height h will keep reappearing.

(S) In-plane stretching

Since our final goal is to be able to form not only developable curved surfaces, but
also non-developable, double-curved surfaces, another necessary type of kinematic
behaviour will be discussed now: going from flat to double-curved by changing
the Gaussian curvature. Eigenraam (2013) studied the work of Calladine (1983) and
found there very useful tools to describe and understand the flexible mould process.
Calladine (chapter 6) states that all changes in Gaussian curvature g = ∆K can be
expressed by the following kinematic equation (6.4), formed by the summation of
three terms. Each term expresses small changes in ’angular defect’: two in-plane
normal strain components in orthogonal directions and one in-plane shear strain
component:

g = −∂2εxx

∂y2 −
∂2εyy

∂x2 +
∂2γxy

∂x · ∂y
. (6.4)

A formal derivation of this equation is done by Calladine, but intuitively the
meaning of each term can be understood. The first term could be understood as
follows: suppose a flat surface would get an equal strain εxx for all y-coordinates,
this would imply simple in-plane elongation of the original surface in the direction
of the x-axis, not leading to any curvature of the surface. If the same flat surface in
one section would get a strain εxx increasing linearly for positive y-coordinates (so
∂εxx
∂y = constant) this would lead to an in-plane kink of the surface, but still allowing

it to stay flat (z = 0). If, however, the second partial derivative of εxx along the
positive y-axis would yield a constant value, resulting in a curved strain distribution
in-plane, than it would no longer be possible for the whole surface to only deform
in-plane: a three-dimensional curved surface would be formed as a result of these
strains, see e.g. Figure 6.12.

Figure 6.12: Deformation out-of-plane through ∂2εxx
∂y2 = constant: glueing the flat

paper along the edges will lead to a sphere-shaped curved surface
(after Calladine, 1983)

The second term in the equation is similar, but then for strains along the y-axis.
The first two terms can also be understood by imagining the inflation (’stretching’)
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Figure 2-22: Mapping of a surface onto a unit sphere. Used for defining the measure of curvature

[Calladine, 1983].

Figure 2-23: Deformation of surface.of Gaussian curvature and strain is described in Equation 2-2. A derivation of this equation

is given by Calladine in Chapter 6 of his book [Calladine, 1983]. It can be seen from Figure

2-23 that shear deformation is a substantial contribution and that it can even by itself cause

a change of Gaussian curvature. The latter and the mathematical description may seem

complicated. However the following example clearly illustrated their meaning;
Like in Figure 2-24, a flat sheet of paper can be divided in rectangles with a relative shear

angle to each other according to γ = C · d2. Substituting in Equation 2-2 gives a constant

change of curvature. When the squares are cut from the paper and the edges are fixed to each

other and a double curved shape appears like in Figure 2-25. Since the paper is originally

flat the Gaussian curvature is zero. The final Gaussian curvature is therefore equal to the

change of curvature. By this example it is shown that change of Gaussian curvature involves

a combination of strains. Only shear was considered in this example.

G = − ∂2εxx

∂y2 − ∂2εyy

∂x2 + ∂2γxy

∂x∂y (2-2)So far only straining is considered. And when changing the Gaussian curvature it is assumed

straining can take place without any resistance. This experiment can only take place within

our thoughts. In reality a surface will always consist of a material with a thickness and

resistance to straining. Within the field of mechanics this relations (if linear) is known as

Hooke’s law. Straining of a surface introduces stresses. The material will resist a deformation.

(a) In-plane strains are necessary to deform a surface from flat to double-curved; in
the image, only the component ∂2γxy/∂x·∂y from Equation 6.4 on the previous page is
applied (taken from Eigenraam, 2013)

(b) Calladine’s principle is applied to shear-deform a flat and non-stretchable piece of
textile into a double-curved shape, using the software Drape; image from Woodington
(2014)

Figure 6.13: Shear-deformation allows deformation from flat to double-curved
without in-plane normal extension

of a soap bubble: a sphere of which the radius increases. The soap layer will have
to stretch equally in the two perpendicular directions. The numerical value of the
Gaussian curvature K will reduce, since K = 1/R2); g will get a negative value.

The third term in equation (6.4), representing in-plane shear deformation, is less
easy to understand, but proved to be of major importance, both for controlling the
supporting strips and for placing of reinforcement textiles. This is illustrated in
Figure 6.13a: here a flat frame or ribs is depicted, which is deformed into a double-
curved shape. Even without change of the length of the ribs - the first two terms
in equation (6.4), shearing will allow deformation. This makes it possible to still
deform a non-stretchable material into a double-curved shape (Bergsma, 1995), as
can be seen in Figure 6.13b. This is an important finding that will greatly simplify
the flexible mould principle.
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Figure 6.14: (a) constant strain distribution ∂ε/∂z = 0 and ε = C in the concrete
layer with height h as result of in-plane stretching action of the
mould ε = C of the mould - this implies however that E = 0
(b) varying strain distribution ∂ε/∂z 6= 0 as a result of the elasticity
of the mixture E > 0

6.5.4 Effects in z-direction

Strain distribution along z-axis due to in-plane deformation

The in-plane normal-strains εxx and εyy of the mould could lead to a subsequent
in-plane strain of the concrete. When the friction between concrete and mould is
such that no slip occurs, at least plausible two strain distributions along the z-axis
(vertically) can be imagined:

1. A constant and linear strain distribution over the height of the element (Figure
6.14a), based on the extreme assumption that Young’s modulus E ≈ 0 and the
whole concrete layer follows the elongation of the mould.

2. A non-constant, linear or exponential strain distribution over the height of the
element (Figure 6.14b), based on the assumption that E > 0 and that, due to
elasticity of the concrete, the top part of the cross-section will not be influenced
by this stretching (or compression). This, however, would imply an out-of-
plane curvature of the cross-section, since κ = ∂ε/∂z 6= 0.

At this point it can not be decided which of the two models is correct. However, as
we expect that in-plane strains εxx and εyy of the mould may not occur at all, and
as the third term of equation (6.4), the shear-deformation γxy, will take fully care
of the stretching effect (S), the discussion might even be more complex (how does
the concrete follow shearing of the mould surface?). For now, though, this effect is
considered negligible due to the limited shear angles necessary for the deformation,
as we will see in the next subsection.

Thickness change due to shear

In his master’s thesis, Woodington (2014, p27-28) explains that deformation of a
flat volume of concrete to a double-curved volume of concrete by shearing has the
effect of thickening the deformed layer, since the volume must remain constant. He
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Figure 6.15: Deformation due to combined (B) and (S) effects: the (B) effects
results in bending in two perpendicular directions; the (S) ef-
fects results in the deformation from rectangular to the sheared
diamond-shape

finds the simple relation hnew = horiginal/sin(θ), in which θ is the shearing angle. A
situation without shearing (horiginal = 1 and θ = 90o) yields hnew = 1, whereas for a
shear angle θ = 60o (so a deformation of 90− 60 = 30o) hnew ≈ 1.15. The thickening
effect will be negligible for limited shear deformation. It is expected that this will be
the case for the panels that can be formed with the flexible mould method, as from
the work of Woodington (2014) it appeared that for deformation of a flat textile into
a hemisphere, shear angles of around 38 or less are to be expected. As many of the
panels that will be formed with the flexible mould method will be less extremely
curved than a hemisphere, the shear angles are also expected to remain restricted to
smaller values.

6.5.5 Total strain - order of magnitude estimation

Based on the considerations above, it is concluded that Table 6.1 on page 90 gives
a good estimation of the maximal normal strains that will occur in the concrete, de-
pending from the element height h and curvature radius R. Whether the strains are
positive of negative depends on the direction of the curvature. Although this table
only covers the (B) deformation, we will later see that the stretching deformation
(S) can only be realized by the third term from equation (6.4), the shear-term. This
implies that at certain points in the concrete, a combination of bending strains and
in-plane shear strains will be necessary to deform from flat into double-curved. If
the grey rectangle from Figure 6.13a on page 92 is observed closely before and after
deformation, this can be seen more clear, see Figure 6.15.

6.5.6 Geometrical aspects of edge positioning

Figure 6.16 shows two possible methods for laser projection of the contours of a
random panel’s edges on mould surface. In the situation on the left, projection is
carried out in the stage that the mould has not yet been deformed. In the situation on
the right, the deformed mould is the base for projection. Although the same panel
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Figure 6.16: Different laser projection of mould edges in flat situation (left) or in
deformed situation (right): compensation is necessary.

is projected, the contours need to be different. The shape of the projected pattern
for the deformed situation can be directly derived from the 3D shape of the desired
element. This can be done relatively simply by intersection calculations in CAD
software. The projected pattern in the undeformed situation, though, is non-trivial
and will be dependent on the expected contribution of the three terms in Calladine’s
equation 6.4 that result from deformation from flat to double-curved. According
to this equation, normal- and/or shear-strains will necessarily occur during the de-
formation. These strains will lead to distortion of the contours that are projected
in the flat situation, as also visible in the clear difference between the projected
patterns in left and right part of the image in Figure 6.16. This distortion depends
on the deforming strip mechanism under the interpolating material. At this point,
this projection algorithm is yet to be developed. For slightly curved elements, an
approximation by orthogonal projection might be acceptable, but for elements with
stronger curvature, this is likely to result in an error in the edge shapes of the final
element. It is recommended to do further research on the accurate projection of the
edge position.

6.6 Discussion

In this chapter, we have first reviewed some basic shapes such as splines and
NURBS-curves and -surfaces that are used to define shapes in modern CAD soft-
ware. Moreover we have seen that basically two approaches are possible for a feas-
ible production of double-curved surfaces for architectural purposes: rationalisation
or mass-customisation. In recent years, considerable progress has been made in the
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Figure 6.17: Laser-projection of edge positions on a prototype of the flexible
mould in the deformed situation (left) and edge position in unde-
formed situation (right) (Schipper et al., 2015)

development of computer algorithms to facilitate the rationalisation process, leading
to significant cost reductions. Yet, rationalisation is an optimisation process that
can never reduce costs beyond a certain point where the aesthetics of the building
become too much compromised. If for example a curved building shape is visibly
flattened and segmented, costs might be low, but the architectural quality is reduced
to an unacceptable level.

Mass-customisation, for example by using the flexible mould, can offer an addi-
tional solution, provided that the costs of the production method will not surpass the
costs of the original mould technology, and preferably will be much lower than that.
A conceptual manufacturing line for such mass-customized elements was shown in
Figure 6.7 to demonstrate how this promise can eventually be fulfilled.

The flexible mould method relies on deformation of a flat material into a curved
surface and using this as mould. This brings along several geometrical issues. The
deformation process can be described mathematically by analysing the curvature
parameters. An important and meaningful parameter is the Gaussian curvature,
that is the product of the principle curvatures in two directions. Curved surfaces
with zero Gaussian curvature are easier to manufacture with the flexible mould
method than curved surfaces with non-zero Gaussian curvature, as the last category
not only is deformed out-of-plane, but also in-plane. The findings of Calladine
were discussed, that give clear insight in the necessary separation of bending effects
(B) and stretching effects (S). Furthermore the three components of stretching were
investigated, of which shear-deformation appears to be sufficient to deform from
flat to double-curved. This will later appear to be an important notion for the con-
struction of the flexible mould mechanism. Furthermore, the order of magnitude
of strains was estimated, to get a general idea of the effects of the deformation
process on the mould and the concrete. These numbers will be used later in the
part on the design of the mould and the part on concrete technology. Finally, even
the correct positioning of the mould edges in the flat situation seems to depend on
the deformation components described by Calladine. This was not worked out any
further at this moment.
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Chapter 7

Modelling the mould behaviour

7.1 General approach

7.1.1 Introduction

In chapter 2, several ideas and attempts to realize an elastic flexible mould surface
have been described. Over the years, numerous concepts have been invented and
in few cases have also been built, of which the most notable are the work of Renzo
Piano, Lars Spuybroek and the patents of Florian-Peter Kosche, Vollers and Rietber-
gen and quite recently Raun en Kristensen. Most of the mentioned researchers use an
elastic material as intermediate layer between a set of actuators and the material that
needs to be deformed. Without such an intermediate layer, it is difficult to realize a
sufficiently smooth concrete surface. A prototype built under guidance of Rietbergen
and Vollers already demonstrated (see page 48) that the proper choice of the elasticity
of this intermediate layer is one of the crucial factors to success: using an overly stiff
material leads to difficulties in adjusting the formwork into the desired curvature;
using an overly flexible material on the other hand leads to a uneven surface which
is not acceptable from an aesthetic point of view (see Figure 7.1 on the following
page).

As it could be observed, a structural mechanics model of the behaviour of an
elastic material under forced displacement for this specific application in a flexible
mould was never published. Although a trial-and-error approach could be followed
in order to arrive at correctly shaped elements, it is the belief of the author that it is
helpful and even necessary to understand and model the behaviour in order to be
able to successfully choose the material specifications and shape adjustment method.

7.1.2 Elasticity of the flexible formwork

The concept of the adjustable formwork mechanically does not work very different
from that of the spline as discussed in subsection 6.2.2: a flexible material fixed in
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Figure 7.1: Mould surface too stiff - mould surface too flexible: an inherent
optimisation problem for each flexible formwork (Schipper and
Janssen, 2011a)

a curved position by control points. The control points can be moved by pistons,
actuators, worm-screws, or any other adjusting method. In Figure 4.5 on page 45
the prototype built by Daan Rietbergen was already shown, which, for these tests,
was finished using a thin intermediate layer of timber. Other materials such as
synthetic rubber with varying specifications have also been tested by Huyghe and
Schoofs (2009). As said, different from NURBS-curves, in the flexible mould concept
the control points are assumed to be laying on the curve. It is not always easy,
though, for the elastic material to “follow” the position of the actuators, causing
the problems sketched earlier and schematically shown in Figure 7.1. In the tests by
Schoofs and Huyghe this appeared to cause some unpredictable effects disturbing
the smooth adjustment of the actuators and eventually also hindering the accuracy
of the resulting panel shape. Let us therefore take a closer look at the elastic effects
in the moulds intermediate layer.

Figure 7.2a illustrates, in the most simplified manner, how an elastic layer can be
manipulated by actuators (or in terms of structural mechanics: support points) A, B
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Figure 7.2: Elasticity results in mutual interaction of different parts of a beam



Strip mould, single-curved 101

and C. By moving support point B up and down, the shape can be adjusted. Point D
in Figure 7.2a is not adjusted by an actuator, but is freely following the rotation of the
beam around point C. If point B is adjusted downwards (negative) point D moves
up, and the other way around. It is clear that the position of point D is ruled by point
B. If, for some reason, one would add an extra support at point D, as is done in figure
7.2b, the forces in support points B and D become ’interconnected’ by the elasticity
of the material. Not only will the force necessary to move actuator D be influenced
by actuator B, but it is also clear that the shape of the mould between point C and D
is influenced by the position of actuator B. Actually, the position of all actuators has
influence on the situation between C and D. A similar interconnection will occur in
a flexible mould set-up with multiple support points, both in 2D and in 3D.

7.1.3 Stepwise approach

In the following sections, a stepwise extension of the modelling and experimental
work will be presented. The first step, described in section 7.2, consists of a linear
strip mould under bending in one bending direction, using beam theory. This model
was used in a number of experiments and proved to be useful to investigate and
explain a number of phenomenons that occur both in single-curved moulds as well
as in flexible moulds in general. To go from single-curved strips to a double-curved
surface, a second model was made and tested experimentally: section 7.3 describes
a thin plate mould that is controlled by a grid of actuators that force the thin plate
to deform into a double-curved shape. Although the use of a thin plate has several
advantages, the elastic behaviour brings along some fundamental limitations, as was
demonstrated experimentally. In section 7.4 therefore the strip mould is extended
in two directions to obtain a deformable double-curved surface. This is done by
grouping sets of perpendicularly crossing small strips and describing the bending
behaviour. This crossing strip mould was used successfully in various experiments,
allowing stronger curvature than the plate mould. To allow even more accurate
shape control of the strip mould, an improved strip model was developed and tested,
under the name Kine-Mould. This mould is described in section 7.4.4. The chapter
is concluded with a discussion of the various mould concepts and an outlook to
possible further developments and alternatives in section 7.6.

7.2 Strip mould, single-curved

7.2.1 Approximation with beam theory

This elastic behaviour, which is well known in structural engineering, is described
by the Euler-Bernoulli differential equation that describes the bending behaviour of
an elastic beam for small displacements:
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Figure 7.3: Simple beams on bending as start for a mechanical model for the
flexible mould

EI
∂4w(x)

∂x4 = q (7.1)

where x is the position on the beam, EI is the bending stiffness of the beam, w(x)
is the deflection of the beam in point x, and q is the load on the beam. This equation
relates the bending stiffness and deflection on the left hand side of the equation to
vertical forces on the beam, such as external loads, self weight and support reac-
tion forces on the right hand side of the equation. The fourth order, visible in the
equation, is responsible for the form of many well-known design solutions used
in structural engineering. For many practical cases, the solution of the differential
equation is a fourth order polynomial. For example, the solution for a beam on two
supports with an equally distributed load q, as shown Figure 7.3a, is:

w(x) =
q x

24EI
(L3 − 2Lx2 + x3) (7.2)

In the situation of the flexible mould, the deflection is not only caused by a ver-
tical load q, like in the equation above, but additionally by the deliberate adjustment
of the support points, as illustrated in Figure 7.3b. In order to understand what
parameters influence the shape of the mould and the forces on the supports we will
investigate a simple example first. To lower the support point B in Figure 7.3b over a
distance wB, a force FB is needed, due to the bending stiffness of the mould EI. Both
force FB and the shape of the mould are governed by equation 7.1. The solutions can
be found in most structural engineering handbooks (e.g. ?):

FB =
48EI

L3 �wB (7.3)

w(x) =
FBL3

48EI
(−4

x3

L3 + 3
x
L
) = wB(−4

x3

L3 + 3
x
L
) (7.4)

Equation 7.4 (valid for 0 < x < L
2 ) shows that the function for the shape of the

curved beam under a forced displacement wB in x = 1
2 L is a third-order polynomial,
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which is the case for all situations were q = 0: equation 7.1 then solves into a third-
order polynomial. The flexible mould, if considered in a 2D situation and controlled
by multiple actuators, can be modelled using a similar approach. This approach will
be worked out after a brief discussion of the effect of large displacements and of the
bending radius.

7.2.2 Large displacements neglected

A complication is that, for large displacements, the direction of load q and the sup-
port reactions Fi are under a non-negligible angle φ with the deformed axis of the
beam, introducing a factor cos φ, for all vertical loads and reaction forces (Beléndez
et al., 2002) and causing difficulties in solving the non-linear differential equation.
In this thesis however, we will still proceed using the equations as if displacements
were not large, under the assumption that a) for a complete description of the mould
system a FEM-approach in the end will be necessary anyhow, making the relevance
of an accurate analytical solution somewhat smaller, b) for gaining insight in the
behaviour of the mould, the accuracy of the model will be of smaller importance
than the readability of the equations, and finally c) the effects that will be observed
during experiments can be explained and predicted using the simplified approach.

7.2.3 Smallest possible bending radius

The material and thickness of the flexible mould determine its bending stiffness and
bending strength. The maximal elastic bending moment Mmax for a given material
with yield strength fy is Mmax = fy ·Welast. Higher moments will lead to plastic
deformation or yielding of the material. Using

M = −EIκ = −EI
R

and W =
2 · I

h
↔ I =

W · h
2

(7.5)

the maximum moment for strips with rectangular cross-section can be expressed
in Young’s modulus E and material thickness h:

Mmax = fy ·Welast = −
EI
R

= −E ·Welast · h
2R

(7.6)

Rmin =| − E · h
2 · fy

| or more general σ =
E · h
2 · R (7.7)

For example, a timber strip with a thickness h = 4 mm and E = 8 000 N/mm2and
fy = 17 N/mm2 will yield if bent with a radius smaller than:

Rmin =
8 000 · 4

2 · 17
=

32 000
34

= 941 mm,

while e.g. a steel strip with a thickness h = 4 mm and E = 210 000 N/mm2and
fy = 235 N/mm2 can reach only:
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Rmin =
210 000 · 4

2 · 235
=

840 000
470

= 1 787 mm.

Some more results are shown in Table 7.1. It is concluded that, apart from the
thickness h, the proportion between Young’s modulus E and the yield bending
strength fy is determining the smallest possible radius Rmin that can be applied to a
strip of material before it will yield. Furthermore it is concluded that a radius down
to R = 1.00 m can be realized with a strip thickness of h = 4 mm for timber and of
h = 2.2 mm for steel. For HDPE even strips thicker than h = 10 mm can be applied,
although creep aspects are not taken into account here and could occur.

Table 7.1: Allowable curvature radius Rmin for strips in Pure®, HDPE, timber
and steel

strip
thickness
[mm]

Rmin [mm]
for

Pure*)
(E/ fy =

5000/200=25)

Rmin [mm]
for

HDPE**)
(E/ fy =

900/16=56)

Rmin [mm]
for

timber
(E/ fy =

8000/17=471)

Rmin [mm] for
construction

steel
(E/ fy =

210000/235=894)
1 13 28 235 447
2 25 56 471 894
3 38 84 706 1340
4 50 113 941 1787
5 63 141 1176 2234
10 125 281 2353 4468

*) Lankhorst Pure® composite **) High Density Polyethylene

7.2.4 Maple model for single-curved mould with n support points

A linear flexible mould with n actuators can be considered as a beam for which
each actuator Ai=1..n forms a support point at location xi that can exercise a vertical
displacement wi on that point of the beam (Figure 7.4 on the next page). During this
displacement wi a force Fi is developed, which will be determined by the stiffness
EI of the beam, the distributed load q on the beam and the forces exercised in the
other actuators Aj 6=i. By considering the displacement of each point of the mould
as the superimposed effect of load q and all single actuator loads Fi=1..n, a system of
equations can be formulated and solved.

Both ends x = 0 and x = L of the beam are assumed to be kept on vertical
position w = 0. Then the displacement wj in a point j due to the point load Fi at
position xi can be described with the third-order equations:

wFi ;j;le f t =
Fi · b · x
6 · EI · L{2L(L− x)− b2 − (L− x)2} for j left of Fi,

wFi; j;right =
Fi · a · (L− x)

6 · EI · L {2L · b− b2 − (L− x)2} for j right of Fi
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Figure 7.4: Actuator Ai exercising force Fi and displacement wi
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and the displacement due to q as a fourth-order equation:

wq =
qx

24EI
(L3 − 2L2 + x3). (7.8)

Janssen (2011, chapter 5) worked out the system of equations for a 2D single-curved
mould supported by 11 actuators similar to the one shown in Figure 7.1 on page 100.
The model uses Maple as platform, allowing mostly symbolic maths representation,
offering transparency for the user. In the model, a beam on 11 support points at
intervals ∆L is described. A user-defined curve can be applied by definition of
individual actuator heights wi. The bending stiffness is determined based on the
mould’s Young’s modulus E and thickness h, which latter can also be evaluated
based on user-defined border conditions. A variable concrete load q can be specified,
which is taken into account according to the above equations.

Since a symbolic approach is chosen, various border conditions can be defined
mathematically, such as ’Ri > 0’ (determine mould height h so that no negative
reaction forces occur) or ’wq < wmax’ (relative deflection between actuators is limited
to a specified maximum). A range of allowable thicknesses or mould materials can
be evaluated by the model, reaction forces are calculated and an accurate diagram of
the elastic deflection is plotted. Bending moment, shear forces and maximum stress
in the strip are calculated, and curve length and expected horizontal displacements
are calculated.

The model was validated both experimentally and numerically and, although
it does not take into account the theory of large deformations, it proved useful
during the experiments for prediction of the phenomenons that were to be expected
due to various parameter modifications. Appendix B shows a part of the model
originally described in Schipper and Janssen (2011a) with an improved algorithm
by the author that has the same functionality but with shorter notations. In the
following subsections, the model is used to demonstrate the influence of the most
important parameters. Obtaining a good understanding of these influences will not
only prove useful for single-curved strip moulds, but for double-curved surfaces as
well.
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7.2.5 Influence of mould stiffness and actuator spacing

In an example we will first illustrate the effect of the chosen strip stiffness in relation
to the deflections between the actuators. Assume a mould is loaded with a 50 mm
thick concrete layer; q = 23 · 0.05 · 0.20 = 0.23 kN/m1 (self-weight strip neglected
here). The actuator interval4L = 200 mm. As mould material, a steel strip is chosen
with E = 210 000 MPa, strip width b = 200 mm and strip height h = 1 mm. The
mould is not deliberately deformed by bringing it in a curved shape after casting,
but all actuators are kept in their original zero-position for the sake of clarity in this
example. Figure 7.5 shows the intended shape (horizontal blue line) and the real
shape under influence of the deflection due to the concrete weight (red curve). At
the position of each actuator, the deviation between the originally intended and real
mould shape is zero, per definition.

Figure 7.5: Influence of mould thickness, h=1 mm

From the graph it is observed that the outer two fields show significantly more
deflection than the middle fields. This is behaviour that is general for any flexible
mould that does not have the outer edge clamped. In the second and ninth field,
locally upward deformation occurs due to continuity of the curve. Furthermore it is
concluded that - for the chosen parameters in this example - the maximum deflection
is approximately 0.28 mm = 4L/714 for the middle fields and 0.69 mm = 4L/290
for the two outer fields. If the thickness of the steel strip is now doubled to h =
2 mm, keeping all other parameters constant, all deflections decrease with a factor
23 = 8 due to the increase of the moment of inertia of the strip I. If the actuator
spacing is doubled but once again h = 1 mm, deflection due to the concrete load will
increase with a factor 24 = 16 compared to the first situation, due to the power x4 in
equation (7.8). It is concluded that for the straight horizontal mould the same rules
apply as for normal beams loaded on bending. This behaviour was also checked
and validated during the experiments. Furthermore it is concluded that deflections
between actuators are non-negligible and might also be visible in the final product if
a too much flexible strip is chosen or if the actuator spacing is too large.



Strip mould, single-curved 107

7.2.6 Influence of curvature

Now the effect on the exact shape of the strip mould of moving the actuators is
investigated. In order to be able to distinguish this effect from the deflection due
to concrete weight in the previous subsection, the load of the concrete is first set
to q = 0. For the mould shape one half period of a sinus-function with amplitude
−300 mm is chosen, see Figure 7.6. The smallest radius of this curve at x = 1 000 mm
is R = 1.35 m. From the deviation graph it is concluded that the shape can be
reproduced accurately with the chosen actuator distance and strip thickness: the
largest deviation is 0.008 mm, which is negligible.

Figure 7.6: Half sinus function without concrete load and amplitude 300 mm -
deviations are negligible

Now another sinus-shape is chosen with same amplitude but choosing 3π peri-
ods. The smallest radius of this curve is R = 0.15 m, which is much less than in
the previous example. The concrete load is still kept at q = 0. The maximum
absolute value of the deviations between realized and intended shape will increase
to approximately 0.7 mm ≈ 4L/286, as is visible in Figure 7.7 on the next page.
Although this is still considered a very limited deviation which would probably
not be visible in the concrete product, this example illustrates that there are minor
deviations between intended and realized shape.

As said, the smallest curvature radius is R = 150 mm, which results in a bending
moment M = EI/R = 210000 · 1

12 · 200 · 13/150 = 23 333 Nmm and a corresponding
bending stress σ = E · h/2R = 700 MPa. This unfortunately is too high for a strip
in S235 quality. This conclusion could already have been drawn from Table 7.1 on
page 104, which gives a lower boundary for the radius of a 1 mm steel strip of Rmin =
447 mm. As a strip thinner than 1 mm will not be practical in steel, another material
has to be chosen. A higher steel grade would be a solution, but for the sake of the
example we will now choose a strip of 5 mm HDPE from Table 7.1. With this choice
the radius would be allowable. Repeating the calculation with this strip thickness
and material yields an almost identical picture as Figure 7.7 on the next page.

However, if now the concrete loads are applied again (see Figure 7.8), we see
that choosing such a flexible material will result in larger deviations between the
actuators, in this situation an absolute value up to 1.6 mm = 4L/125, which is prob-
ably non-negligible with respect to the concrete product. This illustrates that there
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Figure 7.7: 3π sinus function without concrete load and amplitude 300 mm -
deviations are perhaps non-negligible any more if they would be
visible in the concrete product

Figure 7.8: 3π sinus function including concrete load and amplitude 300 mm -
deviations are increasing to 1.6 mm = 4L/125

is a trade-off between the low stiffness necessary for small radii and the deflection
between the actuators due to the concrete load. This is typical for any flexible mould
based on the present principle with actuators and an interpolating strip. It must be
said that, in the situation loaded with concrete, the two outer fields generally show
a significantly higher deviation than the inner fields. Still, for the second and third
field also deviations up to 1 mm are visible.

7.2.7 Complexity of shape versus number of actuators

If a certain shape is more complex, a sufficient number of actuators is necessary
to allow control over the mould surface. In Figure 7.9a, the frequency of the sinus-
function is increased, whereas the amplitude has been reduced in such a way that the
same minimum radius of R = 150 mm is reached as in the previous example. Using
the same strip material and strip thickness, it can be observed that the absolute value
of the deviations, not taking into account the outer two fields, increases to almost
2.0 mm = 4L/100.
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(a) 11 actuators at 200 mm spacing

(b) 9 actuators at 250 mm spacing

Figure 7.9: Actuator distance has to correspond with complexity of shape

If, while keeping the same shape, for economy reasons the actuator spacing
would be increased to 250 mm, Figure 7.9b illustrates that the absolute value of
deviation, again not taking into account the outer fields, increases to even 4.9 mm =
4L/50 (related now to 4L = 250 mm!). It is concluded that the relation between
all parameters in the model results in substantial influence on the accuracy of the
mould in case of relatively small changes in the parameters.

7.2.8 Reaction forces

If the reaction forces that follow from the shape examined in Figure 7.9a are looked
up in the Maple model, the following values in [N] are found for the 11 actuators
from left to right: -61.0, +204.8, +38.3, -66.1, +27.7, +135.4, +71.8, -17.8, +14.5, +117.3
and -4.8 N. Positive here is a reaction force directed upwards and vice versa. From
this example it can be seen that even with a quite flexible material such as a 5
mm HDPE strip, reaction forces can be substantial and directed both upwards and
downwards. This will impose certain demands on the mechanism that controls the
actuators: in many cases the weight of the concrete will not be sufficient to push the
flexible mould into its shape. For situations where large downward reaction forces
are expected, the actuators must be capable of both pulling and pushing.
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7.2.9 Horizontal displacements

An issue not discussed so far are the horizontal displacements that result from the
deflection of an originally flat strip in a curved shape. If it is assumed that no axial
forces in the strips are introduced by the actuators, but only bending, then the length
of the strips will remain constant. In case of large vertical displacements, the tips
of the actuators then will have to displace horizontally in order to account for the
constant length along the curved strip. The Maple model also calculates the length
along the curve. If the length of the half sinus curve in Figure 7.6 on page 107 is
taken as example, the length evaluates to 2 106 mm which would imply a strain of
more then 5% compared to the original 2 000 mm in flat situation. In reality this
strain does not occur due to the absence of axial forces. For most materials, these
axial forces would be extremely high anyhow (in this case EAε = 210 000 · 200 · 1 ·
106

2000 = 2 226 kN!), so it is much easier to allow horizontal displacements. In this
example, keeping the middle actuator in the centre, the two outer actuators would
have to displace horizontally by approximately 106/2 = 54 mm. These effects were
also observed in the experiments, and will have important implications for both the
design of any flexible mould system and for the measurement system. Two of these
effects are 1) that the actuators will need to pivot at least at two points, and 2) that
the simple deduction of vertical coordinates has to be corrected due to the slight
difference in vertical position of the mould measured over the horizontal axis.

7.2.10 Experimental set-up

The strip model was applied to predict the mould behaviour for deformation tests,
producing a number of single-curved concrete elements. This work will be described
later in subsection 8.4.3.

7.2.11 Discussion of the strip model

The model can be used to quantify the effects as shown earlier in Figure 7.1 on
page 100. The following conclusions were drawn after experimenting with varying
parameters in the model:

1. A strip mould can be used to produce single-curved shapes. The shape can be
controlled by adjusting the actuator heights. If the bending stiffness of the strip
material is chosen accurately, the deflection between actuators can be reduced
to a specified minimum;

2. There is a clear connection between the applied mould curvature, the reaction
forces, the chosen mould thickness and the chosen mould material; these para-
meters can not be chosen independently of each other, else, one takes a risk
of a) inducing too large or overly small deflections between support points
which result in an inaccurate or unnecessarily accurate concrete shape b) yield
or creep of the mould material due to bending strains c) inducing large positive
and/or negative reaction forces with problems in the support system as result;
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3. The self-weight of the concrete is not in all cases sufficient to ’force’ the mould
into its desired shape. For sharp curves (small radii) relatively large positive or
negative support reactions are necessary, that can be realized either by putting
additional weight on the mould or by pulling the strips to the supports; this
imposes constrictions to the design of the mould apparatus;

4. Horizontal displacements can be in the order of several centimetres. This
means that the control point at which the actuator height is set is actually
shifting horizontally, which will lead to a different desired height at the shifted
position. For an accurate shape description, horizontal displacements should
be taken into account; also this imposes constrictions to the design of the mould
apparatus;

5. Inaccuracy is largest in the outer left and right fields, since deflections there
can only be controlled from one side.

Although very wide strips can be made that will behave according to the model
described above, a strip mould can only be used for manufacturing single-curved
shapes or, by slightly twisting the mould surface, developable shapes (Pottmann
et al., 2010; Van de Straat, 2011). For manufacturing double-curved shapes, however,
another mould concept is necessary. The following sections will discuss a plate
model, a crossing strip model and the Kine-mould model.

7.3 Plate mould, double-curved

7.3.1 Introduction

As the next step in the development of a mould for double-curved shapes, investig-
ated was up to what extent a simple thin plate can be deformed. In subsection 6.5.2
we already discussed Gauss’ remarkable finding that for a material without in-plane
extension the Gaussian curvature has to remain constant. For a building material
such as steel or timber, though, elongation and shortening due to normal stress will
occur, thus allowing change of Gaussian curvature.

In the experiments of Schipper and Janssen in 2010, a plate mould was con-
structed, supported by a matrix of 11× 6 actuators, at a spacing of 4L = 200 mm
in both directions. The formwork was based on a plywood (Ned. triplex) plate
of 2.00× 1.00 m2 with a thickness of 3.8 mm, which allowed the manufacturing of
concrete elements of approximately 1.90 × 0.90 × 0.05 m3 (L ×W × h) (see Figure
7.10a).

7.3.2 Mechanical model

A thin plate with deformations larger than the plate thickness is generally modelled
with differential equations that take into account both bending action (B) and stretch-
ing action (S). Janssen (2011) worked out a finite-difference model in Excel with a
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(a) Plate mould (b) Part from a sphere with radius R in two directions

Figure 7.10: (a) plate mould described by Janssen (2011) (b) sphere-shaped ele-
ment used in Table 7.2

mesh size equal to the grid of actuators to estimate the actuator reaction forces and
internal plate stresses resulting from (B) and (S) actions. For further details on this
model and the way it was solved, we refer to Janssen (2011).

Figure 7.11: A thin plate forced into double curvature (a) - using and Excel finite
difference method the in-plane normal stress (b, c) and reaction
forces (d) are approximated. Note that the maximum compressive
stresses are in the edges of the panel. Furthermore note that the
actuator forces along the long edges are negative (the plate is pulled
downwards) (Schipper and Janssen, 2011b)

Figure 7.11 shows an example of the in-plane forces that are calculated using
the model for a double-curved shape. Using the same model in combination with
a parametric geometry in Rhino, the results from Table 7.2 on the next page were
obtained. For this purpose the rectangular element was taken from a sphere with
a radius halving stepwise from 40 to 2.5 m (see Figure 7.10b). From the table it
is concluded that from a radius of 5 m in two directions, the compression stresses
(approx. -12 to -19 MPa) are already in the same order of magnitude as the material
yield strength. For a radius of 2.5 m the compression stresses are far beyond that
yield strength. It is concluded that, for this material, only a limited double-curvature
can be reached since otherwise the material will yield.
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Table 7.2: Normal stresses in a plate mould increase linearly with increase of
Gaussian Curvature K: relation Radius - Gaussian curvature - deflec-
tion - extreme normal stresses for a thin timber plate of 2.00 · 1.00 m2,
11 × 6 actuators, spaced 4L = 200 mm in two directions, E =
8000 Mpa, h = 4 mm, poison constant ν = 0.23

sphere
radius R
[m]

Gaussian
curvature K

[m−2]

deflection in
centre [mm]

extreme
nxx [MPa]

extreme
nyy [MPa]

40 0.000625 16 -0.3 -0.2
20 0.0025 31 -1.2 -0.7
10 0.0100 62 -4.7 -3.0
5 0.0400 126 -18.9 -12.0
2.5 0.1600 262 -79.1 -50.6

7.3.3 Local buckling

Another phenomenon however occurs even earlier than yielding: due to the high
compressive stresses in the outer perimeter of the mould surface, buckling effects
occur between the actuators, which will lead into a corrugated edge. This behaviour
was also observed in the experiments (deformation test 6, see page 152) and is clearly
visible in Figure 7.12. Increasing the thickness of the plate to increase the buckling
stiffness will help to some extent: the stresses will remain the same since the strains
remain the same (forced displacement). The reaction forces in the actuators however
will increase proportionally. If the Young’s modulus is increased (e.g. using steel
instead of timber) strains will also increase proportionally. Although reducing the
actuator distance will reduce buckling length, this is not considered an economic
solution.

Figure 7.12: Buckling due to internal compression stresses - deformation test 6
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Figure 7.13: Strip-mould (Janssen, 2011; Schipper and Janssen, 2011a)

7.3.4 Discussion of plate model

It is concluded that a plate mould can only be applied for a very limited Gaussian
curvature due to fast increasing normal stresses, actuator reaction forces and dis-
turbing buckling effects in the plate edge as soon as Gaussian curvature increases.
It is considered not a viable solution for the type of geometries that was found in
Chapter 5.

7.4 Crossing-strips mould, double-curved

7.4.1 Introduction

The plate model from the previous section was found not to be a viable solution for
strongly double-curved shapes, as a result of local buckling of the mould edge due
to high compressive strains and stresses. To prevent this from happening, a way was
sought to release the stresses and introduce more freedom in the surface to deform.
This was done by dividing the surface in parallel strips at a small distance of each
other, supported by a second layer of perpendicular strips (see Figure 7.13).

On top of these strips a flexible rubber mould surface was placed that covers
the small openings between the strips without making them visible in the concrete
product. This appeared to offer the necessary freedom for forced displacement into
stronger curved shapes.

7.4.2 Mechanical model

To determine the forces in the actuators and estimate the necessary thickness of
the strips, the linear strip model as described in section 7.2 was extended in two
directions: by stacking two layers of strips, the support reactions of the top layer are



Crossing-strips mould, double-curved 115

applied as loads to the lower layer. A strip mould was used for both the exploratory
tests and the extensive tests.

For the exploratory tests that will be described in Chapter 8, a set-up was chosen
of 11× 6 actuators at a spacing of4L = 200 mm. Plywood strips were applied with
a thickness of h = 3.8 mm and a width of b = 50 mm. Janssen (2011) gives a complete
description of this process; the model that describes the mechanical behaviour was
implemented in an Excel worksheet. This worksheet takes the forced displacements
in all actuators (as measured from the architectural CAD-model of the element) as
input, and offers the resulting reaction forces and relative deflection of the mould
surface between the actuators between as output. Concrete elements of approxim-
ately 1.90× 0.90× 0.05 m3 (L×W × h) could be produced with this strip mould.

For the extensive tests that will be described in Chapter 9 on page 167, a set-
up of four identical strip moulds was built with similar strips, but with only 9× 7
actuators at a spacing of 4L = 140 mm (see Figure E.1 on page 290 and Figure 9.10
on page 193). Each of the four set-ups could be used to produce an element of 0.80×
0.40× 0.05 m3 (L×W × h).

Both for the exploratory tests and the extensive tests satisfying results were ob-
tained. A clear double-curved geometry was obtained with radii of 3.06 m and
2.50 m, respectively. The strip mould offered sufficient degrees of freedom to apply
this curvature.

7.4.3 Limitations of the strip mould

With respect to the accuracy of the model, some remarks can be made:

• The mechanical model only takes into account bending of the strips. Torsion
is not modelled; neither is the effect of shearing - necessary for the change
in Gaussian curvature (see subsection 6.5.3) - taken into account in the strip
model;

• If the concrete weight itself is not sufficient to press the flexible grid of strips
into its double-curved shape, additional negative (pointing down) reaction
forces are necessary; in practice, these negative reaction forces are difficult to
apply; additional weights were used in some cases, having the disadvantage
that these disturb the casting process and cannot always be positioned exactly
in the right place;

• Due to the sliding and tilting of the strips in the practical set-up, additional
inaccuracy is introduced.

Figure 7.14 on the following page demonstrates some of these effects. For the tests
on concrete technology as described in Chapter 8 and 9, these limitations were not
considered important. In case of the production of architectural elements with high
aesthetic quality, though, improvements are necessary. In the work of Eigenraam
(2013), important steps were made to improve accuracy, leading to an improved
prototype of the strip mould, under the working title Kine-Mould.
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(a) (b)

Figure 7.14: Some inaccuracy occurs if strong double-curvature is applied: (a)
additional weights are necessary (b) strips not in one plane; small
deviations in actuator tips

7.4.4 Kine-Mould: an improved crossing-strips mould

In 2014, two grants were obtained to work on an industrial-scale prototype as proof-
of-concept: one from Dutch Technology Foundation STW (Schipper et al., 2014) and
one from 3TU Built Environment. Among the features of the Kine-Mould are:

• introduction of counter-weights on each actuator that allow for downward
support reactions;

• connection of the strips to each other and to the actuators;

• use of the shear-principle to deform from flat to double-curved;

• improved actuator mechanism to allow for horizontal displacements;

• improved flexibility of the strips.

Recently, a patent has been filed for these ideas (Eigenraam and Schipper, 2015). In
the Kine-Mould project, also steel mesh as an alternative for strips was investigated
(Tissink, 2015). Further discussion of the Kine-Mould, however, is outside the scope
of this thesis.

7.5 Work-flow

In subsection 6.4.2 the envisioned work-flow in the factory was already sketched.
Before the manufacturing starts, the shape of the elements needs to be analysed in
order to make the proper choices for mould size, actuator spacing, edge positioning,
strip thickness and other relevant parameters. The calculation models presented
here can facilitate in these choices. Figure 7.15 on the next page shows the work-flow
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that includes the use of the models. For various shapes and curvature combinations,
it is likely that adjustments to the flexible mould are necessary to allow the accurate
manufacturing of these shapes.

7.6 Discussion

Although the models as presented in this chapter have some limitations, they will
provide sufficient accuracy for the tests in the next part of this thesis on concrete
technology. The strip model has demonstrated to be valuable to find the relation
between concrete load, strip thickness and actuator spacing. It was found that de-
viations between the intended and the obtained shape are inevitable, but, under the
condition of properly chosen parameters, can be reduced to an acceptable level. The
plate mould was found to be unreliable due to large internal stresses, leading to
buckling effects in the edge of the plate. Production of double-curved shapes with a
plate mould therefore is limited to large radii only. For smaller radii, a crossing-strip
mould was found to offer the necessary degrees of freedom. The mechanical model
of the crossing-strip mould is based on the linear strip model, and does not take
into account all mechanical effects. Still, it was found to be useful and sufficiently
accurate for the purpose of this thesis.
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Figure 7.16: Wallace ’Wheel of science’

This part of the thesis will report on the specific characteristics of deforming
concrete after casting, a process typical for the flexible mould method. The chapters
8 and 9 in this part follow an empirical research approach: based on existing and
known theory, for example concrete rheology and solid mechanics, hypotheses are
posed regarding the flexible mould method. These hypotheses are then made op-
erational in tests that can provide useful observations and experimental data. In
a next step, from the analysis of observations and experimental data, the validity
of the hypotheses can be proved or rejected, from which point generalisations may
be drawn to extend the known theory. This circle, from existing theory towards
extended theory based on experimental results, is also known as the ’wheel of science’,
described by Wallace (1971), see Figure 7.16. Two rounds in this wheel of science are
reported here:

1. Chapter 8 describes the first tests with the flexible mould in 2010 and 2011,
carried out by the author together with Janssen (2011). These first viability
tests concentrated on investigating whether the flexible mould method was
applicable at all in the first place, and whether and how the process could
be controlled. The experiments were of an exploratory character, and were
meant to gain insight into the parameters that are influencing the process.
During this round 1 of , evidence was gathered for the validation of some first
suppositions1, among which were the usability of an open mould system, the
possibility to successfully deform concrete after casting, and the possibility to
deform thin steel reinforcement along with the concrete. From round 1, several

1in the present research the term supposition was considered more appropriate than hypothesis
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conclusions could be drawn and an initial theory could be developed to model
the flexible mould process. Although in these experiments also attention was
paid to the design of the mould system itself, the present part IV will only focus
on those aspects that are related to concrete technology.

2. Chapter 9 describes round 2, a parameter variation study conducted mainly in
2012 and 2013. The viability tests in round 1 had given a better understanding
of which parameters had influence. After the consultation of additional exist-
ing theory on these parameters, a number of more refined suppositions could
be formulated and consequently tested in round 2, such as hypotheses regard-
ing the strain capacity of fresh concrete during deformation, the application
of textiles as flexible reinforcement and the use of super-plasticizers to control
the timing of the hardening and deformation process. In round 2 a parameter
variation programme was carried out, after which analysis of the data resulted
in further empirical evidence for an improved version of the model found in
round 1.



Chapter 8

First flexible mould viability
tests

8.1 Introduction

8.1.1 Description of the flexible mould process

In a simplified way, the flexible mould method can be illustrated with Figure 8.1. The
flexible mould consist of a formwork made of rubber or another flexible material,
that is filled with concrete and deformed in a later stage. Stepwise, the procedure of
casting a curved concrete element is carried out as follows: by adjusting the height
positions of vertical threads, a specific single- or double-curved shape can be pre-
installed (step 1). The flexible mould is then filled with concrete (step 2), while the
mould is still in horizontal position. During a period of structural build-up, the
initial strength of the concrete increases (step 3); the waiting time of 30-60 minutes

Figure 8.1: The flexible mould principle

123
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TOO FLUID

TOO STIFF

concrete flows 
out of mould

concrete flows 
out of mould

cracks

cracks

Figure 8.2: Lower and upper boundary: ranging from too fluid to too stiff

is still indicative at this point. Then the mould is carefully deformed into the final
shape (step 4), based on the heights that were pre-installed during step 1. Concrete
hardens in the deformed mould (step 5) and finally the curved element is demoulded
(step 6). After this, the mould can be reused from step 1 to cast another panel with
the same or a different curvature.

An alternative use of the flexible mould is the application of concrete after de-
forming the mould into it’s desired shape. This is possible by using sprayed concrete
(this method is already applied presently on CNC-milled moulds) or by using zero-
slump concrete that has a high shear yield strength directly after mixing. However,
in the present research the method as described above is chosen as central concept.

8.1.2 Imposed deformation in relation to phase transition

The manufacturing process with the flexible mould method may, from a structural
mechanics point of view, be seen as analogue to an imposed deformation, although at
this point it is not clear to what extent this analogy is valid. Looking more closely
at Figure 8.1, and imagining this in a three-dimensional situation (with curvature in
two directions), two effects are expected as a result of this imposed deformation:

1. Parts of, or, in some cases, the full element will be tilted, compared to the initial
horizontal position; for a too fluid concrete, this will be a problem, since it flows
out of the mould (see Figure 8.2 top image).

2. Due to the imposed curvature, the concrete element will be stretched, bent and
distorted, leading to positive or negative strains and torsional deformation, as
already discussed in subsection 6.5.3. If the concrete is too stiff, these imposed
strains might cause cracks (see Figure 8.2 bottom image).
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The transition from the fluid to the solid phase, therefore, seems most relevant, since
the speed and character of that transition will most probably influence the steps in
the flexible mould process.

In various earlier research projects at TU Delft (see subsection 4.3), the idea of
deforming concrete after casting has already been explored, mostly only theoret-
ically but in few cases also experimentally. Although these researches obviously
also aimed at application of the method at industrial scale, a thorough research with
respect to aspects related to concrete technology was never carried out, at least not
to the knowledge of the author of the present thesis. For industrial application of the
method it would be important to fully understand the process and have control over
the relevant parameters. Starting from the simple idea as illustrated in Figure 8.1,
existing theory was reviewed first to find out whether models could be found that
can help to describe the flexible mould process.

8.2 Theory

8.2.1 Modelling the fluid phase: Bingham model

Many fluids can be described using the Newtonian model, which is the most simple
model used for fluids. A Newtonian fluid shows a linear relation between internal
deviatoric1 stresses and flow. The Newtonian model implies that flow will directly
start at the smallest possible deviatoric stress. Fresh concrete, however, is considered
a non-Newtonian fluid, which is a category of fluids for which the apparent viscosity
depends on the speed at which it is deformed (Zienkiewicz et al., 2005, p6). More
specifically, directly after mixing, fresh concrete is often modelled as a Bingham fluid,
a subset of non-Newtonian fluids (Bingham, 1922; Ferraris and De Larrard, 1998;
Wallevik, 2005; Roussel et al., 2005; Kovler and Roussel, 2011). Bingham was an
American scientist (1878-1945) that did pioneering work in the field of measuring
and describing the behaviour of viscous materials. Concrete rheology, the field
of science that studies the behaviour of fluid concrete, makes extensive use of the
findings of Bingham. A Bingham fluid has characteristics which clearly distinguish
it from Newtonian fluids. The most conspicuous characteristic is the ability of Bing-
ham fluids to sustain deviatoric stresses without flowing: before a Bingham fluid will
start to flow, a certain minimal shear stress needs to be exceeded, defined as the
yield strength of the fluid. Other viscous fluids that have a similar ability to resist a
certain threshold value of shear stress without flowing are, for example, toothpaste,
mayonnaise and various mud-like soils.

Figure 8.3 on the following page shows the relation between shear rate and shear
stress for various classes of fluids. The slope between each of the lines and curves
and the horizontal axis is the plastic viscosity, so the steeper the line, the thicker
(more viscous) the fluid is. Curve 3, line 4 and curve 5 all three represent fluids
that will start to flow at the smallest amount of shear stress; these curves cross the

1The definition of isotropic and deviatoric stresses is worked out in Appendix H on page 337
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Figure 8.3: Shear rate - stress relation for different classes of fluids - visible is
that a Bingham fluid (line 2) will not start flowing (shear rate > 0)
at a shear stress below a certain minimum value on the vertical axis,
contrary to a Newtonian fluid (line 4)

origin of the graph. Curve 1 and line 2, however, are fluids that start flowing only
after a certain yield strength is overcome; their curves cross the vertical axis at a this
certain yield strength. The rheological behaviour of a Bingham fluid (line 2) can be
described by a two-parameter linear model using the Bingham equation:

τ = τ0 + µγ̇ (8.1)

where: τ shear stress Pa
τ0 shear yield strength in rest (minimal shear

stress necessary to start movement of
concrete)

Pa

µ plastic viscosity (resistance of concrete to a
given shear strain rate)

Pa · sec

γ̇ shear strain rate (= ∂γ/∂t) rad/sec

In complex concrete flow situations, such as pumping through narrow pipes, more
advanced non-linear rheological models sometimes are applied, such as the ’Her-
schel–Bulkley’ or ’power-law’ models (Wallevik and Wallevik, 2011). Use of the
linear Bingham model, though, has the advantage that it is a relatively simple model,
for which the flow behaviour can be described by only two material parameters: τ0
and µ. These parameters furthermore can be estimated or determined using empir-
ical tests such as the slump test (to determine τ0) or by direct measurement using e.g.
a rotational viscometer (to determine both τ0 and µ). Both test methods also have the
advantage of being available in the Stevin lab for experimental work in the present
thesis, and furthermore are validated and widely accepted. Many numerical values
can be found in literature, allowing comparison with the test results of the present
research.
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In the last two decades much progress has been made in understanding and con-
trolling the rheological behaviour of concrete mixtures. The widespread application
of self-compacting concretes (SCC’s) nowadays is one of the most important results
of this progress. Many publications on SCC’s use the Bingham model.

To give an indication of the order of magnitude of the numerical values of the
properties, SCC’s have a rather low yield strength (typically 5 to 50 Pa) and as a result
are easily flowing or even have self-levelling behaviour. Conventional Vibrated
Concretes (CVC’s) have a much higher yield strength (typically 300 to 750 Pa), do not
flow easily, and need compaction through vibration, where vibration overcomes the
yield strength through local acceleration. The plastic viscosity of SCC’s is typically
in the range of 15 to 120 Pa · s (yield strengths and viscosity taken from Wallevik and
Wallevik, 2011). A further illustration of several SCC-classes is given in Figure 8.4.

Based on the wide acceptance and the practical advantages mentioned above, the
Bingham model was chosen to describe the fluid phase in the present research.

Figure 8.4: Rheograph indicating SCC yield strength and viscosity; LV=low-
viscous; HY=high-yield (taken from Wallevik and Wallevik, 2011)

8.2.2 Strength development in the first hour

Introduction

Now that a description of Bingham fluids has been chosen that presumably can be
used for the modelling of the fluid phase, it is also necessary to gain understanding
of what happens inside the concrete during the hardening in the first hour(s). From
literature, it appears that two processes in the fresh concrete take place after casting,
that will be described in more detail on the following pages:

1. thixotropic stabilisation (also known as flocculation): as soon as the mixture is
in rest, a structural build-up of fine particles starts. This build-up leads to an
increase of yield strength τ0, known as thixotropic behaviour. This structure
can be reduced again by application of shear, e.g. by vibration or remixing, or
possibly also by the mould deformation itself. Wallevik (2005, pp 5-12) writes:

“a thixotropic liquid is a sample with an internal structure. During
shear the structure is broken down and at rest the structure is rebuilt.
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The breakdown as well as rebuilding of the structure takes time and
is dependent on the material properties”.

2. hardening: hydration starts to form chemical CSH-products2 in the cement
paste matrix, that after some time start to bridge the open space between ag-
gregate particles. Initially, these bridges can be easily broken, but gradually
the fresh state mixture will become “green” concrete with growing strength.

Thixotropic stabilisation

Thixotropy is a specific type of rheological behaviour. Concrete is considered thixo-
tropic “if it seems to flocculate rather quickly at rest and becomes apparently more
and more fluid while flowing during typically several tens of seconds” (Roussel,
2006b). It is this effect that may be used as advantage in the flexible mould process,
as the yield strength of the mixture is increasing when left in rest after casting (step 3
in Figure 8.1 on page 123). Due to this effect, it may build up sufficient yield strength
not to flow out of the mould under slope arising during deformation. Furthermore,
it may be still possible to deform the fresh concrete, if it is still plastic enough to
strain without cracking.

As a literature study of Van Breugel (1997) indicates, during the time of that
publication it was generally known that in the first hour after mixing the fresh state
concrete is still in the so-called dormant stage3. During this stage the cement paste
matrix has not yet formed strong bonds between the aggregate particles, and the
behaviour of the fresh state mixture is mainly determined by attraction and repul-
sion forces between particles, in some literature described as “network of colloidal
interactions” or “flocculation”. Roussel (2006b) initially also considered it reasonable
that there exists a period for a “couple of thousands seconds” in which irreversible
effects of hydration are not yet dominating, a period in which colloidal or thixotropic
behaviour is dominant.

In Roussel (2006b) a classification for SCC’s was proposed into three categories of
thixotropic behaviour (see Table 8.1). This classification might prove useful to come
to a controlled increase in shear yield strength in the present research, and help to
determine the correct waiting period suggested in Figure 8.1.

For example, a fresh SCC mixture tested in Roussel (2006b) started off at a yield
strength of τ0 = 45 Pa and showed an increase in apparent shear yield strength (floc-
culation rate) of 0.26 Pa/s, which after 900 s (= 15 min) resulted in a yield strength

2The term CSH (calcium-silicate-hydrate) is based on cement chemistry notation (C=CaO, S=SiO2 ,
H=H2O)

3“On contact with water cement grains immediately start to react. This early reaction period, which
lasts for only a few minutes, is termed the pre-induction period” ... “The figures show that after a few
minutes a stable concentration is reached which remains so for a period of at least 180 minutes.The
rapid early reactions in the first few minutes are followed by a period of low reactivity. This period is
known as the induction period or dormant stage. The length of this period depends on the fineness of
the cement, the temperature and the chemical composition of the cement (including the gypsum content
and admixtures). The dormant stage will generally not exceed 5 hours. From the figures” ... “it can be
concluded that during this period the chemical composition of the aqueous phase will remain more or
less constant.” (Van Breugel, 1997)
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Table 8.1: Classification of SCC’s according to their flocculation rate (Roussel,
2006b)

flocculation rate Athix[Pa/s] SCC type
less than 0.1 non-thixotropic SCC
between 0.1 and 0.5 thixotropic SCC
higher than 0.5 highly thixotropic SCC

of around 280 Pa. After mixing for 3 to 4 min, this full strength development could
be made undone, showing the reversibility of the thixotropic process. If, for our
application, the same medium-thixotropic mixture would be tested after a resting
period of 30, 45 or 60 min, one could expect shear yield strengths of 513, 747 or 981 Pa,
respectively, as a result of this thixotropic stabilization. This extrapolation was not
performed in Roussel (2006b), since only the first 15 minutes were researched. One
might, however, expect the trend of increasing yield strengths to be also valid bey-
ond 15 minutes. This will need to be investigated.

Considering all the above, the following scheme can then be used
to describe both short, medium and long term evolutions of fresh ce-
ment pastes [24,39] at rest during the dormant period:

• At the end of mixing phase, cement particles are dispersed (Fig. 9(a)).
• Because of colloidal attractive forces, cement particles flocculate in
a few seconds and form a network of interacting particles able to re-
sist stress and displaying an elastic modulus (Fig. 9(b)).

• Simultaneously, at the pseudo contact points between particles
within the network, nucleation of CSH occurs although the material
is still in the dormant period. This nucleation turns locally the soft
colloidal interactions between cement particles into CSH bridges.
As a consequence, at the macroscopic scale, the elastic modulus in-
creases. After several tens of seconds (e.g. 100 s in Ref. [17], and 30 s
here, see below), a percolation path of particles interacting purely
through CSH bridges appears (Fig. 9(c)).

• Further increase of the macroscopic elastic modulus comes from an
increase of the size or numbers of CSH bridges between percolated
cement particles (Fig. 9(d)).

3.2.3. Kinetics of rigidification
In order to go further in the analysis, we consider now a percola-

tion path in the cement particles network (i.e. a succession of inter-
acting cement particles able to transfer a macroscopic stress lower
than the yield stress while keeping their respective positions). After
the rigid percolation phase, this percolation path can be seen as a suc-
cession of cement particles interacting via rigid interactions due to
CSH nucleation in the pseudo contact zones between these particles.

We assume that the bridges formed by the CSH between these
cement grains can be considered as cylindrical homogeneous links of
length H (the inter-particle distance) and of diameter D (see Fig. 10).
We will consider in the following that both H and D are of the order of
a couple nanometers whereas the diameter of the cement grains d is
of the order of 10 μm. The elastic modulus G′CSH of the CSH forming
the link can be found in literature and is of the order of a few tens of
GPa [40].

From the simple geometry shown in Fig. 10, it is first possible to
show that, when a macroscopic stress is applied to the system, be-
cause of geometry effects, the stress concentrates in the CSH bridge.
As a first approximation, it is possible to write that the macroscopic
stress τmacro applied to the percolated network and the local stress
in the CSH bridge τCSH are related by τmacrod

2≈τCSHD2. The stress in
the CSH bridge is therefore 108 times higher than the macroscopic
stress.

Strain also concentrates in the CSH bridge. This local strain can be
estimated as being d/H≈104 times higher than the macroscopic
strain γmacro. Therefore, when the rigid critical strain of order 10−2%
is applied to the system, the local CSH strain is of order 100%. This

can be considered as an unusually high value for the fracture strain
of rigid mineral solids but it is a standard order of magnitude for a
dense suspension of elongated colloidal particles such as CSH pellets
[40].

Keeping in mind that τmacro=G′macroγmacro and τCSH=G′CSHγCSH,
it is possible to write that G′macro=G′CSHD

2/dH. We then expect
from this relation a macroscopic elastic modulus after the rigid perco-
lation phase 104 times lower than the elastic modulus of the CSH, i.e.
of the order of 1 MPa. This is not far from the values shown in Figs. 3
and 5 and close to the values obtained in Ref. [17]. It can be noted
that, in order to get more quantitative values of this modulus, one
would need to know the exact typology of the percolated network
and use micromechanical models taking into account the exact geom-
etry of the percolated path under consideration. This is however far
beyond the scope of this paper.

Having checked the global consistency of our assumptions, we can
now go further. We assume that the ongoing CSH nucleation in-
creases the cross section of the CSH bridges.

As the heat of hydration, after the initial peak, is constant in the
so-called “dormant” phase, it is possible to assume that the volume
of hydrates at the contact points increases linearly with time. As the
inter-particle distance H is fixed (i.e. the cement particles network
spatial configuration stays unchanged [17]), D2 increases linearly
with time and the macroscopic elastic modulus of the cement paste
(i.e. the strength of the cement particles network interacting through
CSH bridges) G′macro=G′CSHD

2/dH should also increase linearly with
time. This is the case in Fig. 5 after a few hundred seconds. This
would mean that, within the above theoretical frame, the colloidal
percolation phase ends a few seconds after the end of the last strong

b c
t = 0s t = a couple s t = several 10s t >100s

a d

Fig. 9. Network(s) of interacting cement particles in the dormant period. All times are given as orders of magnitude. (a) Cement particles are dispersed at the end of the mixing
phase; (b) A couple of seconds after the end of mixing, cement particles are flocculated forming a percolated network of colloidal interactions. Darker particles belong to a perco-
lation path; at the pseudo contact points between particles, nucleation of CSH (black and white dots) starts immediately to turn locally the soft colloidal interaction between cement
particles into a far more rigid interaction; (c) All the particles in the percolation path (black particles) are linked by CSH bridges forming a percolated rigid network in the material;
(d) The elastic modulus of the mixture keeps on increasing as the size of the CSH bridges (black and white dots) increase.

Fig. 10. CSH bridge between two cement grains.
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of the order of 10 μm. The elastic modulus G′CSH of the CSH forming
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From the simple geometry shown in Fig. 10, it is first possible to
show that, when a macroscopic stress is applied to the system, be-
cause of geometry effects, the stress concentrates in the CSH bridge.
As a first approximation, it is possible to write that the macroscopic
stress τmacro applied to the percolated network and the local stress
in the CSH bridge τCSH are related by τmacrod
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the CSH bridge is therefore 108 times higher than the macroscopic
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estimated as being d/H≈104 times higher than the macroscopic
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is applied to the system, the local CSH strain is of order 100%. This
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that, in order to get more quantitative values of this modulus, one
would need to know the exact typology of the percolated network
and use micromechanical models taking into account the exact geom-
etry of the percolated path under consideration. This is however far
beyond the scope of this paper.

Having checked the global consistency of our assumptions, we can
now go further. We assume that the ongoing CSH nucleation in-
creases the cross section of the CSH bridges.

As the heat of hydration, after the initial peak, is constant in the
so-called “dormant” phase, it is possible to assume that the volume
of hydrates at the contact points increases linearly with time. As the
inter-particle distance H is fixed (i.e. the cement particles network
spatial configuration stays unchanged [17]), D2 increases linearly
with time and the macroscopic elastic modulus of the cement paste
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Fig. 9. Network(s) of interacting cement particles in the dormant period. All times are given as orders of magnitude. (a) Cement particles are dispersed at the end of the mixing
phase; (b) A couple of seconds after the end of mixing, cement particles are flocculated forming a percolated network of colloidal interactions. Darker particles belong to a perco-
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Figure 8.5: Development of CSH-bridges between cement particles during the
dormant period (Roussel et al., 2012)

Hardening

Contrary to the above mentioned “network of colloidal interactions” causing thixo-
tropic behaviour, in a recent publication on the thixotropic behaviour of cement
pastes (Roussel et al., 2012), it was shown that early hydration (CSH-nucleation
starting directly after mixing, see Figure 8.5) certainly is responsible for a far larger
part of the thixotropic behaviour than colloidal effects. These CSH-bridges can still
be broken again through powerful mixing and will rebuild as long as sufficient
reactive material is available, which explains the thixotropic behaviour that is ob-
served at macro scale. According to Roussel, the strains necessary for breaking
the initial CSH-bridges are in the order of magnitude between 1 000 and 50 000
με, which is in the same bandwidth as the strains expected as result of the mould
deformation process, as we will see later (see Table 9.1 on page 169). The notion of
rebuilding strength after mixing, or, in our case, deformation, feeds the thought that
deformation after casting does not necessarily result in damage, since the material is
still fully reactive. Also this needs further investigation.
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8.2.3 Concrete under slope

As could also be seen in Figure 8.1 on page 123, curving a formwork leads to a
slope of this formwork with the horizontal plane, which, for a very fluid concrete,
will make the concrete flow to the lower part of the mould due to gravity. The
self-compacting, self-levelling mixtures that are often used for architectural concrete
are actually designed to show exactly this type of easy flowing behaviour. This initial
high fluidity will not be beneficial if a limited waiting period before deformation is
desired. What growth in yield strength is actually necessary to allow this deforma-
tion without concrete flowing out of the mould?

This necessary shear yield strength, denoted here as τ0;crit, may possibly be estim-
ated using equation (8.2), proposed by De Larrard (1999). The equation, stemming
from soil mechanics (see Figure 8.6) was used by De Larrard to determine the critical
shear yield strength for a stable layer of concrete cast under a slope, an application
often found in civil engineering projects during the casting of ramps etc.

τ0;crit = ρ · g · h · sin(θ) (8.2)

where: τ0;crit critical shear yield strength of concrete
under slope

Pa

ρ density of the concrete kg/m3

g acceleration of gravity kg ·m/sec2

h height of concrete m
θ slope angle rad

Reducing the mould to a slope without edges might be somewhat of an oversimpli-
fication of the stress situation in the concrete, since the edge of the mould also give
some support to the fresh mixture (see Figure 8.6, right image). For larger elements
however, the edge of the mould is not always nearby, and with varying curvature,
the edge may for some parts of the element also be on the upper end of the slope,
not giving any support at all. In this research therefore equation (8.2) will be used,
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Figure 8.6: left: Critical shear yield strength τ0;crit of concrete under a slope
(after De Larrard, 1999); right: Translation to the case of a mould
with fresh concrete (RS / P. Raghunath)
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as it is considered on the safe side with respect to overflowing of the mould: it does
not rely on any horizontal support, but just on the internal shear strength of the fresh
concrete.

Note that in formula (8.2) the critical yield strength τ0;crit is the only rheological
parameter. The plastic viscosity µp is not reflected in the formula, which is due to
the fact that this parameter only plays a role in the dynamic situation during casting
and not in the static stress distribution in rest after casting. To allow deformation,
the initial yield stress in rest τ = τ0 should first increase to τ0;crit (Figure 8.7).
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Figure 8.7: Increase in yield strength τ0 over time until τo;crit is reached

8.2.4 Relation between slump and shear yield strength

In order to determine the development of yield strength at several moments during
the process, a testing method is needed. A relatively simple way to determine the
workability of concrete is the slump test (NEN-EN-12350-2, 2009), although it does
not directly give numerical data on the yield strength. The values resulting from the
slump tests, however, were empirically linked4 to the yield strength by Ferraris and
De Larrard (1998), using a BTRHEOM viscometer to measure the yield strength for
the same mixtures tested with the slump cone:

τ0 =
ρ

347
· (300− S) + 212 (8.3)

where: τ0 yield stress Pa
ρ density of the concrete kg/m3

S slump value, measured with Abram’s cone mm

4In chapter 8 (experiments in 2010-2011) this relation was used; in chapter 9 more recent work of
(Mueller et al., 2014) will be studied and applied.
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Figure 8.8: Minimal yield stress τ0 and maximal slump value S necessary for
casting under slope θ for concrete layers with thickness h (for ρ =
2 350 kg/m3), according to Equations 8.2 (left graph) and 8.4 (right
graph). Example shown with arrows: if a concrete layer of thickness
h = 0.05 m (the red dashed line) is cast under a slope of 30o, from
the left graph it can be found that a critical shear strength τ0;crit of
just below 600 Pa is necessary for a stable slope. According to the
right graph, this corresponds to a maximum slump value of around
S = 250 mm.

Combining Equations 8.2 and 8.3 yields the maximum slump S for casting under
a slope θ:

S ≤ 73564 + 300ρ− 347 · ρ · g · h · sin(θ)
ρ

. (8.4)

For several values of the concrete element thickness, the necessary yield strength
τ0 and the maximum slump value S measured with Abrams cone can now be plot-
ted against the slope of the mould θ (see Figure 8.8). For moderate slope angles
(< 30o) an almost linear relation between slope angle and necessary yield strength
is obtained. For the thinnest layer of concrete (h = 0.025 m) a critical shear yield
strength of around 300 Pa is needed for a stable slope of 30o, whereas for a thick
layer of concrete (h = 0.100 m) a critical shear yield strength of around 1 150 Pa
is needed for the same slope. The corresponding slump values for both examples
are S = 290 mm and S = 160 mm, respectively. Although the first slump value is
outside the range that was researched by Ferraris and De Larrard (1998) to establish
the empirical relation between slump and yield strength, it can be interpreted as a
still very plastic concrete. From this it can be concluded that for thin layers under
a gentle slope, only a limited shear yield strength is necessary. In chapter 9 further
work will be done on this aspect.
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Figure 8.9: The natural deflection of steel bars - clearly visible here - is a function
of diameter, self weight and support positions (Maasbrug Roer-
mond, image Peter Wijnands Photography)

8.2.5 Bending of reinforcement

In traditional formwork systems a curved shape of the steel reinforcement can be
achieved by pre-bending the bars. This task is often performed off-site with auto-
mated bending equipment, but for small diameters (up to ∅16) it can be done manu-
ally, although this is a laborious and heavy job (Lauppe, 2012, p19–20). After bend-
ing, these pre-curved bars are placed in or on the formwork.

For large radii one may even rely on the natural flexibility of the bars (see Figure
8.9). For large shell structures with limited curvature, the natural flexibility is often
sufficient to follow the shape of the formwork. However, the natural flexibility
diminishes rapidly with increasing diameter: the bending stiffness is a function of
∅4. For small elements with strong curvature (small radius) bars usually need to be
forced into shape by plastic deformation.

In the present research, the deformation of the formwork after casting inevitably
confronts us with the question which reinforcement can be used, since generally, one
cannot expect that steel bars will automatically deform together with the formwork.
Before looking at alternatives such as short fibres or textiles, a brief investigation
is done to find out up to which curvature and for which diameter traditional steel
reinforcement can still be used for the flexible mould method.

It is to be expected that the steel bar will resist forced displacement as a result
of its own bending stiffness, but that the fresh concrete around the steel bar, up to
an unknown extent, is able to provide counter-forces that will guide the bar in the
imposed shape. Figure 8.10 on the following page illustrates this: if the formwork,
containing fresh concrete that has stiffened for a certain period and steel rebar, is



134 First flexible mould viability tests

 

A 

B 

C 

D 

E 

Figure 8.10: Contact forces between fresh concrete and reinforcement bar after
forced deformation of the formwork from position A to position B.
Image C illustrates an possible distributed contact stress pattern,
image D and E illustrate a discrete interpretation of the same.

deformed from the shape in image A to that in B, a steel bar with some bending
stiffness will resist the deformation in a manner similar to the distributed contact
stress pattern shown in image C. Factors that may influence this stress pattern are
expected to be at least the following:

1. the diameter and stiffness of the steel bar;

2. the self-weight of the steel bar;

3. the resistance of the concrete related to its strength development and the dia-
meter of the steel bar.

Using a similar Maple model as discussed in section 7.2, Janssen approached this
elastic problem that has various unknowns with a discrete approximation, as shown
in image D and E of Figure 8.10: for a 2 meter long mould, 6 support points were
imagined, each able to give a reaction force as a result of the displacement. Janssen
used a simple beam model to at least get an idea of the order of magnitude of
the reaction forces in the six support points, as a function of varying bar diameter
∅2−∅10 and curvature varying from R = 1.50 to R = 10.0 m in both upward and
downward direction. It was assumed that the concrete was put in a concrete layer
of h = 0.05 m with a cover of c = 10 mm from the lower surface. The weight of the
remaining 40 mm of concrete was contributed to the steel bar over an effective width,
depending on the diameter of the bar. It was concluded that, by approximation, a
steel bar ∅3 mm would follow a curvature of R = 1.5 m. For further details about the
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method, see Janssen (2011, Chapter 7). Other reinforcement options, such as short
fibres, flexible steel strands, carbon-, glass- or aramide-strands or -textiles will be
discussed later.

8.2.6 Discussion

The literature review of existing theory has resulted in a number of findings relevant
for the present research:

1. The Bingham model is often used to describe the behaviour of SCC in the fluid
phase; Bingham fluids have the property that a minimum shear stress has to
be overcome to make the concrete start flowing;

2. The theory and indicative figures of a.o. Roussel give both an explanation and
numerical values for the early strength development as a result of thixotropic
behaviour;

3. De Larrard’s theory shows that concrete can be cast under a slope and gives a
formula that can possibly be used for the situation of our flexible mould;

4. A relation between slump test and yield stress, given by Ferraris and De Lar-
rard, quantifies the development in yield strength over time;

5. It is possible to let steel reinforcement bars follow a limited curvature, depend-
ing on the diameter of the bar.

Based on this existing theory, in the following section, the next step in the wheel of
science is made in the next section: the postulation of a number of first suppositions.

8.3 Suppositions

The mould and the concrete in the mould are stimulated by the deforming support-
ing system to deform together into a specific and predefined curved shape. Normally
this is not the procedure to make complex concrete shapes: for such shapes generally
a completely closed formwork is used that is filled from above with a fluid concrete,
as was earlier seen in section 2.2.

Based on the notion of De Larrard, that stability of concrete under a slope is
possible as long as the yield strength of the concrete is sufficiently high, one might
expect that for geometries of which the maximum slope is not too steep, an open
mould might be applicable. De Larrard’s slope model can then be used to predict
the yield strength that is necessary for that specific mould geometry, based on the
extreme slope of the formwork.

The necessary yield strength may be the result of an initially stiff concrete, but
could also be reached by choosing a SCC mixture with thixotropic properties, that
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develops yield strength after casting through the growth of CSH-bridges. The pub-
lications of Roussel offer an indication for the speed of this yield strength develop-
ment.

The thixotropic bonds are still relatively weak in the first stages, as shown by
Roussel et al. Based on what is said about the strains necessary to break the initially
developed CSH-bridges, it is expected that deformation is still possible, and that this
will not lead to a concrete that becomes fully fluid again, as long as the deformation
is done slowly and without vibration. After that, still sufficient reactive material is
available to result in a fully hardened concrete element. The following suppositions
are now formulated:

supposition 1.1 Use of an open mould is possible, as long as the yield strength is
sufficiently high to result in a stable slope;

supposition 1.2 De Larrard’s slope model can be used for the flexible mould
method, by deriving the appropriate yield strength from the extreme values
of the slope of the deformed formwork;

supposition 1.3 During the hardening process deformation is possible without flow
or cracking as long as the right moment is chosen;

supposition 1.4 Steel reinforcement with sufficiently small diameters can be bent
and deformed together with concrete.

To allow testing of these suppositions, a number of experiments was designed.

8.4 Operationalisation

8.4.1 Mini-deformation and mini-slump tests

Firstly, to test whether the use of an open mould is possible (supposition 1.1), a
mini-deformation test was designed, to cast and subsequently deform small concrete
elements of 400× 100× 50 mm3 (L×W×H). The formwork was made out of flexible
material: a Bayer Vivak plate (PET-G-polyester) with a thickness of 1 mm, on which
four soft polyether foam edges were glued (50 × 50 mm2 in cross-section, quality
SG25 = specific weight 25 kg/m3). Five formworks were prepared (see Figure 8.11,
left), to allow deformation at different moments in time and in different curvatures.
The application of curvature was possible by lifting the middle of the mould.

The mini-deformation tests were designed to allow qualitative observations of
what happens during deformation: will the concrete stay in the mould, or will it
flow over the edges? What waiting time is necessary? What is the influence of the
curvature? The test was, as a result of the limited number of viability tests, not
suitable to obtain statistically underpinned quantitative information, but it may give
a first idea of numerical values useful for further research.

Secondly, since only few slump cones with sizes according to NEN-EN 12350-2
were available, several mini-slump rings were made from PVC-pipe (inner diameter
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Figure 8.11: Left: mini-moulds for deformation test; right: simple mini-slump
tests using multiple PVC-rings (RS / Janssen, 2011)

x height: ∅112× 50 mm2), to fill them with fresh concrete and lift them at regular
intervals of time, to judge in a qualitative manner the development of stiffness of
the mixture (see Figure 8.11, right). The observations of the mini-deformation tests
are reported in subsection 8.5.1. The mini-slump-tests were used at several moments
during the viability study.

8.4.2 Concrete mixtures

Two mixtures were used for the experiments of the viability study (see Table 8.2 on
the next page). Both mixtures are self-compacting mortars rather than concretes:
mixture m1 has a maximum aggregate size of 0.25 mm, mixture m2 of 4 mm. Two
different super-plasticizers were used for the mixtures. Mixture m1 was earlier used
by Huyghe and Schoofs (2009) in their experiments (see section 4.4). In the present
research, a different plasticizer was applied, and the PVA-fibres were left out to in-
crease workability. Mixture m1 contained a significantly higher dosage of plasticizers
(fly-ash and fine quartz sand were added as mineral additives) than mixture m2,
which causes a retardation of the stiffness development. Based on the initial testing
with mixture m1 several adjustments were made for the second mixture. Due to
the larger maximum aggregate size mixture m2 is less homogeneous; the shortened
processing time and consequently better controllability of the production process
outweighed this disadvantage (Grünewald et al., 2012).

8.4.3 Single-curved deformation tests

To test the deformability for a larger scale element, also a test set-up was designed to
curve a strip of concrete with a height h = 0.05 m, a width w = 0.20 m and a length
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Table 8.2: Applied concrete mixtures in the viability study

ingredients [kg/m3]
mixture m1
(very fine)

mixture m2
(medium-course)

Cement CEM I 52,5 R 526.0 597
Fly-ash 663.0 164
Quartz sand 351.0 -
Superplasticizer Chryso
Fluid Premia 196 con 25%
SPL

41.0
(=2.66% of total
powder content)

-

Superplasticizer BASF
Glenium 51 con 35% -

4.22
(0.55% of total

powder content)
Water 299.7 239.6
sand 0.125-0.25 mm 108.0 188.4
sand 0.25-0.5 mm - 251.2
sand 0.5-1.0 mm - 376.8
gravel 1-2 mm - 314.0
gravel 2-4 mm - 125.6
gravel 4-8 mm - -
specific density: 1 989 2 261
other parameters:
water/cement ratio 0.63 0.41
water/powder ratio 0.21 0.32
cube compressive
strength
(average of 3 cubes
100x100x100 mm)

51.0 MPa (7 days)
78.0 MPa (28 days)

69.3 MPa (7 days)
82.3 MPa (28 days)
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L = 2.00 m. Like the moulds for the mini-deformation tests, also these moulds are
flexible: the base plate consisted of plywood (h = 3.8 mm) or steel (h = 1 mm), the
mould edges of polyether foam SG40 or cold foam SG55 with the same cross section
as described for the mini-deformation tests. The bending behaviour for the different
materials was modelled using the strip model described earlier in section 7.2.

The principle (see top image in Figure 8.12 on the following page) of the single-
curved deformation tests was to pre-define a curved shape by preparing various
resting points for the flexible mould with varying height. This was done by fixing
vertical plates of different heights on a base plate. Initially, the flexible mould was
levelled in a horizontal position by a supporting grid and a crane, as shown in the
top-left image. In this position, the concrete was cast and finished.

After a chosen waiting period, during which the stiffness development of the
concrete could be monitored using the earlier mentioned slump tests, the supporting
grid was lowered onto the resting points, thus carefully applying a curvature to the
flexible formwork and the concrete. In this curved position, as seen in the top-right
image, the concrete then would harden further. The lower three graphs in Figure
8.12 show the shapes that were tested, with a maximum radius varying from Rmax =
5.0 m to Rmax = 1.5 m and a maximum mould slope varying from θmax = 5.4o to
θmax = 24.6o. The observations during the single-curved viability experiments are
reported in subsection 8.5.2.

8.4.4 Double-curved deformation tests

A different mould system was designed to test deformability of large scale elements
and curvature in two directions. Although in subsection 4.3 more advanced systems
for computerized height adjustment were already discussed, for the present research
a simpler mechanism was used, which is manually controllable by adjusting the
height of nuts on a threaded bar (see Figure 8.13, left). The mould is supported
initially by a horizontally levelled plate to allow casting of the concrete. After the
chosen waiting period, this plate was lowered, until the mould was supported point-
wise by the grid of tubes that each slide over the thread bar and rest on the pre-
installed height on a nut and ring.

For the double-curved deformation tests, this principle was scaled up to a mould
capable of holding a concrete element of 1.90× 0.90× 0.05 m3 (L×w× h, see Figure
8.13, right two images). The formwork was made out of flexible material: initially
this was a plywood plate of 2.00× 1.00 m2 with a thickness of 3.8 mm, on which four
soft polyether foam edges were glued (50× 50 mm2 in cross-section, quality SG25).
In some of the tests, a more advanced support system with thin strips was used, but
this is not relevant for now and will be discussed elsewhere.

The shapes for the double-curved elements were derived from the virtual build-
ing shape described earlier in subsection 6.2.1. Figure 8.14 on page 142 shows this
shape and its dimensions, as well a curvature analysis carried out in Rhinoceros 3D.
One might think of a free-form roof structure, which is divided in precast elements,
for example as shown in the line pattern. The two areas from where the elements
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R_max     = 5.0 m 

theta_max = 5.4 degrees A

R_max     = 2.5 m 

theta_max = 8.7 degrees B

R_max = 1.5 m

theta_max = 24.6 degrees

C

Figure 8.12: top image: test set-up and principle of single-curved deforma-
tion tests; lower images: three shapes with increasing maximum
curvature and maximum slope (adapted from Janssen, 2011)
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Figure 8.13: left two images: first idea for a simplified height adjustment system
- right two images: worked out set-up for double-curved deforma-
tion tests (Janssen, 2011)

were picked to work out in the experiments are circled. The element shape itself is
shown in Figure 8.15 on the following page.

From Figure 8.15 it can be seen that both selected elements are clearly double-
curved, element D with a positive Gaussian curvature, element A with a negative
Gaussian curvature. The difference in height between the highest and lowest point
of the upper surface of element D is 186 mm. The maximum local slope with the
horizontal plane is around 19.8o. The difference in height between the highest and
lowest point of the upper surface of the element A is 210 mm. The maximum local
slope with the horizontal plane here is around 27.7o. Although the virtual building
shape is only a surface with thickness 0, for both elements a height h = 0.05 m
(thickness of the curved plate perpendicular to the surface) was chosen. The heights
were translated to pin-heights for the mould set-up as shown in Figure 8.13 by
combining the 3D-surface with a 200× 200 mm square grid of pins, and measuring
the height at the crossing points of pins and surface, see Appendix C for more details
on this procedure. The results of the viability experiments with the double-curved
elements are reported in subsection 8.5.3.

8.5 Observations

8.5.1 Mini-deformation and mini-slump tests

The mini-slump tests with mixture m1 showed that this mixture remained very fluid
for a long period, with the following indicative slump flow : SF = 200 mm at t
= 2.5 hours; SF = 210 mm at t = 4 hours; SF = 190 mm at t = 5.5 hours and SF =
210 mm at t = 6.5 hours (see Figure 8.16 on page 143). It was observed that the chosen
method with PVC rings and sealing was not working optimally, since in some cases
the concrete stuck to the inner surface of the slump ring and thus was lifted together
with the ring. The above slump spread values therefore can not be seen as more
than a rough indication that the slump remains rather constant over time. It was also
observed that the viscosity of the mixture was rather high: it took 20 to 30 seconds
before the mixture would come to rest after the slump tests.

Mixture m2 demonstrated a much quicker stiffening: directly after mixing, using
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Figure 8.14: Top: virtual building shape, provided by Evolute; bottom left:
curvature analysis, minimum radius; the radii of this double-
curved surface vary between R = 1.31 m and R = 16.04 m.; bottom
right: Gaussian curvature analysis (K = κ1 · κ2), which varies from
K = −0.0191 m−2 to K = +0.0191 m−2

Figure 8.15: In Figure 8.14 the two areas were circled from which the elements
are picked for the experiments; the left element D is taken from the
red area and has a positive Gaussian curvature, the right element A
is taken from the blue area and has a negative Gaussian curvature,
indicating a saddle-like shape; the element sizes are approximately
2× 1× 0.05 m3. More details can be found in Appendix C (adapted
from Janssen, 2011)
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Figure 8.16: Mini-slump tests with PVC-rings for mixture m1 at t = 1:30 h:min
(left) ; mixture m2 at t = 0:45 h:min (right)

the Abrams cone, the slump flow spread was determined at SF = 870 mm, indicating
that the mixture was self-compacting and self-levelling (τ0 ≈ 24 Pa according to
equation 9.2 on page 173). Already at t = 0:45 h:min, the slump value using the
PVC-rings had reduced to S = 0, leaving the concrete in the shape of the PVC ring
after lifting (see Figure 8.16, right). It was, therefore, decided to use mixture m2 for
the remaining tests in the viability study.

The mini-deformation tests gave some useful results: it was observed that in case
of deformation at t = 0:30 h:min, indeed the concrete would partially, but not fully
flow down the slope, as can be seen in the left image in Figure 8.17. The intended
element height was h = 50 mm. A slope of around 14o was realized by lifting the
middle part of the mould for a positive curvature or the ends of the mould for a
negative curvature. For stability of the fresh concrete at this slope, according to
equation 8.4 on page 132 a shear yield strength of τ0 ≈ 300 Pa is necessary. The
element height in the middle however had reduced to 40 (middle) to 45 mm (edges)
and at the ends the height had increased to 52 (edges) to 55 mm. This made clear
that the concrete was still too fluid at the moment of deformation, so apparently
τ0 < 300 Pa. Unfortunately the mini-slump rings could not be used to obtain a
numerical value for the shear yield strength due to the absence of a real conical
shape, making the concrete stick to the rings. The larger difference in height at the
centreline of the element compared to the difference in height along the long edges
also indicated that friction between concrete and the long edges of the mould offered
some extra support to the concrete body, so the scale of the test might not be suitable
for showing the effects that would occur in a full scale concrete element.

After a longer waiting period, however, plastic deformation of the concrete at
t=0:45 h:min resulted in a more smooth and more even height of the element. This
can be observed in the right image in Figure 8.17. Even here, some height differences
of around 5 mm were observed.
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8.5.2 Single-curved deformation tests

Test 1

In test 1 geometry A of Figure 8.12 on page 140 was applied to the concrete. The
experiment is illustrated in Figure 8.19, page 147. The experiment consisted of a
concrete element with size 2.00× 0.20× 0.05 m3 that was deformed over a maximum
difference between the support heights of ∆z = 201 mm, a minimum radius of R =
5.00 m, resulting in a maximum slope of the mould with the horizontal of θ = 5.4o.
The element was reinforced with a double mesh of galvanized steel ∅3− 150, both
meshes positioned with a concrete cover of c = 10 mm from the bottom surface. As
a result of this, 4 thin steel bars were put in the length direction of the element. This
reinforcement was also connected to four stirrups, that were later used to lift the
element from the mould by crane (image 1 and 2 in Figure 8.19).

Concrete mixture m2 was prepared, which was not fully self-compacting and self-
levelling due to a quick rise in stiffness after mixing (image 3 and 4 of Figure 8.19).
Slump rings were filled and tested at several time intervals (image 4-7 of Figure
8.19). Also small prisms were cast and slightly tilted to observe the behaviour of the
concrete under a slope (image 8). Finally, at t = 0:45 h:min, the slump tests indicated
that the mixture had stiffened enough to deform the mould at t = 0:50 h:min after
casting (image 9).

During deformation, the mould successfully followed the predefined geometry,
while no cracks were visible during or after deformation. The concrete did not
flow down within the mould. After deformation, the concrete was covered with
cellophane foil to limit evaporation. The next day, the element was demoulded and
inspected. No cracks were visible, the steel rebar came nowhere at the surface of the
concrete. The element height had remained constant over the length, indicating that
the concrete had indeed not been redistributed over the mould length.

Figure 8.17: Observations during mini-deformation tests
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Test 2

In test 2 the same geometry A was applied as in test 1, but using a different mould
and edge materials, which for now is not relevant. The same procedure was applied
as in test 1, and with similar result. The experiment is illustrated in Figure 8.20 on
page 148.

Test 3

In test 3 geometry B of Figure 8.12 on page 140 was applied to the concrete. This
experiment again consisted of a concrete element with size 2.00× 0.20× 0.05 m3 that
was this time deformed over a maximum difference between the support heights
of ∆z = 93 mm, but with a smaller minimum radius of R = 2.50 m, resulting in
a maximum slope of the mould with the horizontal of θ = 8.7o. In Figure 8.21 on
page 149 the deformation process is illustrated by stills from a video sequence (image
4-6).

Despite of the stronger curvature and increased slope, the deformation, again
at t = 0:50 h:min after casting went successful and resulted in a concrete elements
without visible cracks and the correct shape. No steel was visible in the concrete
surface, indicating that the rebar had deformed together with the concrete. Wrinkles
were visible on the edges of the element as a result of the plastic foil that was used
to cure the concrete (image 10).

Test 4

In test 4 geometry C of Figure 8.12 on page 140 was applied to the concrete with
again a stronger curvature and steeper slope. The experiment again consisted of a
concrete element with size 2.00× 0.20× 0.05 m3, but was deformed this time over
a maximum difference between the support heights of ∆z = 246 mm, a minimum
radius of R = 1.50 m, resulting in a maximum slope of the mould with the horizontal
of θ = 24.6o. Images are visible in Figure 8.22 on page 150. This time the deformation
at t = 0:50 h:min after casting led to a large crack, appearing in the top surface of the
concrete in the middle of the element (image 8 and 9).

Test 5

In test 5 the same geometry C as in test 4 was applied once more, but the element
was deformed earlier, namely at t = 0:30 h:min after casting. Contrary to test 4,
now no cracks appeared, neither directly after deformation, nor after demoulding.
Since this element was deformed much earlier than in the previous 4 experiments,
it was checked if flow of fluid concrete had occurred from the higher to the lower
parts of the mould. This was done by measuring the element thickness over the full
length of the 2.00 m, at intervals of 0.10 m (see Figure 8.18 on the following page). It
was concluded that the concrete had slightly flowed to the lower parts of the mould
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1 2 3 4 5

Min. Thickness 45,5 mm.

Max. Thickness 51,0 mm.

Difference Thickness 5,50 mm.

Thickness 51,0 50,0 49,0 47,0 47,0 46,5 45,5 46,0 45,5 45,5 46,0 46,5 47,5 47,5 46,5 45,5 45,5 46,5 48,0 48,0 48,0

Average 47,1 mm.

Deviation average 3,9 2,9 1,9 -0,1 -0,1 -0,6 -1,6 -1,1 -1,6 -1,6 -1,1 -0,6 0,4 0,4 -0,6 -1,6 -1,6 -0,6 0,9 0,9 0,9

Figure 8.18: Measurement of element thicknesses over the element of experi-
ment 5 at intervals of 10 cm; visible is a slight increase in element
thickness in the lower parts compared to the middle part of the
element: left and right the thicknesses are51 mm and 48 mm, re-
spectively, while around the middle, the element thickness has a
minimum value of 45.5 mm (adapted from Janssen, 2011).

after the deformation, and therefore, the concrete was too fluid at the moment of
deformation, given the slope and curvature of this geometry.

8.5.3 Double-curved deformation tests

Test 6

In test 6 geometry D of Figure 8.15 on page 142 was applied to the concrete. The
experiment is illustrated in Figure 8.24 on page 152. The experiment consisted of a
concrete element with size 1.95× 1.00× 0.05 m3 that was deformed over a maximum
difference between the support heights of ∆z = 186 mm, a minimum radius of
R = 3.06 m, resulting in a maximum slope of the mould with the horizontal of
θ = 19.8o. The element was reinforced with a single mesh of galvanized steel
∅3− 100, positioned with a concrete cover of c = 10 mm from the bottom surface.
This reinforcement was also connected to four stirrups, that were later used to lift
the element from the mould by crane (Figure 8.24, image 1 and 10).

Concrete mixture m2 was prepared, which was self-compacting and
self-levelling, allowing an easy casting procedure (Figure 8.24, image 2 and 3). No
slump tests were carried out during test 6. Directly after casting, the casting side
was finished manually to obtain a smooth surface. At t = 0:45 h:min , the mixture
had gained sufficient yield strength for deformation, and the element was deformed
(Figure 8.24, image 6-9). The deformation went smooth, no cracks appeared during
this process, the concrete stayed in place and did not run down the slope. After
deformation, the element was covered with plastic to protect it against evaporation
(Figure 8.24, image 11). The next day, the element was demoulded. Apart from inac-
curacies due to local buckling of the formwork plate, which was discussed earlier in
section 7.3, the global shape of the demoulded element was correct. The hardened
concrete did not show visible cracks.
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Figure 8.19: Deformation test 1, single-curved element 2.00× 0.20× 0.05 m3,
∆z = 201 mm, Rmin = 5.00 m, slope θmax = 5.4o; deformation at
t = 0:50 h:min after casting
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Figure 8.20: Deformation test 2, single-curved element 2.00× 0.20× 0.05 m3,
∆z = 201 mm, Rmin = 5.00 m, slope θmax = 5.4o; deformation at
t = 0:50 h:min after casting
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Figure 8.21: Deformation test 3, single-curved element 2.00× 0.20× 0.05 m3,
∆z = 93 mm, Rmin = 2.50 m, slope θmax = 8.7o; deformation at
t = 0:50 h:min after casting - the wrinkles are the result of using foil
to protect the mould.
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Figure 8.22: Deformation test 4, single-curved element 2.00× 0.20× 0.05 m3,
∆z = 246 mm, Rmin = 1.50 m, slope θmax = 24.6o ; a crack is visible
in the middle (image 8 and 9); deformation at t = 0:50 h:min after
casting



Observations 151

 1  2  3

 4  5  6

 7

Figure 8.23: Deformation test 5, single-curved element 2.00× 0.20× 0.05 m3,
∆z = 246 mm, Rmin = 1.50 m, slope θmax = 24.6o ; deformation at
t = 0:30 h:min after casting
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Figure 8.24: Deformation test 6, double-curved element 1.95× 1.00× 0.05 m3,
∆z = 186 mm, Rmin = 3.06 m, slope θmax = 19.8o ; deformation at
t = 0:45 h:min after casting
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Figure 8.25: Deformation test 7, double-curved element 1.95× 0.90× 0.05 m3,
∆z = 186 mm, Rmin = 3.06 m, slope θmax = 19.8o ; deformation at
t = 0:45 h:min after casting
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Figure 8.26: Deformation test 8, double-curved element 2.00× 1.00× 0.05 m3,
∆z = 210 mm, Rmin = 1.73 m, slope θmax = 27.7o ; deformation at
t = 0:45 h:min after casting
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Test 7

In test 7, the same geometry and reinforcement were used as in the previous test.
This time, an improved formwork subsystem with strips was used, which was dis-
cussed earlier in section 7.4, to prevent the local buckling problem observed in test
6. The experiment is visible in Figure 8.25. Again concrete mixture m2 was used, but
this time the mixture was not self-compacting and self-levelling due to an uninten-
ded consequence of a slight variation in mixing procedure: the superplasticizer was
added to the mixture before the largest part of water was added, which reduced the
effectiveness of the superplasticizer. This lead to a quick rise in stiffness after mixing
(image 1). As a result of this, the casting went less easy, and mechanical compaction
with a vibration needle and manual finishing was necessary to obtain a well-filled
mould. Again at t = 0:45 h:min, the element was deformed (image 3-8 in Figure
8.24). The deformation went similar to test 6, but resulted in a smoother shape due
to the change in formwork subsystem. The demoulded element did not show any
visible cracks, but showed quite a rough mould surface as a result of the modified
mould material (foam manually smeared with silicones). Also colour differences
were visible directly after demoulding, which however disappeared in the days after
demoulding.

Test 8

In test 8 geometry A of Figure 8.15 on page 142 and Appendix B was applied to the
concrete. The experiment is illustrated in Figure 8.26. The experiment consisted of a
concrete element with size 2.00× 1.00× 0.05 m3 that was deformed over a maximum
difference between the support heights of ∆z = 210 mm, a minimum radius of
R = 1.73 m, resulting in a maximum slope of the mould with the horizontal of
θ = 27.7o. The element was again reinforced with a single mesh of galvanized steel
∅3− 100, positioned with a concrete cover of c = 10 mm from the bottom surface.
This reinforcement was also connected to four stirrups, that were later used to lift
the element from the mould by crane.

Concrete mixture m2 was prepared, which showed similar behaviour as in test 7,
making mechanical compaction necessary5. The casting side was finished to obtain
a smooth surface (image 1). At t = 0:45 h:min, the mixture was estimated to have
gained sufficient yield strength for deformation, and the element was deformed (im-
age 2-8). The deformation went smooth, no cracks appeared during this process, the
concrete stayed in place and did not run down the slope. The next day, the element
was demoulded. Apart from inaccuracies due to local buckling of the formwork
plate, which will be discussed elsewhere, the global shape of the demoulded element
was correct. The hardened concrete did not show visible cracks, the reinforcement
did not touch the concrete surface as far as visible from the outside of the element.
In the next subsection the position of the reinforcement will be discussed in more
detail.

5At this point we were not yet aware of the importance of the order of addition of water and plasticizer
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Figure 8.27: Laser scan of the saddle-shaped element cast during deformation
test 8

8.5.4 Geometry research

To evaluate the geometrical accuracy of the flexible mould method various laser
scans were made, using the Faro Laser Scanner Photon 120/20 (Eigenraam, 2013).
Two elements were analysed from the viability study deformation tests 7 and 8 from
page 153 and 154, respectively. The intended shapes D and A of these tests were
earlier discussed in detail in subsection 8.4.4. For this analysis, the shape of the top
surface was analysed, and the edges were not considered yet. Figure 8.27 shows a
scan of the element with shape A from test 8.

For the comparison, CloudCompare was applied, which is software that is able
to make a best fit between two point clouds. The software does so by applying an
advanced least-squares method. The following steps were taken:

1. The architectural surface was exported from the CAD software Rhino to a
triangle mesh file that could be read by CloudCompare;

2. The point cloud obtained with the Faro laser scanner was trimmed (irrelevant
parts were cut away) until only the surface of the concrete element remained.
Surroundings, such as the room in which the scan was taken, were removed
from the point cloud;

3. This trimmed point cloud then was also imported in CloudCompare;

4. A best fit was calculated (defined as 3 translations and 3 rotations of the archi-
tectural shape from Rhino relative to the scanned point cloud from the laser-
scan), and finally

5. The distances between the architectural surface and the measured concrete
element were calculated and set out in a histogram and colour graphs.

Figure 8.28 on page 158 shows the outcomes of the comparison of the two elements.
For element shape D from test 7 the largest differences were -6 mm and +9 mm.
The histogram indicates that panel surface overall is mostly within a few mm of the
intended shape. For element shape A from test 8 larger inaccuracies are measured:
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Table 8.3: Measured element thickness and concrete cover in x and y direction
on reinforcement for test 6, 7 and 8

test 6 test 7 test 8
min 42.0 38.0 37.0

thickness [mm] average 47.1 46.0 44.4
max 54.0 52.0 49.0
min 10 5 4

cover x-direction [mm] average 11.2 8.1 9.7
max 12 10 18
min 13 6 7

cover y-direction [mm] average 16.0 12.0 11.5
max 24 19 15

between -44 mm and +39 mm, especially at the corners; the histogram indicates,
though, that most of the panel is within the range -10 to +10 mm. In this analysis
the position of the edges was not taken into consideration yet, since no accurate
geometrical model was available. It is expected that these edges would also have
shown rather large differences, though.

8.5.5 Position of reinforcement after deformation

In the deformation tests described above, thin galvanized steel reinforcement bars
were applied with a diameter of only 3 mm. As a result of the flexibility this thin
rebar was able to follow the imposed deformation without displacement relative to
the upper and lower concrete surface. Both the developed yield strength of the fresh
concrete and the self weight of concrete and rebar helped in guiding the rebar into
its deformed shape. Janssen (2011) calculated for diameters between 3 and 10 mm
the necessary forces for curving the rebar into radii between 1.5 and 10 m, showing
that, as expected, the smaller the radius of curvature, the thinner the rebar needs to
be, to follow the deformation without large forces becoming necessary to keep the
rebar in place.

The concrete panels produced during test 6, 7 and 8 were cut into eight segments
each to investigate the position of the reinforcement (∅ = 3 mm at c.t.c. distance
100 mm in both directions). In the second part of Appendix C from page 277, the
measurements of the element thickness and the concrete cover on the reinforcement
of these panels are shown.

The summarized results are presented in Table 8.3. Figure 8.29 on page 159 shows
one segment. It is concluded that the intended element thickness of 50 mm was not
reached, and that all panels are slightly thinner (44 to 47 mm average thickness). The
concrete cover in the longitudinal (x-) direction of the elements is in the range of 8.1
to 11.2 mm. Although the intended 10 mm cover was not reached at many positions,
the reinforcement has clearly followed the overall curvature of the elements without
problems, especially if we take into account the large vertical displacements during
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(a) element shape D from test 7 - largest differences -6 mm and +9 mm, histograms
indicates that panel surface overall is mostly within a few mm of the intended shape

(b) element shape A from test 8 - here larger inaccuracies are measured: between -44 mm
and +39 mm, especially at the corners; histogram indicates most of the panel is within
range -10 to +10 mm

Figure 8.28: Calculated distance between the architectural element and the
laser-scanned concrete element - only the top surface is compared
now, so edge position remains to be studied
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deformation (186 mm for test 6 and 7, 210 mm for test 8). In this perspective the
measured bandwidth of the cover on the reinforcement in x-direction is relatively
small, although the minimal covers are not acceptable from a durability point of
view, even not for galvanized steel (Gowripalan and Mohamed, 1998). Values lower
than 10 mm can also be partially explained by the fact that the distance-holder at
many points was slightly pressed into the soft mould surface. The concrete cover in
perpendicular (y-) direction shows a larger bandwidth. Still, the reinforcement has
roughly followed the shape of the panel. Although, in the cut samples, no voids were
observed between hardened concrete and reinforcement bars, it cannot be ruled out
that the deformation of the plastic concrete and the embedded reinforcement may
locally have led to a loss or reduction of bond between steel and concrete.

Other materials are available for reinforcing the concrete, such as short steel
fibres, short carbon or aramide fibres or strands of steel, carbon or aramide. These
possibilities for reinforcement will be discussed later in this thesis.

8.6 Data analysis

8.6.1 Mini-slump tests

The mini-slump indicated that mixture m1 remained too fluid during the first 6.5
hours of the test, so that the use of this mixture would practically lead to a process of
mixing and casting in the morning and deformation in the afternoon or evening. At
this point in the research it was still a question whether with a lower dosage or differ-
ent type of plasticizers also mixture m1 could be used in a more controlled manner.
Mixture m2 resulted in a stiff mixture within the first hour after mixing and casting
of the fresh concrete. For both laboratory and concrete factory the use of mixture m2
was considered beneficial compared to mixture m1. The 28-day compressive strength
of mixtures m1 (78.0 MPa) and m2 (82.3 MPa) were almost the same. Considering the
quite different workability of the batches prepared for test 6 (self-compacting) on the
one hand and test 7 and 8 (both needed vibration) on the other hand, while using the

Figure 8.29: Cross-section of the element from test 8 after cutting: the reinforce-
ment has followed the curvature within reasonable accuracy
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same recipe, it can be concluded that the process of preparing the concrete was not
fully controlled, and was critical to unknown factors.

8.6.2 Mini-deformation tests

From the mini-deformation tests it was concluded that the scale of the mould has
influence on the imposed deformation: in a small mould relatively much of the
concrete volume sticks to the edges of the mould. Due to this, shear forces will be
working between concrete and edge in a situation that the mould is under a slope.
In a small mould, the concrete will be kept in position by friction forces along the
mould edges, more than in a large mould.

It was further observed that concrete in cases of a too fluid mixture did not flow
completely out of the mould, but would only redistribute itself partially within the
mould, leaving some parts thinner, and other parts thicker than intended and thus
reducing the slope of the top surface of the concrete. Based on these observations, the
flow criterion proposed by De Larrard in equation 8.2 on page 130 should perhaps
not to be seen a sharp borderline between flowing and not flowing, but as the point at
which such plastic redistribution is expected. The extent to which this redistribution
takes place could then e.g. be dependent on the difference between the calculated
yield strength for a stable slope and the real yield strength at that moment. De
Larrard in his article uses a safety factor of 1.5 to prevent flow of fresh concrete
from a slab cast under slope, but does not give information on the accurateness of
the equation based on empirical data. In none of the mini-deformation tests, cracks
occurred after deformation or hardening, so apparently the concrete was not too stiff
to deform.

8.6.3 Deformation tests

In Table 8.4 the data from the deformation tests are presented, from both single- and
double-curved elements. For each test the results are expressed in the last columns,
using two simple criteria:

1. were cracks visible after deformation and hardening?

2. did the concrete flow from one part of the mould to another, as a result of still
being too fluid at the moment of deformation?

If both questions are answered with ’no’, a test is considered successful. It can be
seen that only test 4 and 5 were unsuccessful, due to cracking and flowing, respect-
ively.

Is is noted here that the observation method with visible cracks is relatively
rough: hair cracks smaller than around 0.05 mm are hardly visible with the eye.
Furthermore it is noted that the height of the elements has been measured only for
the case in test 5 where a clear height difference due to flow was observed. Despite
these notes, the deformation test results were considered reliable to give qualitative
information that can be used for underpinning of the suppositions.
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Table 8.4: Viability study - deformation test results

test curvature ∆z
[m]

Rmin
[m]

θmax
[o]

τo;crit
[Pa] *)

tde f orm
h:min

cracks
visible?
concrete

flow?
success?

1 single 0.201 5.00 5.4 104 0:50 no-no-yes
2 single 0.201 5.00 5.4 104 0:50 no-no-yes
3 single 0.093 2.50 8.7 168 0:50 no-no-yes
4 single 0.246 1.50 24.6 462 0:50 yes-no-no
5 single 0.246 1.50 24.6 462 0:50 no-yes-no
6 double 0.186 3.06 19.8 376 0:45 no-no-yes
7 double 0.186 3.06 19.8 376 0:45 no-no-yes
8 double 0.210 1.73 27.7 516 0:45 no-no-yes

*) calculated value based on equation 8.2 on page 130, h = 0.05 m and ρ = 2 261 kg/m3

8.7 Empirical generalisations and testing of suppositions

Although generalisations are not fully statistically underpinned due to limited num-
ber of tests and exploratory character of the study, evidence for multiple supposi-
tions is found (see for the exact text of the suppositions section 8.3):

regarding supposition 1.1 Use of an open mould is possible; in only 1 out of 8
deformation test a clear redistribution of concrete after deforming the mould
occurred. Thickness of the elements could be controlled easily by filling the
mould with a self-levelling or very workable concrete mixture when the mould
still was in horizontally levelled position. This thickness would not change sig-
nificantly after deformation. The supposition also stated that the development
of a sufficiently high yield strength can be used as a boundary condition before
allowing deformation. Whether the shear yield strength is an accurate and
sufficient boundary condition to decide if deformation is possible at a certain
moment in time, could not be determined with full certainty, but all test results
point in this direction and give no contradicting results. Supposition 1.1 can
be considered tested and true.

regarding supposition 1.2 De Larrard’s slope model gives an indication on the yield
strength that is necessary to allow tilting the mould to a certain slope. Al-
though it could not be tested quantitatively, since the yield strength was not
measured during the viability study, qualitatively evidence was found that
De Larrard’s slope model is useful to define the shear yield strength value
above which flow of concrete in the deformed mould will no longer occur.
Supposition 1.2 can be considered tested and was found qualitatively true.
Numerical and quantitative underpinning needs to be done, though.
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regarding supposition 1.3 During the early hardening process deformation is pos-
sible without flow or cracking if the right moment to deform the mould is
chosen. Supposition 1.3 was tested and found true at a macroscopic level:
in 7 of the 8 deformation tests at least no visible cracks occurred; further mi-
croscopic research is necessary to test whether deformation does not lead to
damage at a micro-scale either and fully test the supposition.

regarding supposition 1.4 Reinforcement can be bent and deformed together with
concrete within reasonable accuracy; this was tested and found true. The
position of the reinforcement relative to the mould surface, though, was found
to show a bandwidth that would need further reduction in case of industrial
application.

Double curved precast load bearing concrete elements 

56 

6.4. Conclusions 

By making double curved elements, a self compacting mixture could 

be used. This gives the best work conditions and the easiest pouring. A 

self compacting mixture has a high plastic viscosity so it is very fast 

stable. This makes it a useful property for the flexible formwork.  

By making use of the rheology of the fresh concrete, the deform time 

could be determined. The deform time is the gray area of Figure 6-16. 

The exact values of this graph can not be determined. With a 

theoretical approach the strength of the fresh concrete can not be 

determined. The tests give a stable mixture after 45 minutes for 

mixture two. With scale tests it was not possible to determine the 

slump at time steps, and the deformability of the fresh mixture.  

In Chapter 8 tests are carried out on a realistic scale. With these test 

the graph is tried to determined. The best is to deform the concrete as 

soon as possible, the further it hardens the more cracks appeal.  
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Figure 6-16: Deformable area 
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Figure 8.30: left graph: slope θallowable of the mould is assumed to increase
linearly as a function of time due to linear development of the
shear yield strength τ0 in time; if an element after deformation has
slope θelement, from the graph t1 can be read - middle graph: the de-
formability εallowable is assumed to decrease over time, here plotted
as a (assumed) dashed curve; if an element during deformation
undergoes a strain εelement, from the graph t2 can be read - right
graph: both graphs combined in one figure making it possible to
read the timespan during which successful deformation is possible
(RS, improved version of Janssen, 2011)

8.8 Theory development

Based on the findings in the viability study above, it is possible to construct a model
that can help to understand and control the concrete technology aspects of the flex-
ible mould process. As discussed already in subsection 8.1.2, due to deformation of
the moulds, the concrete is exposed to two effects:

1. parts of the mould are tilted under varying slope θ with the horizontal plane,
and

2. as a result of both the imposed curvature κ and the stretching of the mould, the
concrete needs to follow the resulting imposed strains.
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For effect 1. it was demonstrated that equation 8.2 on page 130, proposed by De
Larrard, is useful, at least qualitatively, and perhaps also quantitatively. Assuming
that its quantitative validity for the flexible mould process can be proved in a later
stage, it is proposed to use this equation until a better model has been found or until
it is proved to be false. For effect 2., the stretching of the concrete, no theory has
been found yet, other than the one proposed earlier in Figure 4.6 on page 49 by the
author. The developed strain ε in the deformed concrete in that figure was assumed
to be proportional to the thickness of the concrete element and to the reciprocal of
the radius of curvature (κ = 1/R = dε/dz) over which the element is deformed,
similar to a bending problem in a linear elastic material. Any model should at least
address the two aspects mentioned here.

An important operational question that needs to be answered to control the pro-
cess is: at what moment in time should, for a given concrete mixture and a given geometry,
the deformation take place in order to result in a good concrete element? The proposed
model, for this reason, is time-based. The time of deformation tde f orm is defined as
the timespan between casting and the start of deformation of the mould. Two other
moments in time are important for the model:

t1 is defined here as the lower boundary time that needs to pass after mixing and
placing (after which the concrete is left in rest) to allow stabilisation, resulting
in a sufficiently high shear yield strength τ0;crit to put the mould under a slope
θ without the concrete flowing down in the mould.

t2 is defined here as the upper boundary time until which the concrete can still un-
dergo, without (unacceptable) cracking at a macro- or micro-scale, the strain ε
following from the deformed and curved geometry of the element.

If a thixotropic concrete mixture is used, an increase in shear yield strength in time
can be assumed to take place in the first period after mixing and for a mixture that
remains in rest prior to deformation. Roussel et al. (2012) found that in the first 15
minutes this increase is linear (see also subsection 8.2.2). We assume now that this
increase in shear yield strength may also be considered linear for a longer period
than the first 15 minutes. In the left graph in Figure 8.30 on the preceding page this
linear increase in yield strength, translated to an allowable slope θallowable using De
Larrard’s equation is plotted. Not much is known about the function that describes
the development of the deformability of the fresh concrete in time, only that is likely
to decrease more or less simultaneously with the increase of the early strength. In the
middle graph in Figure 8.30 this decrease in deformability, translated to an allowable
strain εallowable is plotted as a curve of which the exact shape is unknown yet. In the
right graph, the two moments t1 and t2 are plotted in a combined graph, defining
the timespan during which successful deformation is possible.

Until now, only in one test (test 4) the upper boundary t2 seems to have been ex-
ceeded, since a crack appeared during deformation of that test. By applying the same
geometry in test 5, but then with an t = 0:20 h:min earlier moment of deformation,
no visible cracks appeared.
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It is interesting to observe that the lower boundary t1 is depending on the slope θ,
whereas the upper boundary t2 is depending on strain, which on its turn is following
from the radius R. A consequence of this observation is that, for the theoretical case
of a mould that is given a steep slope θ, but which is hardly curved, so with a large
radius R, both t1 and t2 will move to the right in the graph, whereas the opposite
situation, with a very shallow slope θ but a small radius R, both boundaries will go
to left in the graph6.

Another interesting consequence is that, for the theoretical case where a steep
slope and a strong curvature are combined in the same panel geometry, t1 and t2
will approach each other, leading to a more critical timing: in the right graph in
Figure 8.30 this is expressed by the tapering shape of the hatched area that becomes
more narrow in the top. It is even imaginable, that certain geometries combine a
set of θ and R that will lead to an impossible situation, namely t2 < t1, in other
words: the slope is so steep, that at the time a sufficient yield strength is obtained to
withstand this slope, the concrete cannot be deformed any more without cracking.
For elements with such geometry, the flexible mould method may not be an appro-
priate production method. An example of an element that might have this problem
is shown in Figure 5.8 on page 71.

A model as presented here can be used to combine the geometry of any deformed
element and the characteristics of the concrete mixture that is applied to determine
the timespan that is delimited by the lower and upper boundaries t1 and t2. At this
moment however, not much information is available on the deformability, so this
needs to be studied further.

8.9 Concluding remarks

Exploratory experiments were carried out to obtain a first idea of the viability of
the flexible mould method. From the experiments, it can be concluded that it is
definitely possible to deform concrete after casting, using an open mould system,
thus producing single- or double-curved concrete elements. Casting or spraying
after deformation of the flexible mould is an alternative method, which, however,
was not further investigated in the present research. Elements with a thickness of
50 mm were cast and subsequently deformed. Curvature radii as small as R = 1.5 m
were realized. Deformation leads to a slope in the formwork; to withstand the
gravitational forces, the fresh concrete needs to have a minimal shear yield strength.
If a thixotropic SCC is used, the yield strength will increase quickly after casting,
allowing deformation within the first hour after casting; the use of self-compacting
concrete is preferable above conventional mixtures also for other reasons. Using SCC
enables easy filling of the mould; furthermore vibration is not desirable on a fragile
set-up as the one used for this method.

In the tests, thin steel reinforcement was used, which deformed along with the

6The last situation is more difficult to imagine, though, since it is geometrically impossible to create a
strong curvature without a resulting slope somewhere in the mould.
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concrete. In 6 out of 8 tests that were carried out in the present research, the obtained
curved elements did not show visible cracks or other deficiencies. In one test, a
crack appeared, in another test with similar geometry, but deformed earlier, the
concrete was somewhat too fluid and redistribution of concrete over the mould
length occurred. The four suppositions that had been framed before the experiments,
were tested and confirmed, although not all in a fully quantitative manner. Further
experiments are needed to provide for additional data. A model was proposed to
express the process in two functions: the development of the allowable slope of the
mould over time and the development of the allowable strain of the element over
time.

From this first round in the ’wheel of science’ the following aspects remain that
need further testing:

• The slope equation of De Larrard was only applied in a qualitative manner.
By measuring the yield strengths and comparing these values to the yield
strengths resulting from De Larrard’s equation applied to the slope of the de-
formed formwork, it can be checked whether this equation can be used to
define the minimal necessary yield strength from the slope in the flexible
mould method;

• It needs to be confirmed that deformation is possible without damage of the
micro-structure (in round 1 only the ’visible crack’-criterion was used; round 2
should aim for improved crack analysis and if possible microscopic research);
self-healing mechanisms may cure possible micro-cracks, since after deforma-
tion the CSH-reactions are proceeding; sufficient reactive cement is available
(deducted from what is known of self-healing mechanisms and crack size); it
would be interesting to test whether this indeed occurs;

• The function that describes the deformability needs further investigation by
determining the development of allowable strain over time;

• It is not clear how the deformation and the resulting strains are related to one
another;

• A further investigation of the rheological behaviour is needed, to see whether
the yield strength development and moment of deformation can be controlled
by, for example, the amount of plasticizer;

• The steel reinforcement after deformation remained within the panel, and fol-
lowed the deformation quite accurately at most positions. Locally, though, re-
duced or increased concrete cover was measured. The deformation might have
led to a loss of bond between reinforcement and concrete. Further research is
needed to check this.

The work carried out during the viability study was presented at various confer-
ences (Schipper and Janssen, fib symposium Prague, 2011, Schipper and Janssen,
IABSE/IASS London, 2011 and Grünewald et al., ICFF Bath, 2012), and parts of
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it were published earlier in two concrete related magazines Schipper and Janssen
(2011c, Concrete Plant International) and Schipper (2011).



Chapter 9

Parameter variation study

9.1 Introduction

In the previous chapter, three suppositions have been confirmed and one more par-
tially confirmed. In addition, a first attempt was done, based on the test results, to
define a model with lower and upper boundary times t1 and t2 that is adequate to
describe the process of deformation after casting. This order is typical for the flexible
mould method; no models - yet - existed for it. In the present chapter, this model will
be developed further by carrying out a number of experiments designed to obtain
data on the timing of the production process. Before going through this round 2
in the ’wheel of science’, at first additional literature will be reviewed on various
aspects relevant for the further research. The following topics will be addressed:

• transition from fluid to solid: which models are available for describing the
behaviour of the concrete in the first hours? (section 9.2, first subsections)

• rheology: how can the relevant parameters be measured? (section 9.2, last
subsections)

• yield criterions: when does fresh concrete crack under shear or tensile deform-
ation? (section 9.3)

• reinforcement (section 9.4)

After a discussion of the findings from this literature in section 9.5, a number of
suppositions will be postulated in section 9.6. In the sections 9.7 to 9.11 tests will
be designed, carried out and results analysed. Outcomes of two additional studies
by master-students on textile reinforcement and crack forming will also be briefly
presented in these sections, in order to be able to check the validity of all suppositions
in section 9.12. The chapter is concluded with the presentation of a theory for the
flexible mould method, covering the concrete technology aspects in section 9.13.
Some concluding remarks in section 9.14 will summarize the results of this chapter.
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9.2 Rheology

9.2.1 Comparison between Newtonian fluids, solids and fresh con-
crete

The fluidity of concrete facilitates its transportation to a mould and its casting into
the finally desired shape. That part of the process is, for many applications, covered
with sufficient accuracy by the Bingham fluid model, according to many publications
on concrete rheology (as discussed earlier in subsection 8.2.1 on page 125). Concrete
rheology uses concepts from fluid dynamics, where e.g. viscosity, shear rate and
shear strength are important parameters. The use of fluid dynamics concepts for
fresh concrete is a logical consequence of the fact that for many practical applica-
tions, special interest is laid in mixing, transport and casting phenomenons. During
the subsequent process of stabilisation and hardening, though, the fluid gradually
transforms into a solid. The speed at which this transformation process develops
is known to be controlled by many factors: cement dosage and type, temperature,
aggregate types and sieve distribution, additives such as plasticizers or retarders
(Van Breugel, 1997). This raises at least two questions:

1. Is, during this hardening process, the Bingham model still valid, and, if yes,
until when?

2. At what point should then a solid model be applied instead of the Bingham
model?

In order to arrive at a clear distinction between fluids and solids, Appendix H gives a
brief formal review of the mathematics and mechanics used for a phenomenological
description of both phases. For the main text of this thesis, a more intuitive approach
is chosen, as described below. To illustrate a number of differences and resemb-
lances between fluids and solids, Table 9.1 on the facing page shows the comparison
between Newtonian fluids, solids and fresh concrete, and the mechanics approach
that is used for modelling their behaviour. It becomes clear from Table 9.1 that fresh
concrete, especially during the first hour after mixing, has characteristics of both
fluids and solids, which leaves the questions stated above unanswered. It is for this
reason that we need to go back to the point where fluid and solid mechanics come
together.

9.2.2 Differences between solids and fluids according to Bingham

Although the term ’Bingham’ in most concrete-related literature is linked to the
term ’fluid’, it was found (Bingham, 1922; Oldroyd, 1947; Papanastasiou, 1987) that
a solid material that can support a finite stress elastically without flow, and that
flows with constant (or plastic) mobility when the stresses are sufficiently great, in
some literature is called a Bingham solid. Bingham himself (Bingham, 1922, p215)
described the subtle difference between fluids and solids as follows:
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Table 9.1: Characteristics of Newtonian fluids, solids and hardening concrete
compared

Newtonian fluid solid concrete from fresh to
early binding

is always a continuum; no
cracks can exist

can be locally interrupted by
cracks or other discontinuities

initially no cracks can occur, but
after some hardening, cracks

are certainly possible (think of
e.g. plastic shrinkage)

strains and stresses can be split
in an isotropic and deviatoric
part

strains and stresses can be
split in an isotropic and

deviatoric part

strains and stresses can be split
in an isotropic and deviatoric

part

unable to sustain deviatoric
stresses when at rest;
deformation velocity is an
essential independent variable

can sustain deviatoric stresses
when at rest; deformation is an
essential independent variable

SCC will flow easily, CVC
however needs vibration; after
some hardening, motion is no

longer tolerated and only
stress-strain relations are used

constitutive equations give
relation between strain rates
and internal stresses

constitutive equations give
relation between strains and

internal stresses

constitutive equations in
literature mostly are restricted
to either the fluid phase or the

solid phase

molecular cohesion is low, tensile
stresses are negligible for
general behaviour

molecular cohesion is high,
tensile stresses (as well as

other stresses) are important
for behaviour

molecular cohesion and tensile
strength grow with time as a

result of the progress of
CSH-binding from zero to
(substantially) non-zero

elastic behaviour is only found
for isotropic strains;
displacements as a result of
deviatoric strains are generally
of a higher order of magnitude
and have a plastic
(non-reversible) nature

elastic behaviour for isotropic
and deviatoric strains; plastic

behaviour is found for
deviatoric strains; elastic and
plastic deformation are of the

same order of magnitude

information about elastic or
plastic behaviour from

literature mostly is restricted to
either the fluid phase or the

solid phase

volumetric and dynamic
(shear) viscosity are major
material characteristics

elasticity and plastic yield
behaviour are major material

characteristics

both categories are of interest

isotropic material behaviour is
common, anisotropy is rare

both isotropic material and
anisotropic material

behaviour are common

in fluid phase, anisotropy is
non-desirable (segregation) and

is prevented, in the hardened
phase, anisotropy is possible,

e.g. as a result of the local
presence of reinforcement
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“Only by the behaviour of materials under shearing stresses are we en-
abled to distinguish between a fluid and a solid. If a body is continuously
deformed by a very small shearing stress, it is a liquid; whereas if the
deformation stops increasing after a time, the substance is a solid. This
distinction is theoretically sharp like the distinction between a liquid and
a gas at the critical temperature, but just as a liquid may be made to
pass into a gas insensibly, so a solid may grade insensibly into a liquid.
Glass and pitch are familiar examples of very viscous liquids. Paint, clay
slip, and thin mud in a similar manner must be classed as soft solids.
According to the experiments” ... “the concentration in which the fluidity
becomes zero under a very small shearing force serves to demarcate the
two states of matter. This simple distinction is not always sharply drawn
nor is its significance thoroughly appreciated; and for this reason much
labour has been ill-spent in the attempt to measure the viscosity of solids,
on the assumption that solids are only very viscous liquids and therefore
that plasticity and the fluidity of solids are synonymous terms.”

He classified plastic materials showing a certain yield strength as soft solids rather
than as liquids. The examples of such materials mentioned above (clay slip and thin
mud) could easily be extended to fresh concrete. A soft solid, according to Bingham,
has the following behaviour:

“In a plastic solid, a certain portion of the shearing force F is used up in
overcoming the internal friction of the material. If the stress is just equal
to the friction or yield value, the material may be said to be at its elastic
limit. If the stress is greater than the friction f , the excess, F− f , will be
used up in producing plastic flow according to the formula

dv = µ(F− f ) dr (9.1)

where µ is a constant which we will call the coefficient of mobility in ana-
logy to the fluidity of liquids and gases1. If we were to plot the volume of
flow against the shearing stress we would again obtain a straight line for
a given material but it would not pass through the origin, ABC in Figure
9.1”.

It is easy to recognize in equation (9.1) the Bingham equation as found nowadays in
most rheology related publications. From Bingham’s point of view, the behaviour
of both the fluid and the solid phase for this specific category of materials can ac-
tually be modelled with the same equation. This is an important conclusion, which
’smoothens’ the difference between fluids and solids in the present research.

1If the formula is presented as F = f + 1
µ

dv
dr , it is easier to recognize the resemblance with the already discussed

Bingham equation (8.1): τ = τ0 + µγ̇. In Bingham’s original equation (9.1) as stated above, dv/dr is the variation
in volume flow v as function of distance r. Since the volume flow at each point in the flow is linearly proportional
to the velocity, v can also be read as velocity, leading to the unit (m/s)/m = s−1, which is the same as for shear
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Figure 9.1: Image taken from Bingham (1922), p217. He concluded that con-
necting two points of his measurements (A and B) with the origin
O would result in two different lines (OD and OE) for the viscosity.
Bingham concluded that a part of the deformation was elastic and
not plastic, namely the part resulting from friction below the yield
value. Compare with Figure 8.3 on page 126, but with mirrored x-
and y-axis.

9.2.3 Measuring rheological parameters

In section 8.2 the importance of rheological behaviour for the flexible mould method
was already discussed. For the parameter variation study in the present chapter a
more thorough study is done. According to Tattersall and Banfill (1983), the para-
meters used to quantify the rheological behaviour of fresh concrete can be divided
into three categories:

1. qualitative parameters (e.g. “workable”, “compactable”, “stable”)

2. quantitative empirical parameters (e.g. “slump”, “flow-time T50”)

3. quantitative fundamental parameters (e.g. “viscosity”, “yield value”).

Quantitative empirical parameters (category 2) are often measured to calculate the
fundamental values (category 3), which can be used in turn for physical or structural
calculations. In the viability study described earlier, only few standardized slump
tests were carried out, so mostly qualitative information (category 1) was obtained
about the behaviour of the mixtures used. To obtain more control over the process
it is necessary to measure also quantitative parameters (either category 2 or 3). In
the Bingham model, the shear yield strength τ0 and the plastic viscosity µ are the

rate γ̇= dγ
dt in equation (8.1). Note that in equation (9.1) for µ the reciprocal value of the definition of µ that is used

nowadays was applied by Bingham.
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two quantitative fundamental material properties that are used to describe the rhe-
ological behaviour of the fluid. The numerical values of these parameters and their
development during the first hour will provide important information regarding the
probability for successful deformation of the mould and concrete.

Various test methods are available for measuring the rheological properties, as
described in Luping and Gibbs (2004); Grünewald and Walraven (2005). From these
test methods available, the following were applied during the extended tests:

1. slump (suitable for CVC’s, measured with the standardized Abrams cone and
Haegermann mini-cone)

2. slump flow and flow-time T50 (suitable for SCC’s, measured with same cones)

3. direct measurement of yield value and viscosity (suitable for a wide range of
mixtures, measured with viscometer)

In the following subsections, these measuring methods are discussed in more detail.

9.2.4 Determination of yield strength with slump (flow) tests

Introduction

First we will now look into the most simple quantitative empirical testing method,
using slump cones. In Chapter 8 we already used Equation (8.3) of Ferraris and De
Larrard (1998), see page 131. In several more recent articles, the relation between
slump flow and yield strength is further investigated:

Roussel and Coussot (2005) compared on one hand experimental results obtained
with slump cones and viscometers, and on the other hand numerical simulations and
analytical models. The goal was to express a validated relation between slump (flow)
and yield strength, both for the standard ASTM Abrams cone and for the smaller
paste cone, also known as Haegermann cone (see Table 9.2). Roussel and Coussot
(2005) found that good agreement can be found between the values measured with
both cones, analytical formulas and numerical simulations, but that some care must
be taken with the choice of the relation for different ranges of fluidity.

Table 9.2: Cone properties (after Roussel, 2006a)

cone ASTM Abrams cone past cone *)
H0[mm] 300 50
rmin[mm] 50 35
Rmax[mm] 100 50
V[m3] **) 5.498 e-3 0.287 e-3
*) Haegermann cone, used in this research without flow table

**) V = 1
3 · pi · H0 · (Rmax

2 + Rmaxrmin + rmin
2)
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Figure 9.2: Yield stress empirically determined from slump flow diameter for
two types of cones and three specific fresh concrete densities; values
are reliable only for mixtures with aggregate size smaller than 20%
of slump flow circle layer thickness (RS according to equation (9.2)
of Roussel and Coussot, 2005).

Measuring very fluid concrete or cement paste

For very fluid cement pastes with low yield strength, the first term on the right hand
side of the equation of Roussel and Coussot (2005)

τ0 =
225 · ρ · g ·V2

128 · π · R5 − λ
R2

V
(9.2)

where: ρ specific mass of concrete mixture kg/m3

g acceleration of gravity N/kg
V volume of cone (see table 9.2) m3

R spread radius (half of slump flow circle
diameter SF)

m

λ constant correction coefficient for surface
tension and contact angle between
concrete and plate (λ = 0.005 was used by
Roussel et al. in set-up with Teflon plate
and cement paste)

N/m

proved to give excellent agreement with both numerical simulations and experi-
mental results if the dimensionless yield stress τ

′
c < 0.03 using Abrams cone and

τ
′
c < 0.02 using the Haegermann cone. The dimensionless yield stress for τ

′
c can

be translated to a real yield stress τ0 if the specific weight of the concrete ρ and the
height of the cone H0 are filled in:

τ0 = ρ · g · H0 · τ′c . (9.3)

For the Abrams cone this limits the validity of equation (9.2) to values calculated
from slump flows above SF > 0.569 m and for the small paste (Haegermann) cone
above SF > 0.271 m. Although validated only for cement pastes, the equations may
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also be valid for SCC as long as the maximum aggregate size is limited to around
1/5 of the height of the slump flow circle. This, however, will generally not be the
case in the present research for mixture m3 (see Table 9.7 on page 192), as this has
a maximum aggregate of 8 mm and the layer of concrete after the slump flow test
will mostly be thinner than 5 · 8 = 40 mm. For mixture m4 though, with a maximum
aggregate size of 1 mm, the above equations may be considered valid. For mixture
m3 the equations will still be used, but as an approximation. Figure 9.2 shows the
results of Equation 9.2 graphically for both types of cones.

Measuring concrete with limited slump and higher yield value

The slump flow value is only useful directly after mixing, and also only for mixtures
with high fluidity. For higher yield values, the slump value is determined. In the
viability study, the empirical relation between slump and yield strength was used
according to equation 8.3 on page 131 of Ferraris and De Larrard (1998). In Roussel
and Coussot (2005), for mixtures with a higher yield value, the traditional slump
tests with both the Abrams and the Haegermann cone were also compared to nu-
merical simulations. It was not possible to find an equation accurately fitting the
tests results for the range of limited slump and higher yield values, but the best
approximation was found by the authors using the equation

τ0 =
ρ · g · (H0 − S)√

3
, (9.4)

which for the Abrams cone yields

τ0 =
ρ

0.176
· (0.300− S)⇔ S = 0.300− 0.176 · τ0

ρ
. (9.5)

(with S in m). Roussel and Coussot (2005, p715) say that this approximation gener-
ally overestimates the yield stress for a given slump value. In a more recent article,
Roussel (2006a) therefore, proposed the following, slightly corrected, equation for
the Abrams cone:

τ0 =
ρ

0.176
· (0.255− S)⇔ S = 0.255− 0.176 · τ0

ρ
(9.6)

According to Roussel, this approximation is valid for slump values in the range
0.050 < S < 0.250 m. In this article a reference is made to a research by Ferraris and
Brower (2003) that compared various viscometers. Comparing the BML Viscometer
and the BTRHEOM Viscometer, Ferraris and Brower found the following relation:

τ0;BML = 0.5 · τ0;BTRHEOM − 122 (9.7)

indicating that the absolute values found by the two types of viscometers differ
significantly. Apart from this difference in absolute value, a good correspondence
is found between the results for both viscometers.
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J.E. Wallevik (2006) in another research, also discussing the relation between
slump value and yield stress, reported alternative relations. Using the same BML
viscometer as used in the present research, the author discusses the various relations
between slump and yield stress found in literature. After comparing his test results
with those relations, he suggests that a correction for the fraction of cement paste
(matrix fraction Vm) in proportion to the total concrete volume should be taken into
account, representing the distance between the suspended particles in the mixture.
For tests on various mixtures with and matrix volume fractions ranging from Vm =
321 l/m3 to Vm = 345 l/m3 he found the following linear regression lines:

S = 264.8− 0.375 · τ0 (9.8)

S = 239.8− 0.186 · τ0 (9.9)

The influence of the matrix fraction, according to Wallevik’s equations, is large. Since
in our research mixtures m3 and m4 have even larger matrix fractions of 400 and
520 ltr/m3, respectively (see Table 9.7 on page 192), Wallevik’s proposed correction
for the matrix volume could be used here:

S = 300− 0.416 · (τ0 + 394)
ρSG

+ α(τ0 − τ
re f
0 )(Vm −Vre f

m ) (9.10)

For the matrix fractions in the present research, however, this would extrapolate
to values that make no sense, also because they are far outside the domain of Vm
investigated by Wallevik. In his article, Wallevik suggests to re-establish a new but
possibly similar relation for other mixtures. Mueller et al. (2014) recently investig-
ated and compared various relations found in literature to yield stresses measured
with a ConTec BML 5 co-axial viscometer and the slump (flow) tests using Abrams
cone. Based on all sources, Mueller et al. propose two correlation expressions (here
expressed as slump-yield stress relation):

S = 279.6− 0.443 · τ0 (equation M2 for fluid mixtures) (9.11)

S = 279.5− 0.291 · τ0 (equation M3 for broad range of mixtures). (9.12)

If the last equation is rewritten including a correction for variable specific weight ρ,
the following equation is found, that will also be applied in the calculation of yield
stress from the slump tests:

τ0 = −0.0015 S · ρ + 0.4386 ρ− 70.5263 (equation M3 rewritten) (9.13)

In Figure 9.3 on the following page the above relations are plotted in the same graph.
Indeed, the values for the yield stress found with the BML are generally (far) lower
than those found with the BTRHEOM from the same slump values.
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Conclusion on slump-yield stress relation

It is concluded that for very fluid concrete mixtures with low yield stress, the slump
flow determined with either Abrams or Haegermann cone can be used to determine
the yield stress with sufficient accuracy for the purpose of the present research.
Based on the measured slump flow diameter, equation 9.2 on page 173 gives a suffi-
ciently reliable indication of the yield stress, since the measured value is only used in
the present research to confirm the self-levelling properties More variation, though,
was found in literature between various relations for stiffer concrete mixtures. As
it is not possible at this point to determine which expression is most reliable for the
mixtures used in the present research, a ’minimum-maximum’ approach is chosen:
after measuring the slump-value, the minima and maxima from the functions plotted
in Figure 9.3 are both evaluated, to obtain an indication for the range in which the
real yield stress will be situated.

Wallevik and Mueller both used the same BML Viscometer for fundamental yield
strength determination (see next subsection), whereas both Ferraris & De Larrard
and Roussel, on the other hand, used a BTRHEOM viscometer. In the present re-
search the BML Viscometer will be used as well, so that the correlations found by
Wallevik and Mueller may be more in line with the values found in the present
research.

Using multiple slump cones filled with the same mixture, the development of
the yield strength during the first hour can be followed, by lifting the slump cones at
various moments. In Appendix F the results of all slump tests carried out during
the parameter variation study and the calculated yield stresses according to the
equations presented above can be found.



Yield criterions from theory of plasticity 177

9.2.5 Direct measuring with a viscometer

For direct determination of the quantitative fundamental parameters, it was invest-
igated whether the BML Viscometer of ConTec (see Figure 9.4) could be used. The
BML Viscometer is a coaxial cylinder viscometer, that shears a cylindrical volume of
fresh concrete in a precisely controlled manner. The measuring method was used in
addition to the slump (flow) measurements described above. The principles, set-up
and calibration are described in Appendix G on page 333.

9.3 Yield criterions from theory of plasticity

9.3.1 Introduction

The techniques described above to measure the yield strength of a given mixture
all come from the field of rheology. How does this relate to other yield criterions
found in literature on solid mechanics and plasticity? As said, the formal description
and deduction of the various available yield criterions require a rather specialistic
mathematical notation. Earlier, an intuitive approach was chosen in the present re-
search. In Appendix H the various yield criterions are summarized briefly. From that
overview it appears that the Tresca and Bingham yield criterions are in fact identical,
and can be used both for fluids and solids, which is a facilitating observation for
further work on the transition between both phases. As a logical consequence of our
proposed manufacturing method, in which the still plastic concrete is deformed, we
are especially interested in the strain capacity of such concrete.

9.3.2 Strain capacity εallowable

In subsection 6.10 on page 89 an indication was given for the order of magnitude of
the strains that can be expected as a result of the deformation of the mould. Now
let us look at the strain capacity of fresh and hardening concrete. In Section 8.8 the
strain value below which no cracking or other damage occurred was called εallowable.
What value can be found in literature for this strain capacity?

Hammer (2007) investigated deformations, strain capacity and cracking in plastic
and early hardening phases of concrete, HSC and SCC in particular. Apart from
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Figure 9.4: BML Viscometer
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Figure 9.5: Stress-displacement curve of a tensile test on early-age concrete: first
an almost linear and elastic part is visible, then after the peak ft
a softening part followed by a horizontal plateau at stress level σ1
which goes to zero stress at δmax; note that this graph is measured
with a 70 mm gauge, so the graph shows the summed displacements
over this 70 mm (taken from Dao et al., 2009)

’internal’ causes of cracking, such as shrinkage, he also mentions externally imposed
deformation, such as unwanted movement of the formwork or flow of a slope as possible
driving force. Hammer included in his research the very early stage, directly after
adding water to the mixture, as, according to Hammer, cracks can also be initiated
in this first hour, e.g. due to evaporation of water. As a result of high powder
content, low water to binder ratio and small pores, HSC and SCC mixtures are extra
susceptible to evaporation in this early stage. Hammer states that in, what he calls
’the plastic phase’ (before initial setting time), the strain capacity may even mainly
depend on the evaporation rate: if evaporation is reduced until below bleeding rate,
the strain capacity can be considered ’almost infinite’, as the concrete then keeps
acting as a fluid. In conditions where evaporation was prevented, Hammer found
strain capacities above 10‰ = 10 000 με. However, as soon as evaporation ex-
ceeded bleeding rate, internal capillary stress would ’lock’ the particles into position,
reducing strain capacity - in Hammer’s experiments - to an order of magnitude
of 100 με. Indeed, as will be shown later in the present research, curing of the
concrete with plastic foil directly after placing appeared to have a very positive effect
on crack prevention. In his tests, Hammer applied a deformation rate of 20 με/sec
= 0.120 ‰/min and used a self compacting concrete with a slump flow in the range
600 - 650 mm. The tests on very early age concrete were performed during the first
two hours after placing.

Experimental work on the determination of the tensile strength and strain in
the first hours after mixing was also done by Dao et al. (2009). They performed
tests on three mixtures, starting 1.5 hours or more after mixing. Tensile strength,
Young’s modulus and also data on the plasticity such as plastic strains and fracture
energy were measured (see e.g. Figure 9.5). The concretes mixtures prepared were
no-slump (class S1) and half-plastic (class S2) mixtures according to NEN-EN-206-1
(2001) and thus were clearly not SCC’s as in Hammer’s work and2 in the present

2The relatively low slump values compared to SCC’s are the result of a high initial shear yield strength.
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Table 9.3: Tensile test results on early-age concrete. Mixture a-b(c) means a
characteristic 28-day compressive strength of (a) MPa and a targeted
slump of (b) mm, test number (c); ft, ε ft

and E are the values meas-
ured at the peak in Figure 9.5 (Dao et al., 2009)
*) note the difference between shear strength (as discussed in the
thixotropy articles above) and tensile strength, as for a uni-axial tensile
test τmax = ft/2

mixture f ,
c [MPa] Age [h : mm] ft [Pa] *) ε ft [‰] E [MPa]

32-25(1) 39.8 1:35 100. 2.070 -
32-25(2) 39.0 2:30 5 500. 0.871 20.4
32-25(3) 36.7 1:50 600. 4.796 -
32-25(4) 45.9 2:30 3 500. 1.472 14.0
-
32-80(1) 34.6 3:25 7 500. 1.320 30.0
32-80(2) 40.7 3:40 20 900. 1.003 52.0
32-80(3) 41.2 3:00 3 000. 1.821 10.0
32-80(4) 40.8 3:05 3 100. 2.316 7.0
-
45-80(1) 52.4 2:30 800. 5.537 2.2
45-80(2) 50.0 2:00 600. 6.722 1.0
45-80(3) 46.2 2:10 1 400. 3.736 3.0

research: the mixtures had a limited slump value of only 25 or 80 mm directly after
mixing, whereas the mixtures in the present research are in the range very workable
to self-levelling. In Dao’s research, a constant strain rate of 0.05/70 = 0.714 ‰/min
was applied. The measurements for each mixture at the earliest point in time, coming
from the paper of Dao et al., are shown in Table 9.3.

In the research of Dao et al., no measurements were done earlier than 1:35 h:min
and most tests even started later than this. No data was thus obtained on the strain
capacity in the first hour after mixing. Although extrapolation of the data that was
measured is not possible due to the large scatter, the graphs and measurements
indicate some trends that are illustrated with the thick lines in Figure 9.6:

1. the authors state that “the strain at peak tensile stress decreases rapidly with in-
creasing age from thousands of micro-strains, possibly reaching its minimum on the
order of tens of micro-strains between 4 and 15 hours, and then increasing slightly to
approximately 100 to 150 micro-strains in mature concrete”;

2. Young’s modulus increases rapidly with time, starting off from a value close to
zero.

For example, applying an often used relation to estimate the yield strength from the slump value, a slump
value S = 25 correlates with τ0 = ρ

0.347 · (0.300− S) + 212 = 2 360
0.347 · (0.300− 0.025) + 212 = 2 082 Pa and

a slump value S = 80 with a value of τ0 = 2 360
0.347 · (0.300− 0.080) + 212 = 1 708 Pa . The tensile strengths

directly after mixing then would be ft = 0.5 · τ0 ≈ 850 to 1 040 Pa directly after mixing.
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Figure 9.6: Two graphs taken from Dao et al. (2009), showing the development
of strain at peak stress (left) and Young’s modulus (right) - the thick
trend-lines are from the author of this thesis

From the research it becomes clear that, after the peak stress is reached, a relatively
long softening area is measured (Figure 9.5). This plastic behaviour is favourable
for the flexible mould deformation method. The order of magnitude of strains in
the present research ranges from −75 ‰ (shortening) to +25 ‰ (elongation). This
+25‰ = 25 000 με of elongation is significantly higher than the 8 000 με shown
in the graph left axis of Figure 9.6. Taking into consideration, though, that in the
present research self-compacting mixtures are applied, which after mixing have a
much lower yield strength than the mixtures used by Dao et al., sufficient strain
capacity is expected to be available. This expectation is also based on the findings
during the viability study, where similar radii were imposed, none of the cases except
one leading to visible cracks. Further evidence for larger strain capacities was found
during the experiments by Sergiu Troian, that will be discussed in subsection 9.10,
where even elongation-strains of around 100 000 με were applied in the first hour
after mixing without visible cracking.

If at t = 0 the freshly mixed concrete would have a Young’s modulus approach-
ing E = 0 and if the maximum tensile stress according to the Bingham yield criterion
is around ft = 0.5 · τ0, the maximum allowable strain εallowable = 0.5 · τ0/Et=0 would
theoretically approach infinity. This trend is also - to some extent - expressed in the
blue curve in the left graph in Figure 9.6. As E will never completely reach zero, as a
Bingham fluid, even directly after mixing, shows a small but distinct elastic part, the
infinite value in reality will be a high allowable strain value.

Conclusion on imposed strains

Based on all above, it is concluded that 1) a small part of the imposed strains will
lead to elastic deformation (roughly the part before the peak in Figure 9.5), 2) if the
imposed strains are larger than this, then that surplus part of the strain will lead to
plastic deformations, and finally 3) that sufficient elongation capacity can be present
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if the mixture is properly designed and is the deformation of the mould is carried
out sufficiently early and evaporation is prevented.

At this point it is not clear whether the speed of deformation has influence on
the strain capacity. Furthermore it is concluded that the available research on the
strain capacity is insufficient to propose an accurate function predicting the upper
boundary time t2 (see p163). It is expected that such a prediction function can be only
made for a specific mixture by experimentally determining the limits of deformation
before cracking occurs.

As in a good process t1 < tde f orm < t2, it would neither be favourable if the
speed of the production would not be hindered by a long waiting period for initial
hardening, nor if the time of deformation would be very soon after casting or within
a very limited bandwidth. Time of deformation tde f orm can, therefore, be considered
a targeted value, fixed on a number of minutes that suits best in the production
process. It is expected to be controllable to a great extent by modifying the dosage
of super-plasticizers or retarders in the fresh mixture. In the experiments, various
deformation moments and various dosages of plasticizers will have to be tried out.
This makes the rheological behaviour of the mixture an important characteristic, as
was also concluded from the tests during the viability study. In the next subsection
various methods will be discussed to measure this behaviour.

9.4 Reinforcement

In the viability study thin steel reinforcement was applied successfully. The used
diameter ø3 mm (As = 7.07 mm2 per bar) was small though, and the percentage of
reinforcement was well below the minimum percentage that prevents brittle failure.
In the viability tests 1 to 5, two wire meshes of ø3-150 directly on top of each other
were applied, effectively leading to ø3-75, which equals ρ = 0.20 %. According to
NEN-EN-1992-1-1 (2005), the minimum reinforcement is approximately:

As;min ≥
0.26 · fctmbtd

fyk
. (9.14)

For the high concrete grades applied in this research, the average tensile strengths
were in the range of fctm ≈ 7− 12 MPa. For fyk = 500 MPa this yields a minimum
reinforcement percentage in the range of at least 0.36− 0.62 %. In case of elements
with h = 50 mm and d ≈ 40 mm this results in As;min = 146− 250 mm2/m, leading
to a required dense bar spacing ø3-45 and ø3-25, respectively. It was not tested if
this amount of reinforcement would bend without problems during the deforma-
tion process. For tests 6 to 8, the reinforcement followed the deformation within
reasonable accuracy, although at some points the concrete cover became different
than intended.

For applications in which the required moment capacity would be larger than
Mcr or for load cases that lead to more centric tensile loads, such as temperature
shortening or shrinkage, even larger amounts of reinforcement would be required,
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leading to a proportionally denser spacing, or to the need for larger diameters that
are more difficult to bend. Increase of the element thickness beyond 50 mm would
not be the first option, as this could lead to conflicts with the deformation process:
a thicker element leads to larger strains during imposed deformations. Furthermore
As;min would increase proportionally with increasing d. An alternative solution for
such applications could be the application of reinforcement materials that are easier
to bend and have a higher tensile strength fyk , such as glass fibre textiles or other
fibrous materials, either as strands, bundles or in short mixed fibres. Some of these
materials, as a thinner concrete cover of the reinforcement is necessary, might be
suitable for application in thin elements, as the ones manufactured in this research.
In section 9.9 some additional work will be presented on glassfibre textile reinforce-
ment in combination with the flexible mould method.

9.5 Discussion of section 9.1 to 9.4

In the previous sections a review of additional literature and some theoretical exer-
cises have been carried out. This has resulted in a number of conclusions relevant
for the further work:

1. In Bingham’s view, fluids and solids are dealt with in the same way. Hardening
concrete can be seen as a Bingham solid; the yield criterion for such a solid is
identical to the Tresca yield criterion that is used in theory of plasticity.

2. Further empirical material was found on the relation between slump (flow)
and shear yield strength; this can be used in the further research to calculate the
yield strength from slump tests; for very fluid concrete this empirical relation
is more accurate than for stiffer mixtures, where a significant spread between
the various equations was found.

3. Tests with a viscometer need to be carried out to obtain calibrated data as well
as data on thixotropic behaviour and viscosity.

4. The strains resulting from imposed deformation can be split in a contribution
from out-of-plane bending (B) and one from in-plane strains (S) resulting from
elongation, compression or shear; these strain components, when added, are
expected to be in the range of tens of ‰ (tens of thousands of micro-strains),
depending on curvature radius and element height; based on publications of
Hammer (2007) and Dao et al. (2009), that both report on the tensile properties
of early-age concrete, in combination with the findings during the viability
study, it is expected that an SCC in the first hour after casting will have suf-
ficient strain capacity to take the imposed deformation without cracking. A
boundary condition is that evaporation is prevented by proper curing meas-
ures directly after placing.

5. Application of traditional steel reinforcement bars is limited in terms of dia-
meter. The use of thin bars results in a dense bar spacing, already when only
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the minimum reinforcement percentage is to be met. Higher reinforcement per-
centages will result in even higher density that may impair the proper filling
of the mould. Steel may, therefore, not be the most suitable material to rein-
force concrete, given the fact that always sufficient concrete cover is required.
Alternatively, mixed fibres or strands of flexible fibrous materials such as glass
fibre, carbon or aramide may offer a practical solution that meets the require-
ments for strength, deformability and durability.

Based on this additional theory, a number of new suppositions will be postulated in
the next section.

9.6 Suppositions

Based on the theoretical considerations in the previous section, the following sup-
positions therefore are now postulated:

supposition 2.1 De Larrard’s slope model in combination with Roussel’s model for
thixotropic strength development is accurate and sufficient for determining
the lower boundary t1 of the deformation time in the flexible mould process
(Figure 8.30 on page 162). In supposition 1.2 (section 8.3) this was also partially
addressed and already proven true qualitatively - quantitative data, however,
is still necessary.

supposition 2.2 The upper boundary t2 (Figure 8.30 on page 162) of the deformation
time is determined from the point where the decrease in time of the plastic
strain capacity εallowable meets the strain necessary for the imposed deforma-
tion.

supposition 2.3 A safe and workable assumption for the strain distribution due to
deformation is according to Euler-Bernoulli (“flat cross-sections remain flat
after bending”), implying ∂ε/∂z = constant over the section height.

supposition 2.4 A safe and workable assumption for the friction between the con-
crete and the silicone mould surface is that no slip occurs between both mater-
ials during and after deforming the mould and concrete.

supposition 2.5 Modifying the concrete mix design can effectively control the lower
and upper boundary times t1 and t2 mentioned above.

supposition 2.6 Textile reinforcement (TRC) and mixed fibre reinforcement (FRC)
can be used to effectively reinforce the concrete elements and will follow the
deformation accurately.

supposition 2.7 Cracks that are caused as a result of the imposed deformation can
(partially) be cured due to self-healing effects in the yet relatively fresh concrete
mixture.

To allow testing of these suppositions, a number of experiments were designed.
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9.7 Operationalisation

9.7.1 Research variables

Introduction

In order to test the suppositions from the previous section, appropriate tests need to
be designed. First the research variables and their possible mutual dependency were
first examined more closely. According to the research design technique described
by Creswell (2009), variables under consideration in a research can be distinguished
in, among others, independent and dependent variables, which roughly are similar to
causes and effects. Practically this distinction leads to a clearer definition of laboratory
tests: by modifying only one variable at a time, the effect of changing this single
variable can be observed from the test results, hopefully leading to evidence for
certain relations and regularities between variables. A third category are intervening
variables, that are positioned between the independent and dependent variables.
From the viability study in the previous chapter and the theoretical study above it
has already become clear that (at least) the following aspects and variables are of
interest:

variable 1: curvature

Curvature in this research was considered an independent variable (=input value,
chosen by researcher), as it is based on considerations outside of the influence of
the concrete manufacturer and defined mainly by the architectural geometry. In
the parameter variation study both double-curved and single-curved geometry were
applied. In the tests of the viability study, radii between 1.5 and 5 meter were chosen.
Also in the extended tests, a number of different values for the curvature were
selected, see Table 9.4 on the next page. The first two rows in the table represent
single-curved elements, the rows 3 to 5 represent double-curved elements. The
radius in both x and y direction were kept constant over the length. The radius
of the element was defined here as the radius of the surface of the mould3.

variable 2: strain and stress due to deformation

Both strain and stress were considered intervening variables, since they cannot be
directly measured in an easy way inside a fluid or hardening concrete, but are clearly
important for the success of the deformation process. In the current thesis research
no attempts were undertaken to actually measure the stresses during deformation.
The strains are solely calculated from the imposed deformation. The stress was con-
sidered an unknown function of ε (imposed total strain) and E (Young’s modulus) at

3A small simplification is made here: if the height of the concrete element is e.g. 0.05 m, the centre of the
element will have a radius slightly smaller or larger than the radius of the mould surface, namely ±0.5%
(0.025 on ±5.0 m) to ±1.6% (0.025 on ±1.5 m), depending on whether a positive or negative curvature is
applied to the element. For the purpose of the tests, this difference is considered negligible.
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Table 9.4: Different constant mould surface curvatures chosen for the extended
tests.
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R4 + 2.5 -/- 2.5 + 0.400 -/- 0.400 -/- 0.160
saddle

R5 -/- 2.5 -/- 2.5 -/- 0.400 -/- 0.400 + 0.160
sphere negative

the time of deformation, and possibly of more variables, such as relaxation or plastic
flow.

variable 3: element height

Two different element thicknesses were used (see Table 9.5, left). The element height
was considered an independent variable, as it is basically chosen by the architect or
structural engineer, and is not following from the manufacturing process.

Table 9.5: Left: different element thicknesses for the extended tests. In the
present work, only h1 and h2 could be tested. Right: three different
moments of deformation targeted for the extended tests.

element thickness h [m] time of deformation tde f orm [h:min]
h1 0.025 tde f orm;1 0:30
h2 0.050 tde f orm;2 0:45
h3 0.100 tde f orm;3 1:00
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variable 4: time of deformation

The deformation time4 tde f orm was considered an independent variable, as it is a target
value to which the process is tailored. The goal was to work towards a tde f orm
between 30 and 60 minutes after mixing, preferably not much shorter (preparation
time) or much longer (production speed, start of hydration) and also not too critical,
as a larger bandwidth between t1 and t2 enables a more flexible production process.
Based on the viability test, the target moments in Table 9.5 (right) were chosen. The
points obtained by these tests also helped to obtain a rough applicability area for
each combination of curvature and mixture.

variable 5: scale

With small (low volume) elements, scale effects will occur: friction between the edge
of the mould and the fresh concrete volume may lead to disturbing hindering of
deformation, scaling the height will lead to scaling of the strain. Tests with large
elements (large volume), however, require larger equipment for mixing, higher costs
of ingredients, higher mixing effort and test elements that are more heavy to handle,
but may have the advantage of being closer to 1:1 scale, thus reducing unwanted
scale effects.

The scale in this research was an independent variable (may have influence on the
outcomes, but is not a prime output variable of interest). Chosen was for not scaling
the height (thickness) of the elements, leading to h = 0.025 m or h = 0.050 m. The
length and width of the elements, though, where scaled in comparison to the sizes
that can be expected in practical applications: L ×W = 0.80 × 0.40 m2, which is
relatively small compared to cladding panels applied in projects. The volume of
each test element was exactly 16 litre, resulting in a weight of about 40 kg for the
0.050 m heigh elements and half of these values for the 0.025 m high elements. The
1:5 scale for the horizontal dimensions (not the thickness) was estimated to reduce
the edge effect reported in the tests of the viability study.

variable 6: geometry

Apart from scale, the geometry of the test elements may also influence the out-
comes. With geometry, all further dimensional parameters other than the curvature
are meant here, such as 1) the shape of the elements in the plane of the mould, see
Figure 5.8 on page 71: using polygonal elements or elements with non-parallel edges
or even curved edges will result in a more complex manufacturing process 2) the
thickness of the panels, e.g. using parallel upper and lower element surfaces (equal
thickness) will require a different casting procedure from using test elements with
strengthening ribs (Figure 9.7). In the present experiments ribs were not used. The
geometry was considered an independent variable. For the tests, simple rectangular

4The term deformation time can be read as moment of deformation. The latter term was not used here to
prevent confusion with the term bending moment
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Figure 9.7: Panels with and without strengthening ribs

panels of prismatic thickness were chosen. This implies that the outcomes of the
research are not necessarily valid for more complex geometries.

variable 7: definition of successful deformation

Successful deformation was defined by a number of measurable performance char-
acteristics, such as absence of visible and non-visible (micro-) cracks, equal height
of the test element, smooth surfaces of the hardened element (e.g. no bleeding, no
patterns of formwork visible), accuracy of geometry, homogeneous distribution of
aggregates over the element and the absence of influence of deformation on com-
pressive and bending tensile strength. The judgement of the elements was first done
with the naked eye and later using more advanced methods, such as microscopic
polarizing and fluorescent analysis of thin sections (section 9.10). For the check of
the overall geometry, laser scanning was applied. Other tests, such as measuring
the permeability (indicating porosity) were not performed in the present research,
but might offer additional information. The same goes for determination of possible
variation of Young’s modulus (∆E) and/or specific weight (∆ρ) over the element
height (indicating a possible ’stretching’ effect of the concrete as a result of the de-
formation). Successful deformation was considered a dependent variable, since it is
the effect of choices and procedures discussed above.

variable 8: deformation speed

Apart from the time of deformation, even the deformation speed (duration) going
from the flat to the curved shape may be of influence on whether an element is suc-
cessfully deformed or not. The strain capacity tests of Dao et al. (2009) were carried
out at a strain rate of 0.714 ‰/min and the tests of Hammer (2007) at 0.120 ‰/min.
Generally, in the viability study of Janssen and Schipper, the deformation took place
much faster, at a rate between approximately 5 and 50 ‰/min. A time between half
a minute and 5 minutes was generally used to lower the crane that was carrying the
element from the horizontal and lifted casting position to the pre-installed pin-bed
heights with curvature, manually guide the deformation and fix the mould into it’s
final position using clamps. A higher strain rate increases the chance of cracking,
according to Hammer. The deformation speed is considered an independent variable,
since it can be chosen and controlled externally. Due to the relatively slow move-
ment, it is expected that inertia effects do not influence the tests. In the research,
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further, a deformation speed will be aimed at within the boundaries and with similar
method as mentioned above.

variable 9: concrete mixture

To choose the right concrete mixture, the necessary specifications were determined
by looking at the desired behaviour in different stages:

variable 9 concrete mixture - stage 1: mixing Preferably, the concrete recipe should
allow easy mixing of ingredients into a homogeneous mixture with the stand-
ard available equipment in precast concrete industry. Small variations should
not have too much influence. Often this is referred to as a robust mixture.
In the used laboratory the equipment consisted a.o. of an Eirich R09/T 150
litre forced pan mixer for large concrete elements and Hobart 5 litre bakery
mixers for small test elements. The forced pan mixer is considered standard
industrial equipment used for high quality architectural concrete, SCC and
UHPC mixtures (Kuch et al., 2010). The Hobart mixer is more convenient
for laboratory use in situations where smaller amounts of fresh concrete are
prepared. Desirable characteristics for the mixing stage are: ease of mixing
procedure, resulting in homogeneous and stable mixture. The mixing proced-
ure was documented for each test.

variable 9 concrete mixture - stage 2: casting stage Desirable qualitative para-
meters for the casting stage that followed from the viability study are: workab-
ility for sufficient time to fill multiple moulds or test cubes from the same batch;
sufficient filling capacity to fill the mould without need for compaction, cor-
rect filling around possible reinforcement bars and along edges of the mould;
self-compacting and self-levelling properties to result in smooth and even top
surface, or, if not self-levelling, than ease of finishing; no segregation, equal
distribution of aggregates over whole element. Ideally, the mixtures used will
have all above mentioned characteristics. In order to determine whether this
is the case, quantitative empirical (slump tests) and fundamental (viscometer)
parameters were measured to allow future reference.

variable 9 concrete mixture - stage 3: fresh state stabilisation stage The strength
development in the first hour was already discussed in subsection 8.2.2. From
that discussion it was concluded that the use of a thixotropic mixture would
be beneficial to quickly reach sufficient strength to prevent the concrete from
flowing down the slope while maintaining strain capacity without cracking.
Given a specific mould set-up, the determination of a minimum shear yield
value τ0;crit is now first needed in order to deform without the risk of mixture
flowing out due to the slope. Let us determine this slope for a simple geometry:
if a rectangular mould with length L and element height h is curved from the
horizontal plane into a circular shape with radius R, the following relation for
τ0;crit can be derived from equation (8.2) and the goniometric relation between
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Table 9.6: Critical yield strength τ0;crit necessary for casting under slope θ, de-
pending on mould radius R, element length L and element height h -
based on ρ = 2 400 kg/m3 (see Fig. 9.8 below for explanation of the
used variables)

Slope θ and critical
yield strength τ0;crit

R =1.5 m R =2.5 m R =5.0 m

horizontal
length L

element
height h

θ τ0;crit θ τ0;crit θ τ0;crit

[m] [m] [o] [Pa] [o] [Pa] [o] [Pa]
0.80 0.025 15.5 157 9.2 94 4.6 47
0.80 0.050 15.5 314 9.2 188 4.6 94
0.80 0.100 15.5 628 9.2 377 4.6 188
2.00 0.025 41.8 392 23.6 235 11.5 118
2.00 0.050 41.8 785 23.6 471 11.5 235
2.00 0.100 41.8 1570 23.6 942 11.5 471



R
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h

Figure 9.8: Critical yield stress for circular mould geometry

circle radius, chord length and the angle between chord and circle tangent:
τ0;crit = ρ · g · h · L

2R .

variable 9 concrete mixture - stage 4: mould deformation stage For the chosen val-
ues of L, h and for various radii R the critical yield strengths τo;crit were calcu-
lated, using the equation above. These values are presented in Table 9.6. From
this table it was concluded that the necessary critical yield strength for small
elements (L = 0.80 m) is between roughly 50 and 600 Pa, whereas for larger
(real scale, L = 2.00 m ) elements, the necessary critical yield strength lays
within 100 and 1 600 Pa. If all mixtures are to be deformed in a time interval
tde f orm = 30− 60 min (= 1 800− 3 600 sec), then Figure 9.9 on the following
page can be used to find an indication of the developed yield strength. Things
that can be observed from Figure 9.9 are:

• three values for initial yield strength directly after mixing are visible: 10 Pa,
75 Pa and 150 Pa (representing concretes with variable workability, in the
range from SCC to almost CVC)

• long, thick and/or small-radius elements need a higher yield strength
than short, thin and/or large-radius elements (see difference between the
two arrows pointing at y-axis)

• SCC mixtures with a very low initial yield strength of 10 Pa require at least
some thixotropic behaviour in order to reach a yield strength sufficiently
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Figure 9.9: Development of yield values mixtures with different initial yield
strength and no, medium and high thixotropy. Example: a circular-
shaped element with a radius R = 1.5 m, a length L = 2.00 m and
a height h = 0.05 m will need a minimal yield strength of around
785 Pa (according to Table 9.6) in order not to flow out of the mould.
From the graph above it can be read that, for a medium-thixotropic
mixture, this yield strength will be reached after a resting period
of approximately 40 to 52 minutes after casting, depending on the
initial yield strength directly after mixing

high for deformation anywhere between 30 and 60 minutes (grey box)

• low-thixotropic mixtures show smaller difference in yield strength
between 30 and 60 minutes, which makes time of deformation less critical
than for medium- or highly-thixotropic mixtures. It is known that mix-
tures holding fine powders, such as fly ash, quartz sand and/or limestone
flour, will show thixotropic behaviour. From this we can conclude that
these fractions should be present in the chosen mixture. The degree of
thixotropy, expressed by parameter Athix introduced by Roussel (2006b),
should be preferably chosen in the range Athix = 0.1− 0.3 Pa/s (called a
’thixotropic mixture’ in Roussel’s classification).

The higher values for the yield strength in Figure 9.9 and Table 9.6 already
come in the same range as the early strengths of hardening concrete mixtures,
indicating that the needed strain capacity might become conflicting with the
strength necessary for keeping the fresh mixture in the mould. The tests will
later demonstrate that this conflict occurs only if the strain capacity is reduced
as a result of evaporation of water due to a lack of curing measures. The consid-
erations around yield strength development make it clear that during further
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tests, measuring the development of the yield strength in time will provide
important information regarding the chance of success for the deformation
process.

variable 9 concrete mixture - stage 5: hardened state stage After hardening, as-
pects that are of importance follow from the field of application of the ele-
ments. For example, façade panels will need a strength different from that
of load-carrying structural members. A number of typical performance char-
acteristics for the hardened concrete are shared by many fields of application
(although the numerical values might differ per application): e.g. strength,
stiffness, weight, durability. Then there are also differences as a result of the
application: colour, surface texture, porosity, need for reinforcement, etcetera.
It was expected that the spread of compressive strengths resulting from the
different mixtures would sufficiently demonstrate the potential of the flexible
mould casting method.

The following parameters were measured and analysed: 1) cube compressive
strength after 1 day and after 28 days (all mixtures) 2) flexural tensile strength
(all mixtures) 3) presence of (micro-) cracks. It would be interesting to examine
the desired properties for the complete life-cycle of the element, in order to be
sure that the governing situation will be well known. If, for example, shrinkage
during hardening would lead to larger cracks than the deformation process, it
would not make sense to only focus on the deformation process. Or, if certain
reinforcement is necessary for transport or structural loads, it must be possible
to include this reinforcement in the deformation process, else the successfully
deformed elements will be of no practical use. These life-cycle characteristics
will, however, be discussed later on.

variable 9 concrete mixture - conclusion: Two concrete mixtures were tested (see
Table 9.7 on the next page). The mixtures are a course-grained (≤ 8 mm)
and a fine-grained (≤ 1 mm) concrete. Both mixtures can be self-compacting
and self-levelling, depending on the dosage of plasticizer added and whether
segregation occurs at high dosages. The initial yield strengths directly after
mixing were initially unknown. Both mixtures were expected to be thixo-
tropic, although the value of Athix was unknown at forehand. The amount
of plasticizers was varied to obtain a proper workability, while measuring the
rheological parameters.

variable 10: presence and type of reinforcement

It was decided to define a separate series of tests with textile reinforcement, which
will be discussed in section 9.9. In the first series of extended tests, however, no
reinforcement was applied.
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Table 9.7: Applied concrete mixtures

ingredients [kg/m3] mixture m3 (coarse) mixture m4 (fine)
cement CEM I 52,5 R 400 570
fly-ash 160 100
Omya Betoflow D - 100
superplasticizer Chryso Fluid
Premia 196 con 25% SPL variable *) variable *)

water 172 225
sand 0.125-0.25 mm 48.3 232.8
sand 0.25-0.5 mm 128.8 413.8
sand 0.5-1.0 mm 208.7 646.5
gravel 1-2 mm 290.3 -
gravel 2-4 mm 372.6 -
gravel 4-8 mm 564.3 -
specific density: 2 345 2 288
other parameters:
water/cement ratio 0.43 0.40
water/powder ratio **) 0.31 0.29
matrix volume Vm[ litre/m3]**) 400 520

*) amount of plasticizers was varied during tests between 0,6 and 1,1%
of total powder content, see subs. 9.8.2

**) parts below 0.125 mm plus water are defined here as matrix (acc. to Wallevik, 2006, p1215);
Vm was calculated based on ρ = 2 670 kg/m3 for all particles > 0.125 mm
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Figure 9.10: Preparation of frame for shape adjustment and of silicone moulds
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9.7.2 Test set-up for unreinforced elements

In Appendix D on page 287, figure D.1 the dependencies between all the variables
mentioned above are depicted. The population of the test elements was filled by
making choices for each (set of) independent variables, as shown in Table 9.8.

Table 9.8: Number of necessary tests
independent variable number of choices

series overall
curvature (see Table 9.4 on page 185) R1 to R5 5
element height (see Table 9.5 on page 185) h1 and h2 2
concrete mixture (see Table 9.7 on page 192) m3 and m4 2
time of deformation (see Table 9.5 on page 185) t1 to t3 3
geometry 1 1
scale 1 1

The total number of tests comprises 5 curvatures x 2 element thicknesses x 2
mixtures x 3 deformation times = 60 tests. In most tests, 4 elements were cast from
one single batch of concrete. To allow for quick and simultaneous variation of para-
meters, a set of four identical moulds was prepared. Some of the preparation work
and images of the moulds can be seen in Figure 9.10 on the previous page. An
elevation is visible in Figure E.1 in Appendix E. The height of each separate mould
and frame could be adjusted independently, in the same manner as shown earlier
in a simplified way in Figure 8.1 on page 123. Results of the experiments with this
set-up are reported in subsection 9.8.2.

9.8 Observations

9.8.1 Measuring rheological properties with BML viscometer

To measure the fundamental parameters for yield strength and plastic viscosity of
concrete mixture m3, the ConTec BML Viscometer was used (see Figure 9.11). The
set-up, calibration and measurement procedure are described in Appendix G.

Figure 9.11: ConTec BML Viscometer
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In the following, measurement results of mixture m3 are discussed that show
the evolution of the yield strength over time (see Figure 9.12). The container for
the test with the BML-Viscometer was filled directly after mixing. After filling the
container, several up- and down-curves were completed, increasing and decreasing
the rotation speed between N = 0.03 rps and N = 0.39 rps in seven steps of 5 sec
each (see the dashed blue line in the top graph in Figure 9.12). A maximum torsional
moment (resistance) up to T = 9.5 Nm in the first 1 300 sec was recorded. From these
measurements, a yield strength τ0 = 0− 10 Pa, and a plastic viscosity of about µ ≈
40 Pa · s were obtained shortly after mixing. A slump flow measurement at the same
moment gave SF = 720 mm, which according to Equation (9.2) represents a yield
stress τ0 = 2 Pa. A flow-time T50 = 5.7 s was measured. This flow time indicates
a relatively high viscosity of the mixture. Figure 9.12 also shows that repeated up-
down curves after t = 2 000 s yielded a slightly higher resistance (up to T = 11 Nm),
which is equal to a yield strength of τ0 = 23 Pa, caused mainly by thixotropy, as we
will see below. graphs for paper RILEM
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Figure 9.12: Test of mixture m3 with BML viscometer indicating thixotropic
behaviour; top graph: results of the first 4000 sec (67 min) of the
test; lower graph: measurement in the period 3690-3820 sec after a
resting period of 26 minutes, clearly showing increase in yield value
as a result of the resting period.
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After a rest period of 26 minutes, the repeated test showed a distinct rise of
resistance to almost T = 14 Nm, which however was decreasing again rapidly due
to the shear and movement of the mixture (Figure 9.12: left-lower diagram). In line
with expectations, the rotation of the container during the measurement resulted in
a breakdown of the structure that was build-up before, behaviour that is typical for
a thixotropic mixture. Only at higher shear rates the resistance of T = 14 Nm is
exceeded again. If the up-curve in the G− H diagram would have been interpolated
linearly, it would not be clear which values represented the actual yield strength,
since the rheological characteristics apparently changed due to the measurement
itself. A third-order polynomial curve was used to approximate the yield strength at
a shear rate of N = 0 rps; the interpolated curve crosses the y-axis at T = 15.38 Nm,
which equals a yield strength of about τ0 = 600 Pa. This value is in the range of yield
strengths discussed in Table 9.6 on page 189.

To compare the BML-values with the slump test: the slump (with Abrams cone)
at this moment was S = 30 mm. Using the function for model M3 of Mueller et al.
(2014) plotted in Figure 9.3 on page 176 this slump value would represent a yield
stress τ0 = 855 Pa, which is in the proximity of the interpolated BML-value of 600
Pa. If a similar interpolation is made for the curve after about t ≥ 2 000 s, the yield
value is τ0 = 260 Pa. (Abrams cone slump: S = 190 mm, τ0 = 301 Pa, again using
M3 from Figure 9.3 on page 176).

The initial up- and down-curves directly after mixing are, of course, not influ-
encing the mix in the Abrams cone slump test, and the results, therefore, cannot
be compared directly. The mixture tested with the BML should have been kept
completely at rest until the time that the slump cone was lifted, which was not
the case. This explains, to some extent, that the values determined with the BML
are slightly lower than that using the slump-yield stress formulas shown in Figure
9.3 on page 176. The apparent increase of yield strength in 26 minutes gives an
Athix ≈ (600 − 260)/(26 × 60) = 0.22 Pa/s, which would classify this mixture as
medium-thixotropic according to Roussel (2006b). The development of yield stress
due to thixotropy will also be measured using slump tests at various moments dur-
ing the deformation test. This will be discussed in subsection 9.8.3.

From the BML Viscometer tests the following conclusions are drawn:

1. Mixture m3 has self-compacting and self-levelling characteristics directly after
mixing (yield strength between τ0 = 0 Pa and 10 Pa; plastic viscosity about
µ ≈ 40 Pa · s).

2. After a little less than half an hour of resting, the yield strength of mixture m3
has increased to at least τ0 = 600 Pa. Roussel’s thixotropy rate apparently is
Athix ≈ 0.22 Pa/s (classified as medium-thixotropic).

3. The observation of the mixtures during the slump tests gives a good indication
with respect to the development of the yield strength if model M3 from Figure
Figure 9.3 on page 176 is used.
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Mixture m3 is suitable for use in the flexible mould method with respect to its thixo-
tropic development of yield strength in the first hour after casting. Whether deform-
ation is possible without cracking has to be determined by deformation tests, which
will be described now. For mixture m4 no BML measurement was carried out, but
based on the increased fine particle content as compared to mixture m3 even more
thixotropic behaviour is expected to be present.

9.8.2 Deformation tests - plain concrete - summarized report

The tests were grouped in batches, each batch generally comprising four elements
cast from the same batch of freshly mixed concrete, but with different time of deform-
ation or shape into which the element was deformed or a variation in curvature. For
most batches a flat element and three curved elements were cast, to allow compar-
ison. Appendix E on page 289 gives an overview of the general procedure followed
with casting, deformation, hardening and demoulding of the elements and shows
the test set-up. Table 9.9 gives an overview the most important test results. Batch 1 to
18 are in plain concrete - the batches 19 and 22 refer to the tests with textile-reinforced
concrete that will be discussed later. In subsection 9.8.3 a detailed reported is offered
for the interested reader .

9.8.3 Deformation tests - plain concrete - detailed report

In the present subsection, each batch will be described in detail, highlighting in-
teresting aspects and showing relevant images of findings during the experiments.
Appendix F on page 295 offers all registered data per test.

Batch 1 (mixture m3 - 0.63% plasticizer)

Mixture m3 was prepared with 0.63 % of plasticizers (% related to the weight of
the total powder content). Apart from some test cubes, no elements were cast, but
the development of the slump-value in the first hour was tested. The slump flow
directly after mixing was S f low = 750 mm (flow-time T50 = 2.0 sec), indicating that
the mixture was self-compacting and self-levelling. Three slump cones (Abrams)
were filled with the fresh mixture without tamping. At t = 0:15, t = 0:30 and t = 0:45
h:min (all times measured from the moment of addition of water during the regular
mixing procedure), slump values were measured of S = 225 mm, S = 168 mm and
S = 123 mm respectively, indicating a clear rise of yield strength during the first hour
after mixing, which can also be seen from Figure 9.13 on page 200. Similar graphs
can be found in Appendix F for all batches where slump tests were done. The cube
compressive strength was 82.3 MPa after 28 days.

Batch 2 (mixture m3 - 0.80% plasticizer)

Batch 2 was prepared with the intention of making a trial casting for one single-
curved concrete element, numbered 2.1. The same recipe m3 as in batch 1 was used,
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Figure 9.13: Development of yield stress in time, calculated from slump (flow)
tests - batch 1

with the exception that 0.80 % instead of 0.63 % plasticizers was used, in order to
increase the workability. No other tests were carried out with this mixture other
than casting the element itself. It was a very fluid mixture, self-compacting and self-
levelling. At t = tdeform = t2 = 0:45 h:min the mould was deformed into a single-curved
radius R1 = +1.5 m. The intended height of the element was h2 = 0.05 m. However,
it was found out that the fluidity was still too high. (see Figure 9.14a). Signs of
segregation were visible. Flow resulted in a varying thickness of the element from
the ends to the centre. The element itself, though, turned out to be very smooth on
the mould surface (see Figure 9.14b). Few air bubbles were observed on the edges of
the element5.

(a) (b)

Figure 9.14: Batch 2 - element 2.1 (a) during casting - mould is overflowing, due
to fluidity and slight segregation of concrete, still too high at 45
minutes after mixing (b) after demoulding - smooth surface, but
unequal thickness

5More images of batch 2 can be found on the project website: casting and deformation and
demoulding.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20and%20deformation%20batch%202/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimen%20batch%202/index.html
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Batch 3 (mixture m3 - 0.70% plasticizer)

For batch 3, again mixture m3 was prepared, now with 0.77% of plasticizers, to
reduce flow and segregation. It still resulted in a fluid mixture, easy to place, self-
compacting but not really self-levelling: some manual finishing of the surface was
necessary after casting. Like in batch 2, again at t = tdeform = t2 = 0:45 h:min the
mould was deformed into a single-curved radius, this time in the opposite curvature,
namely R2 = −1.5 m. The height of the element again was h2 = 0.05 m. The slump
flow directly after mixing was only S f low = 575 mm (flow-time T50 = 2.0 sec), which
was less than expected based on the only slight reduction of plasticizer compared to
the previous test. At t = 0:30, t = 0:45 and t = 1:08 h:min, slump values were measured
of S = 210 mm, S = 215 mm and S = 200 mm respectively, which is interpreted as
a lack of stiffening in the first hour. Yet, the deformation went successful, since no
concrete flowed out of the mould. The element itself turned out to be smooth on the
mould surface (see Figure 9.15b and c). This time, the element thickness was constant
and accurate over the whole panel6. This panel had a negative curvature, meaning
that the finishing surface was not stretched but compressed by the deformation. No
cracks were visible in the finishing surface or mould surface. The cube compressive
strength was 70.8 MPa after 28 days.

(a) (b) (c)

Figure 9.15: Batch 3 - element 3.1 during casting and after demoulding. (a)
mould ballasted with extra weights; (b) and (c) smooth surface,
smooth curvature, equal element thickness, some bubbles

Batch 4 (mixture m3 - 0.64% plasticizer)

Batch 4 was the first batch with an entire series of four elements (with one element
flat) that were cast at once. Still using mixture m3, the proportion of the plasticizer
was further reduced to 0.64% (related to total powder content) with the intention of
getting the right fluidity with a maximum economy. But surprisingly it turned out
that the mixture was very unworkable. It was far from self-compacting, hard to place
in the moulds and manual compaction was required. The thickness of the element
again was h2 = 0.05 m. The mixture turned out to be so stiff that at t = 0:00, t = 0:30

6More images of batch 3 can be found on the project website: casting and deformation and
demoulding.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20and%20deformation%20specimen%20batch%203/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimen%20batch%203/index.html
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Figure 9.16: Development of yield stress in time, calculated from slump (flow)
tests (a) batch 4 (b) batch 6 - drop-out at 1:15 due to collapsed
concrete cone during slump test

and t = 0:45 h:min, slump values were measured of S = 215 mm, S = 80 mm and
S = 0 mm respectively. This development of slump values in time shows a quick
rise of yield strength, as can also be seen in the plot of the calculated yield strengths
in the left graph in Figure 9.16.

At at t =0:30, t =0:45 and t =1:00 h:min, the deformation took place into a
single-curved radius R1 = +1.5 m of element 4.1, 4.2 and 4.3 respectively. Element
4.4 remained undeformed. Surface cracks were visible in the upper finishing surface
of the elements immediately after deformation, increasing in number with the time
passed between mixing and deformation (see Figure 9.38 on page 225).

(a) (b) (c)

Figure 9.17: Batch 4 - element 4.1 to 4.4 during casting and after deformation
and demoulding. (a) workability not good (b) four elements, 1 flat,
3 curved. (c) many bubbles in surface, badly compacted; overall
shape quite OK

The elements (see Figure 9.17) had many air enclosures with a diameter between
1 and 10 mm on the mould surface and on the edges. The finishing was far from
satisfactory. It was also difficult to release the moulds from the elements without
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Figure 9.18: Batch 5 - elements during casting and after demoulding: as a result
of very limited workability the compaction was insufficient, the
filling ability was not good and cracks occurred in the finishing
surface during deformation. The video-sequence (step 1-4) in the
lower image shows that the cracks clearly are the result of the
deformation

damaging the moulds. 7. The cube compressive strength was 61.8 MPa after 7 days;
the cube tested at 28 days for measuring the compressive strength was not deemed
reliable.

Batch 5 (mixture m3 - 0.77% plasticizer)

Batch 5 showed a more or less similar result, even though the amount of plasticizer
was increased again back to 0.77%, while still using mixture m3. It appeared, that
the mixing order was prone for improvement during batch 4 to 9: the plasticizer was
added early, together with the first 50% of the water. This lead to unpredictable be-
haviour of the plasticizers, possibly as a result of quick adsorption of that admixture
by the cement. In later tests, where first 50% of water was added, and plasticizer
only in the second 50% of water, this phenomenon did not occur.

Effectively, the workability of the mixture was very limited. As a result, the filling
ability of the mixture was insufficient, leading to large empty spaces in the mould
(see Figure 9.18). Element thickness h2 = 0.05 m was chosen. During deformation

7More images of batch 4 can be found on the project website: casting and deformation and
demoulding.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20specimens%20batch%204/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%204/index.html
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Figure 9.19: Detail of casting surface of element 5.3 - impression of the size and
distance of cracks in the finishing surface; the smallest cracks still
visible with the eye or after zooming in on the digital image (crack
width estimated at 0.05 to 0.2 mm) are on an average distance of
around 11 mm; three medium-sized cracks are visible in the top of
the picture (crack width 1 to 2 mm).

into a single-curved radius R1 = +1.5 m at t = 0:40, t = 0:50 and t = 1:00 h:min,
elements 5.1, 5.2 and 5.3 all developed cracks, mostly in the main strain direction
resulting from the curvature, but some also under 30 degrees with this main direc-
tion. The larger cracks had a length of 150 to 200 mm. These cracks developed in the
upper surface, a few had a width of around 3 to 4 mm and a estimated depth of 5
mm from the top surface. Also some medium-sized cracks with a crack width of 1 to
2 mm developed at regular distances of 50 to 70 mm, and smaller cracks with width
< 1 mm were visible at centre-to-centre distances of around 11 mm (See Figure 9.19).

The lower image in Figure 9.18 clearly shows that the cracks were indeed a result
of the deformation process. The flat panel 5.4 (not deformed) did not crack. At t
= 0:48 and t = 1:00 h:min, slump values were measured of S = 0 mm both. Earlier
slump values were not measured due to the casting difficulties mentioned above,
but the mixture then was still somewhat more plastic.8

Batch 6 (mixture m3 - 1.10% plasticizer)

In batch 6, again the same radius R1 = +1.5 m and same element thickness h2 =
0.05 m were used. Still experimenting with various amounts of plasticizer due to
the non-altered mixing order, this mixture m3 with 1.1% plasticizer (related to total
powder content) segregated easily. The mixture had a slump flow of S f low � 900
mm directly after mixing, and at t = 0:45, t = 0:59 and t = 1:15 h:min, slump values

8More images of batch 5 can be found on the project website: casting and deformation and
demoulding.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20specimens%20batch%205/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%205/index.html
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Figure 9.20: Batch 6 - segregation problems lead to bleeding of cement water
and unequal element thickness - furthermore cracks appeared in
the finishing surface of element 6.1 and 6.2. Cores were drilled and
sliced to observe the cracks in more detail

were measured of S = 230 mm, S = 200 mm and again S = 230 mm, respectively.
This development of slump values in time shows a limited rise of yield strength,
as can also be seen in the plot of the calculated yield strengths in Figure 9.16 on
page 202.

To counteract segregation, the mixture was remixed for around 10 seconds before
filling each of the moulds, starting with mould 6.1 and ending with 6.4. As a result of
the remixing, the fresh concrete remained self-compacting and in the beginning also
self-levelling, but despite the remixing slight segregation stayed visible (bleeding of
cement water of top surface, larger grains seemed to sag in the mixture), especially
in the two first moulds 6.1 and 6.2 that were filled. During the filling of the third and
fourth mould, it became clear that the workability reduced at fast pace, even though
the slump tests indicated something different9.

Therefore it was decided to start with the deformation (again into a single-curved
radius R1 = +1.5 m) of mould 6.3 at t = 0:45, then 6.2 at t = 0:59 and finally 6.1 at t =
1:15 h:min. This resulted in a time for stabilisation of 15, 40 and 63 min, for mould 6.3,
6.2 and 6.1 respectively. Element 6.3 did not show cracks as a result of deformation.
Some cement water was flowing over the edge of the mould, though. Element 6.1
and 6.2 both developed cracks as a result of the deformation, possibly for mould 6.2
also as a result of some shocking during the deformation due to a stuck deformation
mechanism. The cracks in element 6.1 were smaller than in element 6.2.

9The difference between slump tests (indicating low yield strength) and experienced workability
(indicating high yield strength) may possibly be explained by the fact that a non-representative part of
the segregating volume for the slump cone samples may have been taken, resulting in a mixture in the
moulds different from that in the slump cones.
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After demoulding, the elements appeared to have a good finish on the mould
side and edges (see Figure 9.20). Few air bubbles and blobs were seen. The finishing
surface of mainly element 6.2 and less also of 6.1 had many cracks, and also the
thickness of element 6.2 varied as a result of segregation and flow. To assess the
crack depth and width, cores were drilled from all four elements of this batch, and
these cores were sliced into sections for closer observation10. More on this will be
reported below.

Batch 7, 8 and 9 (mixture m3 - 1.00% plasticizer)

For batch 7, the amount of plasticizer was slightly reduced to 1.0% in order to obtain
less bleeding and segregation. The slump flow now, however, did not come above
500 mm, indicating that the mixture was neither self-compacting nor self-levelling.
The results of batch 7 were assessed as not useful and thus not reported here. As
there was no consistency in the mixtures obtained in the previous tests, it was de-
cided to do just a test on the proportions of the mixture itself in a small volume.

For batch 8, the contents for a small volume of concrete (7 litre) were weighed.
The dosage of plasticizer was kept at 1.0%. The mixture now proved to be very fluid,
self-compacting and self-levelling. The immediate slump flow was also satisfactory.
However, the slump flow after 45 min was quite high (SF = 700 mm) and the
concrete appeared to segregate then. Since this mixture was better than the batches
of 4 to 7 and easier to handle, it was decided to repeat the same test. Batch 9 appeared
to behave similarly to batch 8. The slump flow, measured directly after mixing, was
satisfactory. The slump flow after 45 minutes was quite high but less than batch
8. Thus it was decided to use the same proportion for the next test for 100 litre for
casting the elements. No elements were cast, apart from some prisms for strength
testing. The cube compressive strength (40× 40× 40 mm3) was around 91 MPa after
28 days.

Batch 10 (mixture m3 - 0.75% plasticizer - improved mixing order from here on)

From this test on, the mixing order was modified. It appeared important to add
the plasticizer after the cement absorbs water to work effectively. Also the mixer
now was slightly wetted before pouring the ingredients, and also the slump cones
and slump base plate were oiled. Only 0.75% of plasticizer, related to total powder
content, was added and the mixture was prepared with the changed mixing proced-
ure. The mixture seemed fluid, self-compacting and self-levelling. However, it was
segregating a bit and stabilizer was added to reduce the segregation. The mixture
was very workable, but not entirely self-levelling. It was easy to place and a little bit
of manual compaction was necessary. The element thickness was h2 = 0.05 m. The
mixture had a slump flow of SF = 650 mm directly after mixing, and at t = 0:20, t =
0:31 and t = 0:54 h:min, slump values were measured of S = 220 mm, S = 200 mm

10More images of batch 6 can be found on the project website: inspection of demoulded elements and
drilled cores

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/gallery%20inspection%20batch%206/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/drilled%20core%20samples%20from%20batch%206/content/index.html
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Figure 9.21: Batch 10 - development of yield stress in time, calculated from the
slump (flow) tests

and S = 160 mm respectively. This development of slump values in time shows a
moderate rise of yield strength, as can also be seen in the plot of the calculated yield
strengths in Figure 9.21.

The deformation of element 10.1, 10.2 and 10.3 at t = 0:20, t = 0:34 and t = 0:51
h:min, respectively, went smooth. Again the same radius R1 = +1.5 m was used.
However, small surface cracks were visible immediately after deformation (see Fig-
ure 9.22). These cracks were most visible in element 10.2 and 10.3, hardly visible in
panel 10.1 and not visible in element 10.4 (the flat panel). The cracks were distributed
at intervals of roughly 5 mm to 10 mm for element 10.2 and had a slightly finer
distribution for element 10.3 ( crack intervals of around 5 mm). The crack widths
were not measured, but, as could be observed in the high resolution images, were
more in the order of magnitude of one or two tenths of millimetres than of whole
millimetres, and clearly of much smaller width than the cracks observed earlier in
batches 4, 5 and 6.

The elements had a good finish on the mould side, except for some air bubbles

(a) (b)

Figure 9.22: Batch 10 - improved mixing order led to better workability; still
small cracks, very much alike the type of cracks usually observed
after plastic shrinkage developed in finishing surface of the mould
(a) immediately after deformation (b) after hardening
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and blobs of concrete sticking out due to the deterioration of the moulds (see Figure
9.22b). The finishing surface had small cracks perpendicular to the direction of
deformation, as observed immediately after deformation and described above. The
cube compressive strength was around 71 MPa after 28 days11.

Batch 11 (mixture m3 - 0.65% plasticizer)

(a) (b) (c)

Figure 9.23: Batch 11 - repeated test compared to batch 10 with similar results:
cracks in the finishing surface

For batch 11, still using mixture m3, the percentage of plasticizer was reduced to
0.65%, to avoid the segregation observed during the previous mixture. The mixture
was workable, self-compacting, non-segregating but not entirely self-levelling. It
was easy to place and a little bit of manual compaction was necessary. So, it was quite
consistent with the previous mix. The mixture had a slump flow of SF = 640 mm
and a flow-time T50 = 11 sec directly after mixing, and even at t = 0:10 and t = 0:15
slump flows of SF = 570 mm and SF = 610 mm respectively were measured. At
t = 0:45 h:min, a slump value was measured of S = 185 mm. Not enough concrete
was made to fill all slump cones and cubes. All moulds were filled to an element
thickness h2 = 0.05 m. The deformation of element 11.1, 11.2 and 11.3 at t = 0:50, t =
1:00 and t = 1:16 h:min, respectively, was for all elements executed roughly half an
hour later than for batch 10, but went smooth, nonetheless. Again the same radius
R1 = +1.5 m was used. Surface cracks were visible immediately after deformation
(see Figure 9.23a and c). Element 11.1 showed a cracking pattern much similar to that
of element 10.3, both were deformed around t = 0:50 h:min. Element 11.2 and 11.3
showed a slightly finer crack distance, between 3 and 5 mm, but for element 11.3 the
crack width seemed less evenly distributed over all cracks: some cracks were clearly
wider than others (see Figure 9.24a). Element 11.3 was deformed quite late at t = 1:16
h:min.

The elements had a good finish, except for some air bubbles and blobs of concrete
sticking out due to the deterioration of the moulds12.

11More images of batch 10 can be found on the project website: casting and deformation and inspection.
12More images of batch 11 can be found on the project website: casting and deformation and inspection.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20specimens%20batch%2010/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%2010/content/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20specimens%20batch%2011/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%2011/index.html
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(a) (b)

Figure 9.24: (a) element 11.3 - visible cracks in the finishing surface
(b) element 12.3 - no visible cracks.

Batch 12 (mixture m3 - 0.65% plasticizer)

Batch 12 was the first batch in which an element thickness h1 = 0.025 m was tested,
still using mixture m3. Again the same radius R1 = +1.5 m was applied. The
workability was consistent with the previous batch. The moulds were placed in
reverse order, as the actuators were adjusted for deformation of moulds 2, 3 and 4.
Mould 1 remained flat.

The mixture had a slump flow of SF = 650 mm directly after mixing, with a flow
time T50 = 10 sec; at t = 0:31, t = 0:45 and t = 0:59 h:min, slump values were measured
of S = 220 mm, S = 165 mm and S = 180 mm respectively. The third slump cone
collapsed while releasing the cone. Placement was easy. It was, however, difficult
to get a uniform element thickness h1 = 0.025 m within the moulds with an edge
height of h2 = 0.05 m. The moulds were covered with foil immediately after placing.

The deformation at t = 0:36, t = 0:48 and t = 1:00 h:min went smoothly. This time,
no visible cracks were noticed immediately after deformation13. Additional weights
had to be placed on the moulds to get a uniform curvature. After demoulding,
the elements had a smooth finish except for the effects of the deteriorated mould.
Contrary to the specimens of batch 10 and 11, no cracks were visible (see Figure
9.24b)14.

The elements were also combined in a set-up to get an impression of the accuracy
and continuity of the curvature (see Figure 9.25). It appeared that the curvature was
quite accurate, but that the shape of the edges was not fitting due to deformation of
the edge of the mould before hardening.

Batch 13 (mixture m3 - 0.65% plasticizer)

For batch 13, the same mixture m3 was used, similar to batch 11 and 12, with identical
amount of plasticizer 0.65% (related to total powder content). Element thickness

13It could be due to the effect of the foil, or because the strain caused by deformation for a thickness of
25 mm panel is half of that for 50 mm panel.

14More images of batch 12 can be found on the project website: casting and deformation and inspection.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20specimens%20batch%2012/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%2012/index.html
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Figure 9.25: Batch 12 - fitting of the cast elements in a curved shape: curvature
is quite continuous, edge shape does not fit very well, due to
deformation of the mould edge

h1 = 0.025 m was tested again, but now the opposite single-curved shape with radius
R1 = −1.5 m was applied. The workability of the fresh concrete was similar to the
previous test, though the slump flow was slightly less than the previous ones. The
mixture had a slump flow SF = 610 mm directly after mixing, and at t = 0:30, t = 0:45
and t = 0:58 h:min, slump values were measured of S = 240 mm, S = 190 mm and
S = 150 mm respectively15. The placing of concrete in the moulds was in reverse
order as during the previous batch. The moulds were covered with foil immediately
after placing. The deformation at t = 0:34, t = 0:47 and t = 1:02 h:min went smooth.
No cracks were seen after deformation. Additional weights had to be placed on
the moulds to get uniform curvature. The elements had a smooth finish except for
the effects of the deteriorated mould. No cracks were visible16, nor on the mould
surface of the elements, nor on the finishing surface. The cube compressive strength
(150× 150× 150 mm3) was around 84 MPa after 28 days.

Batch 14 (mixture m3 - 0.70% plasticizer)

Batch 14 had the purpose of casting elements with a thickness h2 = 0.05 m and again
the single-curved shape with radius R1 = −1.5 m. The proportion of the plasticizer
was increased to 0.70%. The fluidity slightly increased, resulting in a slump flow of
SF = 700− 800 mm, with a flow time T50 = 4 sec; at t = 0:31, t = 0:46 and t = 1:01
h:min, slump values were measured of S = 235 mm, S = 180 mm and S = 35 mm
respectively. The placing was in reverse order as the last one. The moulds were

15The third slump cone ’collapsed’ while releasing the cone (see an example of this phenomenon in the
top left image of Figure 9.29 on page 214): due to some randomness of where the first yielding of the fresh
concrete takes place, the slump value with Abrams cone can give different results, even with identical
concrete. According to the code, such a slump test is formally considered invalid. For the slump flow,
this issue is not relevant. For our purposes, though, the slump tests is considered the most practical and
common way of measuring the workability and will be used. The small Haegermann cone does not show
this issue, since the proportion between height en diameter is different. For this reason, the Haegermann
cone was also used in a number of tests.

16Images of batch 13 can be found on the project website: casting and deformation and inspection.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20specimens%20batch%2013/content/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%2013/content/index.html
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Figure 9.26: Batch 15 - double-curved panel 15.2 with thickness of 50 mm and
radius of -/- 2.5 m in two directions

covered with foil immediately after placing. No cracks were seen after deformation.
The elements had a smooth finish except for the effects of the deteriorated mould.
No cracks were visible17. The cube compressive strength (150× 150× 150 mm3) was
around 71 MPa after 7 days. A 28-day cube was only tested on a mini-cube (40× 40×
40 mm3) and was around 84 MPa.

Batch 15 (mixture m3 - 0.70% plasticizer)

Batch 15 had the purpose of casting one element with a thickness h2 = 0.05 m and
a double-curved shape with radius R1 = R2 = −2.5 m was applied (sphere-shape,
see Figure 9.26). The proportion of the plasticizer was again 0.70%. The fluidity,
therefore, remained quite constant compared to batch 14, resulting in a slump flow
of SF = 715 mm. At t = 0:29, t = 0:43 and t = 1:03 h:min, slump values were measured
of S = 190 mm, S = 160 mm and S = 20 mm respectively. The concrete was covered
with foil immediately after placing. No cracks were seen after deformation. The
elements had a smooth finish except for the effects of the deteriorated mould. It
was, therefore, decided to fabricate new moulds for the later tests. No cracks were
visible. The cube compressive strength (150× 150× 150 mm3) was around 40 MPa
after 1 day. A 7- or 28-day cube were not tested18.

Batch 16 (mixture m3 - 0.70% plasticizer)

Batch 16 was used to cast the first series of double-curved elements with new moulds.
The new moulds consisted of 3 moulds of silicone finish surface and 1 of poly-
urethane finish surface. The polyurethane moulds were used for the flat elements.
Like in batch 15, thickness h2 = 0.05 m and a double-curved shape with radius
R1 = R2 = −2.5 m was applied, but now three elements were cast and deformed
at various moments in time.

17Images of batch 14 can be found on the project website: casting and deformation and inspection.
18More images of batch 15 can be found on the project website: casting and deformation and inspection.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20specimens%20batch%2014/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%2014/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20specimens%20batch%2015/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%2015/index.html
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Figure 9.27: Batch 16 - visual inspection of elements; element thickness is 50
mm, radius in two directions is - 2.5 m; the elements are shiny since
new silicone moulds were used (PR)

The mixture was prepared with the same proportions as for the previous batches
14 and 15 and directly after mixing had consistent workability, though it stiffened
faster. The mixture had a slump flow SF = 730 mm directly after mixing, with a flow
time T50 = 5 sec; at t = 0:45, t = 1:01 and t = 1:15 h:min, slump values were measured
of S = 170 mm, S = 40 mm (cone collapsed) and S = 190 mm, respectively.

The polyurethane mould was oiled to facilitate easy release; the moulds were
placed in reverse order. The side pieces of the polyurethane mould started bulging
out during the placing of the concrete, because the silicone sealant did not stick to
polyurethane. Additional weights were placed along the edges to prevent it from
bulging out. The deformation was also done in reverse order (starting at mould 4,
ending with mould 2) at t = 0:48, t = 1:03 and t = 1:17 h:min. Mould 3 and 4 did
not deform smoothly due to some issues with the actuators. The other deformations
went smooth. However, the mould still didn’t touch the actuators of second and
third rows at most places.

The elements have a good shiny reflective finish. The polyurethane mould, though,
gave a less glossy finish. The reflection of the lathes was visible again over the
surface, like with the first test with the first set of moulds. The elements have few
air bubbles. No cracks were visible. The edges of the elements are straighter than
the ones cast with the old moulds19. The cube compressive strength (150× 150×
150 mm3) was around 85 MPa after 28 days.

Batch 17 (mixture m3 - 0.70% plasticizer)

For batch 17 the same curvature was used as in batch 16, but the element thickness
was reduced to h1 = 0.025 m again. The mixture was prepared with same propor-
tions as for the previous batches 14 to 16 and had consistent workability. The mixture
had a slump flow SF = 685 mm directly after mixing, with a flow time T50 = 5 sec;
at t = 0:30, t = 0:46 and t = 0:59 h:min, slump values were measured of S = 215 mm,

19More images of batch 16 can be found on the project website: casting, deformation and inspection.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20of%20batch%2016/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/deformation%20of%20batch%2016/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%2016/index.html
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Figure 9.28: Analysis of one element of batch 17: no cracks are visible

S = 175 mm and S = 85 mm respectively. The deformation was done att = 0:32, t =
0:49 and t = 1:02 h:min.

All the moulds were oiled this time. The moulds were filled in reverse order
(starting with mould 4, ending with 2). The deformation was also done in this order.
All deformations went smoothly this time. However, the mould still didn’t touch the
actuators of second and third rows at most places.

The elements again had a somewhat shiny reflective finish, but less than the
previous batch. The polyurethane mould element had an even less glossy finish.
The reflection of the lathes was visible over the surface. The elements had few air
bubbles. No cracks were visible (see Figure 9.28). The edges of the elements were
straighter than the ones cast with the old moulds20. The mini-cube compressive
strength (40× 40× 40 mm3) was around 93 MPa after 28 days.

Batch 18 (new mixture m4 - 0.59% plasticizer)

Batch 18 was the first batch in which a mixture containing only fine aggregates,
mixture m4, was used. For this batch various element thicknesses and curvatures
were applied. The largest aggregate size was 1 mm, and Omya Betoflow D cal-
cium carbonate was used as fine filler, still together with fly-ash. The amount of
plasticizer that was used in this mixture was 0.59%. The mixture had a slump flow
SF = 865 mm directly after mixing, with a flow time T50 = 3 sec. The mini-slump21

flow was Smini− f low = 280 mm; With Abram’s cone again at t = 0:24 a slump flow
of SF = 650 mm and at t = 0:42 a slump flow of SF = 620 mm were found. It was
concluded that the mixture was relatively fluid compared to earlier mixtures, and
also for a longer time. It was interesting to see that parallel to slump test 2 and 3,
the mini-slump test did not result in a flow-spread situation, but in an upstanding
cone with a slump value of around Smini = 5 mm in test 2 and Smini = 0 mm in test 3.
Furthermore it was observed that slight tapping of the mini-cones would result in a
flow circle again, after regained fluidity of the mixture due to the vibration induced
by slight tapping.

20Images of batch 17 can be found on the project website: casting, deformation and inspection.
21Haegermann-cone, used without stroking table, upper diameter 70 mm, lower diameter 100 mm,

height 60 mm, (Roussel et al., 2005)

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting%20of%20batch%2017/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/deformation%20of%20batch%2017/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%2017/index.html
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Figure 9.29: Difference between Abrams cone (top-left) and Haegermann cone
(top-right) with slump tests at same moment and with same mix-
ture.
Effect of vibration on the mixture (other images): fluidity will be
regained easily after slight tapping of the cone
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Figure 9.30: Batch 18 - Tilted mould for element 18.2 over around 30o with the
horizontal, so that a lower part of the circle-shape is described. This
allowed testing of casting under a slope of around 45o at the edge
of the mould (normally only 15o with R1 = −1.5 m, see Table 9.6 on
page 189). As can be seen in the right image, the element was cast
successfully

The deformation of the moulds was done at t = 0:42, t = 0:45 and t = 0:59 h:min 22.
Two elements with a thickness of h2 = 0.05 m were deformed into a double-curved
shape with radius R1 = R2 = −2.5 m. The third element with the same thickness
was deformed into a single-curved shape with a radius of R1 = −1.5 m., but the
whole circle-shape mould was tilted over around 30o with the horizontal, so that a
slope of 45o was created at the edge of the mould (see Figure 9.30).

After demoulding, the elements were inspected. The surface of the elements was
smooth, locally small air bubbles could be observed. No cracks were visible. The
deformation under a slope of 45o appeared to have gone well.

22Images of batch 18 can be found on the project website: casting and deformation and inspection.

http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/casting_specimens_batch_18/content/index.html
http://homepage.tudelft.nl/6w3a0/images/HTML%20gallery/visual%20inspection%20specimens%20batch%2018/content/index.html
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(a) hand lay-up method (b) fresh panel deformed

(c) spacing measured-here 4 layers of textile (d) 4-point bending test

Figure 9.31: Tests with textile reinforcement

9.9 Additional tests: textile reinforcement

In the viability study traditional steel reinforcement was applied with small diamet-
ers and additional protection against corrosion through galvanising. In section 9.4
it was already shown that the use of small diameter traditional steel reinforcement
in elements for high concrete grades will lead to a relatively small rebar spacing,
even for amounts of reinforcement just around the minimal allowed percentage.
Furthermore the concrete cover will always be very limited as a result of the total
element thickness of only a few centimetres.

A research group at RWTH Aachen has experimented with thin shell structures
reinforced with glass fibre textiles, resulting in TRC: Textile Reinforced Concrete. In
various publications (Hegger et al., 2008a,b; Scholzen et al., 2012), the possibilities
and mechanical properties of TRC are outlined. Some of these results were applied in
the present research to investigate the possibility to reinforce double-curved concrete
elements with textiles. In this section the result of the reinforcement with glassfibre
textiles will be summarized briefly. The work was extensively reported by Kok
(2013), Schipper et al. (2013) and Kok et al. (2014). Some images of the tests are
shown in Figure 9.31 and more on the website.

Although only experiments were done with glassfibre textiles, the outcomes are
also relevant for other textiles made of carbon fibre or Aramide/Kevlar. Batch 19 to

http://homepage.tudelft.nl/6w3a0/FlexibleMouldProject.htm
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Figure 9.32: Impregnation of glassfibre yarns with epoxy (Brameshuber, 2006)

22 were used to investigate the behaviour of textiles during the deformation process
and the effect on the strength. A brief summary of the experiments and outcomes:

• Textiles deformed well together with the still plastic concrete when the flexible
mould method was applied. By cutting a number of deformed panels the
position of the textile after hardening could be measured, showing that the
textiles had followed the curvature of the elements and that the concrete layers
between the textile effectively acted as spacers.

• Textiles add significantly to both flexural and tensile strength of the concrete.
The presence of textiles lead to a ductile material behaviour.

• The position of the yarns in the cross section had slightly changed as a result
of both the production method (hand lay-up method) and the deformation,
influencing the flexural strength accordingly. The tensile strength of the TRC
remained uninfluenced.

• Numerical simulation in Ansys resulted in good correspondence with the ex-
perimental results: this opens the opportunity to determine maximum stresses
and strains during the life cycle of each element, thus allowing for a proper
detailing, textile placement and anchoring.

• In terms of cost efficiency, the method using textiles with manual labour is
considered a little laborious to use and expensive per ’unit of strength’.

Some of the known issues with durability of glassfibre (Jong and Reijgersberg, 1988;
Stupré-report studie groep 30, 1988; Gerritse, 1990; Vamberský, 1991) can be suc-
cessfully addressed by impregnation of the fibre yarns with epoxy (Figure 9.32)
and proper attention to detailing and connection. In the present research, though,
non-impregnated yarns were applied.

9.10 Additional tests: microscopy

So far, the judgement of the elements after deformation has been done only with the
naked eye and high resolution photography. To investigate and quantify whether the
deformation influences the concrete on a microscopic level, Troian (2014) carried out
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(a) miniature flexible-moulds (b) filled with concrete and deformed

(c) microscopic inspection mixture m3 (d) microscopic inspection ECC-mixture

Figure 9.33: Petrographic research (Troian, 2014)
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several tests. Concrete elements were cast and deformed using the flexible mould
method. Using microscopic analysis, the consequences of the deformation were
quantified for several element thicknesses, curvature radii and times of deformation.
Crack size, frequency and pattern were measured. Furthermore, the effects of modi-
fying water/cement ratio, addition of mixed wood fibres and addition of PVA fibres
were examined. The specimens were prepared using a miniature flexible mould
(Figure 9.33), an improved version of the ones used in the deformation viability tests.
The following conclusions were drawn:

• Radii between 0.25 m and 1.00 m were investigated, which was significantly
smaller than any of the radii in the batches 1-18. Despite this strong curvature,
cracks size and frequency in many cases were limited. For mixture m3, the fre-
quency of cracks clearly decreased with increasing the radius (less curvature);
panels deformed with a radius of 1.0 m will generally have cracks smaller than
0.1 mm in width, none of them deeper than 1 mm.

• Deformation time has an important impact on crack width: with mixture m3,
deformation after 90 minutes should be avoided. Deformation after 45 minutes
led to cracks of only 0.01 mm depth, whereas deformation after 90 minutes
resulted in cracks deeper than 0.1 mm.

• Element thicknesses of 25 and 50 mm were investigated. The size and depth of
the cracks found was larger with the thicker panel.

• Water/cement ratio’s for mixture m3 were varied between 0.38 and 0.50. A
lower water/cement ratio clearly lead to higher crack frequency and larger
crack width and depth.

• With respect to durability, the data from the petrographic research can be used
to estimate the impact of the flexible mould method for various applications,
such as architectural concrete exposed to the outside climate, or interior clad-
ding of buildings. No further research was carried out, though, to provide
quantitative data for this, since it would largely depend on the project condi-
tions, loads and applied type of reinforcement.

• A strain-hardening cementitious composite and a wood fibre reinforced con-
crete both performed better than mixture m3. So, this track definitely deserves
further attention if the flexible mould method is to be used in real projects.

• No cracks were observed in the surface of the specimens facing the mould.

The overall conclusion from the microscopic research was that the flexible mould
method can certainly be applied without the risk of large and frequent cracks.



220 Parameter variation study

9.11 Data analysis

9.11.1 Introduction

In the following subsections, the results from the experiments are analysed. The
parameter variations are discussed, and it is investigated whether confirmation can
be found for the earlier stated suppositions. First Figure 9.34 on the facing page
represents numerical data from the tests: in Figure 9.34a the moment of deformation
after casting is plotted against the yield strength calculated from the measured slump
tests. In 9.34b the curvature and the thickness of each element are translated into the
calculated strain of the finishing (top) surface of the mould.

Elements with in total 4 different radii - partially single-curved, partially double-
curved - have been successfully deformed for both element thickness h1 and h2, and
in most combinations of thickness and curvature also for both concrete mixtures
m3 and m4. Successfully is defined here as: no flow of concrete within or out of
the mould, smooth mould-side surface and no visible cracks; further exploration of
accurate shape and possible microscopic cracks will be addressed later.

From Figure 9.34a it can be observed that with both concrete mixtures successful
deformation could be carried out, and also at all chosen times tde f orm;1 = 0 : 30,
tde f orm;2 = 0 : 45 and tde f orm;3 =1:00 h:min. In some cases deformation was even
successful (slightly) before or after this range. Apparently the moment of deforma-
tion after casting, within a certain range, is not a very critical variable with the given
mixtures.

9.11.2 Development of yield stress to find t1

Development of yield stress

Figure 9.34a shows a rather broad scatter of yield strength development over time.
The dosage of plasticizers and the moment of adding it to the mixture appeared
to be quite sensitive aspects in the yield strength development. Large differences
were found with similar recipes but with variation of these two variables. Therefore,
we will first focus at the yield stresses, calculated from the slump test results for
the batches 14 to 17, that were all done with the same mixture, the same amount
of plasticizers (0.70%) and the same mixing order, resulting in a rather consistent
behaviour. Figure 9.35 shows the calculated yield stresses for these four batches in
the first hour.

The yield stress values were calculated according to Equation 9.5 on page 174
of Roussel and Coussot (2005) for the slump flow test (directly after mixing) and
Equation 9.12 on page 175 of Mueller et al. (2014) for the slump tests (after some
time of stiffening). The data points show an increasing yield stress development in
the first hour, starting as a self-compacting concrete (τ0 = 1.6 − 2.7 Pa at t = 0:05
h:min) and developing into a rather stiff mixture (τ0 = 686− 890 Pa around t = 1:00
h:min). It can be concluded that this mixture shows a clear change of workability
in the first hour from self-compacting to practically non-workable. According to
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some points overlapping dots have been shifted slightly for sake of
clarity.
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Figure 9.35: Yield stresses calculated from the slump tests for batch 14 to 17
according to equation M3 of Mueller (2014), using mixture m3. A
quadratic trend line is drawn.

the classification of Roussel, mixture m3 was earlier classified as a medium-thixotropic
mixture with Athixo = 0.22 Pa/sec based on BML viscometer measurements. The
research of Roussel (2006b), as discussed earlier on page 127, showed a linear devel-
opment of the yield stress in the first 15 minutes. If the data points in Figure 9.35 are
interpolated linearly, the thixotropic strength increase is Athixo = 19 764/3600 · 24 =
0.23 Pa/sec, which shows good resemblance with the value found using the BML
viscometer, taken into account, however, a starting point that is not t = 0, but
around t = 0:10 h:min. Taking into account that after adding water to the mixture
at t = 0 the mixing and placing of the concrete generally takes at least ten minutes,
this correction of the origin of the linear interpolation may even be explained from
this process. From Figure 9.35 it furthermore becomes clear that if the strength
development is interpolated using a quadratic trend curve a better fit is obtained
than using a linear trend.

Finding the correct lower boundary t1

The elements in the batches 14 to 17 all had an element length L = 0.80 m, a height
h2 = 0.05 m or smaller and a radius of R1 = 1.5 m or larger. According to Table 9.6 on
page 189, for this geometry the critical yield strength, necessary for the concrete in
order to stay in the mould, was in the range 94 Pa ≤ τ0;crit ≤ 314 Pa. It is interesting
to see now from the test results what time the mixtures needed to reach this yield
strength. From 9.35 it is concluded that the necessary yield strength in the range
94 Pa ≤ τ0;crit ≤ 314 Pa is reached around roughly the first 30 to 45 minutes after
mixing. All tests in the batches 14 to 17 - except for one - were done with a measured
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yield strength that was higher than the calculated τ0;crit, and in none of the cases flow
occurred. Even in the one case where the measured yield strength was lower than
the calculated τ0;crit (element 14.4) no flow occurred.

In all tests where flow occurred (test 3.1, 6.1, 6.2 and 6.3), the measured yield
strength was lower than the calculated necessary τ0;crit. This confirms supposition
2.1 that t1 calculated according to De Larrard’s slope model in combination with
Roussel’s thixotropic strength development can be used with sufficient accuracy to
calculate the right moment of deformation after casting.

9.11.3 Development of strain capacity - finding t2

Strain distribution over the height

The bending process brings along a forced deformation. As already stated earlier, a
linear strain distribution over the height of the element was assumed. Observation
of the mould surface showed that in this plane no in-plane extension occurred, at
least not with the single-curved tests. As the mould surface itself did not extend
during deformation, the strain distribution as shown in the right image in Figure
9.36 was taken as starting point for the calculated strains. Evidence supporting this
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Figure 9.36: No strain near to mould surface with negative curvature - the right
distribution is the most probable one.

assumption of a linear strain diagram is (a.o.) the following: element 11.3 with a
thickness h2 = 0.050 m was deformed with a positive radius of R1 = +1.5 m. In the
concrete that had faced the mould surface during casting, deformation and harden-
ing, no cracks were visible, see Figure 9.37a. The total strain calculated according
to assumption ε = h2/R1 = 0.033 = 33 mm/m. For an element with a length
of L = 0.8 m the summed crack widths then should be in the order of magnitude
of wtot ≈ 0.8 · 33 = 26 mm. In element 11.3 the measured crack distance was
between 3 and 4 mm, resulting in a total number of cracks between 800/4 = 200 and
800/3 = 267. The individual average crack widths then, according to the calculated
strain, should be in the order of 26/267 < w < 26/200⇔ 0.10 mm < w < 0.13 mm.
This calculated crack pattern shows good correspondence to the pattern shown in
Figure 9.37c. As similar observations were made for other tests, the assumption
about the strain distribution is considered to be sufficiently accurate for the purpose
of this research. For a negative curvature, the same strain distribution will be used,
but then leading to a shortening strain (Dutch: stuik).
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(a) (b)

(c)

Figure 9.37: Element 11.3 front (a), rear (b) and detail of crack pattern in rear (c)
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Figure 9.38: Surface cracks in finishing surface of elements 4.1, 4.2 and 4.3 (from
left to right, image scale circa 16 x 12 cm)

Relation between time and strain capacity

Due to the combination of various radii and element thicknesses, the calculated
surface strain resulting from the deformation is in the range between -33 and +33‰
(shortening=negative, elongation=positive), assuming a linear strain diagram ac-
cording to the right image in Figure 9.36. From the lower image in Figure 9.34 it
can be observed that only problems occurred during the largest elongation strains,
but that even here multiple successful tests were carried out.

Successfully placed and deformed was, for example, element 3.1 of batch 3. No
cracks were visible in the finishing surface, possibly also as a result of the fact that
this element had a negative curvature, making that the finishing surface was under
compression during the deformation. On the mould surface, however, also no cracks
were visible, which could mean two things: the strain capacity of the concrete was
sufficient to stretch without cracking, or locally no strain was present.

In batch 4, the elements 4.1, 4.2 and 4.3, all with a thickness h2 = 50 mm, were
deformed at t = 0:30, t = 0:45 and t = 1:00 h:min, respectively. At the moment of
deformation the calculated yield strength was τ0 = 202 Pa for the first deformed ele-
ment, up to, for the last deformed element, τ0 = 678 Pa (see Figure 9.3 on page 176).
Cracks developed shortly after deformation, especially in the element deformed
as last at t = 1:00 h:min. Since these elements had a positive curvature, meaning
elongation in the finishing surface of the element, it is concluded that the strain
capacity was not sufficient for the calculated strain ε = h/R = 50/1.5 = 33 mm/m,
which was necessary for the deformation into a radius of 1.5 m (see the red circled
strain distribution in Figure 9.36).

In batch 5, the slump values that were measured at t = 0:45 and t = 1:00 h:min
were both zero, which, according to calculation, is similar to a yield strength of
at least τ0 ≥ 960 Pa. That the deformation lead to cracks is not surprising, as the
strain capacity in batch 4 was also not sufficient, and the mixture of batch 5 was less
workable, so probably had a higher yield strength at an earlier moment. Batch 5
clearly demonstrates the relation between crack forming and deformation from the
video stills (9.18). If the number of cracks over the full element length of L = 800 mm
are added up after multiplying each with the estimated individual crack width, the
order of magnitude of the developed strain seems to be in the same order as the
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left area contains all successful tests, the top right area all tests in
which cracks were observed

above mentioned 33 mm/m.
In batch 10, a good workable mixture was obtained, and much lower yield

strengths were measured than with batch 5. Although the same element geometry
was applied (h2 = 50 mm, R1 = +1.5 m, finishing surface strain ε = +33 ‰) as
in batch 5, batch 10 resulted in much smaller crack widths. Element 10.1, that was
deformed very early at t = 0:20 h:min, at that moment having a calculated yield
strength of τ0 = 187 Pa, hardly showed any visible cracks in the finishing surface.
Apparently a surface strain of ε = +33 ‰ for mixture m3 was possible without
visible cracking.

If all tests using mixture m3 with a positive strain in the finishing surface (elong-
ation) are plotted against the time that the deformation was done, Figure 9.39 is
obtained. Although the number of data points is limited, a rough demarcation
can be made, separating successful and non-successful tests. This demarcation is
comparable to the type of line that was already sought in the proposed model from
the previous chapter, Figure 8.30 to find the upper boundary time t2 for a specific
mixture.

Two other observations were made: 1) compressive strains (shortening) in no
single case have lead to problems and 2) in no single case cracks were observed in
the surface of the concrete directed towards the mould.

In the tests of Troian (2014) strains between 25 and 200 ‰ were imposed upon
the test specimens by varying radii between 0.25 and 1.00 m with element thick-
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Figure 9.40: Imposed deformation of small specimens - in this case the top sur-
face has elastically shortened, leaving a gap of 2 to 5 mm between
mould and specimen

nesses of 0.025 and 0.050 m. Since also mixture m3 was used, the results might offer
information additional to Figure 9.39. Two issues hinder this:

1. different measuring methods were used: visual judgement and microscopic
judgement, leading to a different resolution of observations

2. the length of the specimens in both tests were significantly different - for the
relatively short (15 cm) specimens used in the microscopic research an imposed
deformation is more difficult to obtain than in the longer specimens of the
parameter variation study (80 cm). Figure 9.40 shows that this can sometimes
lead to side effects.

Based on the available data it was unfortunately not possible to derive a function
that can be used to calculate t2. The expected trend, however, confirmed that for
a mixture with the desired thixotropic strength development the allowable strain
reduces (quickly) with time within the first hour.

9.11.4 Effect of concrete mixture on t1 and t2

Looking over both viability tests and parameter variation study, a wide variation
of fluidities of concrete have been tested. For instance mixture m1 in Figure 8.16
on page 143 even after 6.5 hours still was too fluid to deform. Similar results were
found by recent tests carried out by a concrete manufacturer applying the flexible
mould method, see Figure 9.41 on the following page. On the other hand, also
many examples were found of mixtures that were hard to place and started with an
already initially too high yield strength: these elements often showed (wide) cracks
as a result of the deformation. For mixtures m3 and m4 good results were obtained,
although for mixture m4 an insufficient amount of tests was done to retrieve t1 and
t2.

For each specific mixture, tests will have to be carried out in advance to determine
strength development and strain capacity. For the determination of t1 a combination
of viscometer tests and repeated slump (flow) tests after several stabilisation inter-
vals are needed. Strain capacity can only be found by deforming the concrete and
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Figure 9.41: Very fluid mixture flows over mould edge after deformation

imposing a specified strain at several moments in time. Simple deformation tests
may be sufficient for this, as was seen in section 9.10.

9.12 Empirical generalisations and suppositions testing

Below, the suppositions from section 9.6 will be repeated, and, consequently, dis-
cussed in the light of the data analysis.

regarding supposition 2.1 - De Larrard’s slope model in combination with Roussel’s mo-
del for thixotropic strength development is accurate and sufficient for determining the
lower boundary t1 of the deformation time in the flexible mould process
Using slump (flow) tests and/or viscometer tests, the thixotropic increase of
yield strength over time Athix for a specific mixture can be determined. From
the maximum slope angle of the mould, following from the architectural geo-
metry and the position of the element in the mould, the necessary yield
strength τ0;crit can be calculated using De Larrard’s slope model, and from
τ0;crit and Athix the lower boundary t1 can be determined: t1 = τ0;crit/Athix
(assuming a self-levelling mixture with very limited yield strength at t = 0). It
was observed, though, that the thixotropic strength development is not neces-
sarily linear (see Figure 9.35) and that yield strength measurements show quite
some scatter. Despite these observations, it did not significantly influence the
value of the approach in the tests. Supposition 2.1 is, therefore, considered
tested and true.

regarding supposition 2.2 - The upper boundary t2 of the deformation time is determined
from the point where the decrease in time of the plastic strain capacity εallowable meets
the strain necessary for the imposed deformation.
Within this research it appeared not possible to determine an exact function for
upper boundary t2, the moment that the decrease of the strain capacity εallowable
in time meets the strain necessary for the imposed deformation. Figure 9.39
gives an indicative boundary, though, showing that for limited strains (ε ≤
16.7 ‰) mixture m3 showed good results up to t2 =1:00 h:min and for larger
strains (ε = 33 ‰) mixture m3 showed one successful test at t2 =0:20 h:min.
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The microscopic research showed that even for larger strains deformation is
possible without unacceptable cracks, but then it depends very much on what
is considered acceptable crack size and frequency for the application at hand.
Supposition 2.2 is, therefore, considered not proven. It was not falsified either,
though, since the general trend that in time the strain capacity reduces was
underlined in all tests.

regarding supposition 2.3 - A safe and workable assumption for the strain distribution
due to deformation is according to Euler-Bernoulli, implying ∂ε/∂z = constant over
the section height.
The strain distribution due to the forced deformation was not measured. Both
the parameter variation study and the microscopic research demonstrated,
though, that there was a clear relation between radius, element thickness and
cracking risk. For the practical determination of the risk of cracking, it ap-
peared to be a safe and workable assumption to use the strain distribution ac-
cording to Euler-Bernoulli with zero strain in the mould surface. Supposition
2.3 is considered tested and true.

regarding supposition 2.4 - A safe and workable assumption for the friction between the
concrete and the silicone mould surface is that no slip occurs between both materials
during and after deforming the mould and concrete.
This supposition assumed a no-slip situation between mould and concrete.
The forced deformation for the elements in most of the parameter variation
study can be considered as ’developing’ the mould surface over a pre-formed
pin-bed, especially the single-curved tests. As the strips of the mould did
not extend during this process, the silicone intermediate layer did not extend
in-plane either. In none of the single-curved tests the concrete therefore, was
forced to extend in this plane, so a mechanism that would result in slip simply
was absent. For double-curved tests, it was found that in-plane shear deform-
ation of the mould surface is necessary to go from flat to double-curved. Due
to the limited size of the test set-up (elements 80x40 cm) in the parameter
variation study, this shear deformation was not significant. Supposition 2.4
therefore, is considered tested and true for single-curved elements, but not-
tested and therefore, undetermined for the double-curved elements.

regarding supposition 2.5 - Modifying the concrete mix design can effectively control the
lower and upper boundary times t1 and t2 mentioned above.
Modifying the concrete mix design, and more specifically the dosage of su-
perplasticizer, is an effective way to influence t1 and t2: looking at the range
of concrete mixtures applied during viability tests, parameter variation study
and microscopic tests, this supposition 2.5 is considered true in a quantitative
sense for t1, and only in qualitative sense for t2. Possibly further research on
a specific mixture can result in a reliable prediction for t2.

regarding supposition 2.6 - Textile reinforcement (TRC) and mixed fibre reinforcement
(FRC) can be used to effectively reinforce the concrete elements and will follow the
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deformation accurately.
From the additional tests it has become clear that textile and fibres can be
effectively used to reinforce concrete elements, and that (for the case of textile)
this reinforcement will also follow the deformation accurately. Supposition 2.6
is considered tested and true.

regarding supposition 2.7 - Cracks that are caused as a result of the imposed deformation
can (partially) be cured due to self-healing effects in the still relatively fresh concrete
mixture.
The crack sizes measured during the microscopic research in many cases were
in the category that self-healing could be viable if sufficient reactive material
is available. As the concrete is already deformed at a very early age it is likely
that self-healing can occur. However, no systematic research was carried out
to investigate this. Supposition 2.7 therefore, is considered not proven.

9.13 Theory development

In addition to the first and viability experiments of Chapter 8, the present Chapter
9 has discussed additional literature review and extensive experiments. From this
work, further understanding has followed. The following relevant findings were
done:

• The theory of Bingham is also applicable in the stages of early hardening, in the
transition from fluid to solid; it was furthermore concluded that the Bingham
and Tresca yield criterions are identical, which can be useful if a numerical
approach would be chosen; in the present research, this was not done.

• Various equations were found to use slump (flow) tests to determine the yield
strength of a mixture. For very fluid concrete Equation 9.2 of Roussel and
Coussot (2005) was deemed sufficiently accurate for the research; For stiffer
mixtures, Eq. 9.11 and 9.12 of Mueller et al. (2014) were used. An alternative
measuring method using the BML viscometer yielded comparable data.

• Thixotropic behaviour can be used to influence the lower boundary for the mo-
ment of deformation t1. By determining Athix, t1 can be calculated indicatively.

• Data on strain capacity in the first hour after casting was neither found in
literature nor measured. From our own tests, it was found that tensile strains
in the range of 5 to 33‰ could be applied without visual cracks. In none of the
tests with 16‰ tensile strain cracks were visible. Microscopic research showed
that crack size and frequency are indeed limited, in some cases even with larger
strains. The upper boundary time t2 could not be determined as function of the
required strain, since insufficient data was available to derive such a function.
It was, however, possible for the specific mixture m3 applied in this research
to acquire a number of data points in Figure 9.39: successful deformation was
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carried out between 0:20 and 1:00 h:min. It is advisable to carry out new tests
for each new mixture to determine t2.

• In specimens where the curvature was such that the finishing side was under
compression no cracks were visible in any situation, neither on the mould side
nor on the finishing side.

• Textiles reinforcement, mixed fibres and thin steel reinforcement were applied
with success. Textiles followed the deformation with acceptable accuracy, for
the thin steel reinforcement the concrete cover locally showed large discrepan-
cies from the intended value.

9.14 Concluding remarks

Based on the results of the parameter variation study and the conclusions on the
suppositions as stated in the previous section, the following stepwise approach is
proposed for the manufacturing of double-curved precast concrete elements for a
given project, as far as the concrete technology aspects are concerned:

1. overall-geometry analysis: analyse the architectural surface with respect to
curvature (minimum overall radius). A small radius will lead to larger strains.
The strain that is necessary to reach the minimal radius is equal to the element
thickness divided by the radius: εnecessary = helement/Rmin;element. In the present
research, the maximum strain that has been applied in the parameter variation
study without visible cracks was 33‰. This and possibly also larger strains
may be acceptable depending on the curing method and on what crack size
and frequency is deemed acceptable for the function of the element (see step
3).

2. element subdivision: depending on the available flexible mould dimensions
the overall architectural surface is again analysed with respect to the feas-
ibility to precast it in smaller segments: visible joint positions between ele-
ments should be chosen. This is an architectural choice, but with technical
consequences: the larger the elements, the larger the dimensions of the flexible
mould need to be, but also the larger the maximum slope of the individual
elements possibly is (step 4). Also transport restrictions have to be considered,
not only for trucks and packaging, but also for the strength of the elements:
larger elements in general need additional reinforcement for transport.

3. functional and structural analysis: what will be the function of the elements:
which loads need to be taken, what is the desired architectural quality, to
what climate will the elements be exposed, what manufacturing accuracy is
required, what joint width and detailing is allowed? Does the element thick-
ness chosen in step 1 fit with all these requirements? What type and amount of
reinforcement is needed (e.g. textiles, mixed fibres, thin steel reinforcement)?
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4. element position in mould: investigate the possible placing of the element
in the available flexible mould and optimise this placing in terms of slope,
maximum difference in actuator height and necessary shear angle for reaching
the required double-curvature. This is a computational process. In the present
research, a maximum slope angle of 45 degrees and a maximum difference in
actuator height of around 0.5 m was applied.

5. produce project data: derive the necessary data per element for further steps:
maximum slope angle, minimal radius, maximum shear deformation. From
the collected data for each element a distribution histogram for the total project
can be made, useful for possible optimisation.

6. first concrete mixture choice: based on a.o. the architectural appearance,
strength, durability, element thickness, chosen reinforcement principle a first
concrete mixture will be proposed.

7. concrete mixture optimisation: based on the data collected in step 5, the mix-
ture from step 6 may need further optimisation; depending on the maximum
slope angle θmax and the element thickness h the thixotropy Athix of the mixture
may need to be influenced in such a way that the desired lower boundary
for deformation t1 is reached within an acceptable time span (e.g. around
30 minutes after mixing or after placing). To reach a sufficiently thixotropic
mixture, the powder content of the mixture (cement, limestone flour, fly-ash,
silica-foam, etc.) generally needs to be high. In the present research, powder
contents were between 560 and 770 kg/m3. Determination of Athix can be done
with sufficient accuracy using slump flow and slump tests. If a viscometer is
available, comparison of yield strengths from slump tests and viscometer can
give helpful additional information.

8. check deformability: deformation tests with the proposed mixture need to be
done to find the upper boundary t2. These deformation tests can be done in a
simple set-up with relatively small specimens, similar to the mini-deformation
tests carried out in the present research. By imposing the required curvature at
several moments in time, under good surveillance of rheological parameters,
the forming of cracks can be evaluated. The element thickness needs to be
equal to the thickness of the real elements.

9. casting and deformation: the actual manufacturing process needs to be carried
out under continuous surveillance of relevant data: rheological parameters,
visual observations, geometry check, etc. Possibly feedback from the manu-
facturing is used to adjust or fine-tune earlier choices made in one of the steps
above.

10. curing / post-processing: immediately after the elements have been cast, even
before deformation, the curing process will influence the final quality: after
casting elements should immediately be covered with foil to prevent evap-
oration and reduction of strain capacity. Furthermore, the conditions under
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which the elements are stored for hardening, at what moment are the elements
demoulded, how are they stored until transport to the building site should be
carefully defined.

11. mould cleaning and maintenance: the moulds will need a good check-up
after demoulding, possible wear and irregularities need to be evaluated and
possibly fixed to maintain a high standard for the next elements in line.

12. quality evaluation: various quality checks are generally carried out before
elements are transported: aesthetic judgement, cube/prism tests, 3D geometry
scan and comparison, etc.

This stepwise approach will need further detailing depending on each specific pro-
ject, but can offer a useful outline of the process of manufacturing double-curved
concrete elements. Figure 9.42 on the next page presents a flow diagram of the above
steps. It is an extension of the diagram shown earlier in Figure 7.15 on page 117 with
some of the concrete technology aspects from this chapter and the previous one.
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Figure 9.42: Flow-diagram of preparation and manufacturing procedure
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Chapter 10

Conclusions and
Recommendations

10.1 Introduction

The objective of this study was to develop and improve the flexible mould method
for the manufacture of double-curved precast concrete elements. These elements are
applicable for the construction of (building) structures with complex, double-curved
geometry. In this thesis, presently available production methods were discussed and
compared to the flexible mould principle. The flexible mould principle was tested,
further developed and found to be a simplified and effective production process with
industrial potential, forming a valuable addition to these available techniques. The
research question formulated at the start of the research was:

How can the flexible mould concept be effectively used
to manufacture double-curved precast concrete elements?

The research has delivered many practical and theoretical results that contrib-
ute to the answer to this question. The results of the research are now presented,
grouped in three sections: the conclusions (section 10.2) present the findings from
literature review, calculations, analysis of buildings and experiments, as well as
the conclusions built upon these findings and form the underpinning of a theor-
etical framework that covers many aspects of the flexible mould method. Since the
research is all about a manufacturing method, it was found important to include
many practical recommendations (section 10.3) that can be directly applied in projects
in which the flexible mould method is used. Finally also recommendations for further
research are formulated (section 10.4) to address unanswered questions or interesting
future exploration tracks.
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10.2 Conclusions

The research has resulted in the following conclusions:

available techniques for free-form concrete surfaces are expensive or (still) have
limitations with regard to surface finish quality or control over the exact shape.
Due to lack of repetition of elements in free-form architecture there clearly ex-
ists a need for a flexible mould principle that allows repetitive use of the same
mould for multiple unique shapes. CNC-milled timber or foam formwork
is the technology applied most, presently. In the investigated architectural
projects the number of unique elements in some cases was in the order of
hundreds to thousands, underlining the need for efficient and cost-effective
mould methods.

other industries than the building industry have applied the flexible mould prin-
ciple, but mainly for rapid prototyping purposes. Examples were found from
a.o. automotive, maritime and aerospace industry.

early patents of the flexible mould concept for building construction were already
found dating from 1928. In total more than 60 relevant patents were retrieved
somehow related to the flexible mould method as discussed in this thesis.
Yet, none of these patents offer complete solutions for concrete technology,
reinforcement and exact behaviour of the mould surface (also referred to as
’interpolating layer’) and edge placement. In the present research, these topics
were investigated. In many cases no evidence could be found that the patents
have been applied in real projects.

many authors have investigated the flexible mould principle. A flexible mould sys-
tem is believed to be potentially cost effective, limiting both labour and mater-
ial costs. In terms of possible level of detail, the flexible mould is positioned
between CNC-milled formwork and traditional curved timber or steel form-
work.

distinction can be made between load-bearing elements, spanning larger distances,
sometimes carrying floors of large live loads and (thin) cladding panels, carrying
mainly self-weight, wind-load, snow, etc. This distinction may be gradual.

precast concrete rather than cast in-situ concrete is seen in literature as appropriate
technology for the flexible mould, both for load-bearing and for architectural
(cladding) elements. In some cases sprayed concrete is mentioned in relation to
the flexible mould. In case of precasting, the assembly during the construction
stage requires special attention due to the complex geometry and fitting.

integrated design-to-production or a ’file-to-factory’ process is deemed essential,
using innovative tools for parametric design, panellization, structural analysis
and construction stage. The complex geometry requires special attention for
the exact placement of the mould edges; computational techniques may be
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needed for this, as well as a numerical quality check of the accuracy after
manufacturing, for example using laser scanning. These issues have been
addressed in the present research.

two approaches are possible for a feasible production of double-curved surfaces
for architectural purposes: rationalisation or mass-customisation. In recent years,
considerable progress has been made in the development of computer algo-
rithms to facilitate the rationalisation process, leading to significant cost reduc-
tions. Yet, rationalisation is an optimisation process that can never reduce costs
beyond a certain point where the aesthetics of the building are becoming too
much compromised.

deformation after casting gives better thickness control and reduces need for com-
paction, since self-levelling concrete can be applied, even in combination with
an open and curved mould. The use of an open mould is possible, as long as the
interval for minimum and maximum deformation time t1 → t2 is respected:

lower boundary t1 is needed to allow the concrete to develop sufficient shear yield
strength, to prevent concrete flowing out of the mould. It is determined by
element thickness and maximum slope of the mould. Use of thixotropic mixtures
proved helpful for quickly reaching the needed shear yield strength. After ini-
tial concrete mixture design, the mixture can be optimised for t1 by influencing
thixotropy parameter Athix. For measurement of shear yield strengths with
sufficient accuracy, slump (flow) tests can be used. Viscometer tests can serve
as more exact underpinning and calibration.

upper boundary t2 is limited by the strain capacity of the concrete mixture at a given
time. The necessary strain capacity is determined by the curvature, element thick-
ness and the acceptable crack size/frequency. There is a clear relation between
a.o. crack size/frequency, element geometry and moment of deformation. This
relation differs per concrete mixture. What crack size/frequency is still accept-
able can only be determined if more is known about function, reinforcement
and durability parameters of the project. The presence of fibres in the mixture
has a positive influence: it reduces crack size/frequency. Curing the concrete
with foil directly after casting prevents evaporation and notably increases the
strain capacity. For specific curvatures only compressive strains occur, and t2
is less important.

curved surfaces with zero Gaussian curvature are easier to manufacture with the
flexible mould method than curved surfaces with non-zero Gaussian curvature,
since the last category not only is deformed out-of-plane, but also in-plane.
Separation of out-of-plane bending effects (B) and in-plane stretching effects (S)
is necessary. Single-curved or developable elements only show the (B) effect.

the (Bending) effect is responsible for the largest tensile and compressive
strains in the concrete during the deformation process and is only de-
pendent on the radius of the curvature and the thickness of the element;
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architectural examples show that a curvature radius between 0.75 m and
45 m was applied in the buildings studied. In many cases curvature in
one direction was dominant.

the (Stretching) effect is resulting in in-plane shear strains in the present flex-
ible mould design. The value of these strains is only dependent on the
Gaussian curvature, the absolute size of the concrete element and its position
in the mould.

three types of moulds were applied: single-curved moulds, a double-curved plate
mould and a double-curved strip mould. The last one shows the best geomet-
rical accuracy of the two double-curved variants. A plate mould is inherently
restricted by it’s design: basically it is only useful for developable surfaces with
zero Gaussian curvature or very limited Gaussian curvature.

the behaviour of the strip mould and its actuators are a complex mechanical engin-
eering topic, that has only been addressed superficially in this thesis. Some
relations that were investigated are those between curvature radius, strip thick-
ness, concrete layer thickness and accuracy.

reinforcement can be deformed together with the concrete element. In the present
research thin steel and glass fibre textile reinforcement were applied as discrete
reinforcement. Both followed the deformation within acceptable accuracy, al-
though the textile performed better than the steel. Mixed fibres can also be ap-
plied in combination with the flexible mould method and had a positive effect
on the strain capacity for the two mixtures with fibres that were investigated.

10.3 Practical recommendations

The research has demonstrated that the flexible mould method is a viable method
for the production of double-curved concrete elements. Some recommendations
for manufacturers or other stakeholders who consider the use of this method for
a specific project:

• The flexible mould method has been successfully tested for single- and double-
curved precast concrete elements with a radius down to 1.50 m and an element
thickness up to 50 mm. Elements were reinforced with very thin galvanized
steel rebar, mixed fibres or glass fibre textile. Until this moment, the maximum
element size was approximately 2× 1 m2, but larger elements are expected to
be feasible.

• For elements with required high aesthetic surface quality, the method needs
further development; in many tests, the overall geometry was good, but the
texture of the concrete surface was not up to satisfaction compared to use of
a CNC-milled formwork; currently progress is already made on this aspect
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in two projects sponsored by the Dutch Technology Foundation STW and by
3TU.Bouw.

• Application of the method requires knowledge of rheological behaviour and
mixture design; the mixtures that may be successfully used in traditional pre-
cast elements may need optimisation with respect to flow, yield strength de-
velopment and strain capacity. For this purpose, at least slump (flow) tests
need to be done at various moments, and for initial mix design also the use
of a viscometer will be very helpful. This last instrument unfortunately is not
standard equipment in most concrete plants.

• For determining of the limits of deformation with respect to crack size/ fre-
quency, a laboratory is needed once the concrete mixture has been developed
to judge deformation test results. For future projects using the same mixture,
these laboratory tests might be superfluous.

• An integrated design-to-production process is an absolute must: due to the
complex geometry and the impact of this geometry on all aspects of the manu-
facturing, all parties involved should cooperate to make the use of this method
possible (to some extent this is true for all complex geometry projects). Com-
putational skills are needed to determine design parameters and control the
manufacturing process. This is a skill normally not found among traditional
concrete manufacturers, but indispensable for this method. This also opens
opportunities: manufacturers that are capable of offering an integrated solu-
tion will profit from this advantage in a growing niche market.

• An impression of a possible production line was sketched in Figure 6.7. An
essential element in this line is the split between high-tech and medium-tech
parts: the flexible mould should be kept as simple and robust as possible,
relying on a clear kinetic mechanism. Installation of the actuator heights could
be done by one central robotised system, such as the Pinbed Wizzard of Karel
Vollers c.s., whereas a larger number of flexible moulds can move around in the
factory that have at this central station been pre-configured with the correct
heights. If for each flexible mould a fully automated system is pursued, the
method will become quickly economically infeasible. This is, however, not
necessary.

• Although economical viability was not investigated in the present study, this
issue is an inevitable condition for further development of the method. A
rough indication for the construction costs (materials and labour) of the most
recent prototype (Schipper et al., 2015) with a mould surface size of 1.2× 1.2 m2

is approximately e 5000 (so e 3500 per m2 mould surface). On top of that, the
labour and material costs for the element itself are estimated on approximately
e 500 per m2 concrete element. The time that was necessary for development
is not included in this sum. The mould is fully reusable, except for the silicone
rubber surface and edges, which at present show an unacceptable deterioration
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after a number of casting and demoulding cycles. More durable materials are
needed for this. The costs of this rubber surface and edges are estimated at
approximately 10% of the mentioned amount. An indication for the current
state-of-art alternative, CNC-milling, is e 250 to e 1000 per m2 mould surface,
a wide range, dependent on required materials and finishing. These milled
moulds often are single-use, though. Based on these indicative figures, it is
expected that for specific categories of projects the flexible mould method is
certainly economically viable.

10.4 Recommendations for further research

During the research, many interesting side-tracks had to be skipped in order to
be able to answer the main research question in due time. Future research on the
following aspects is recommended:

• How can the flexible mould method be made fully sustainable, both in the
material choice for the mechanism and for the elements that are produced? An
integrated research would be needed to investigate the environmental impact
of the method. The profile of clients interested in free-form architecture may
also be interested in reducing their environmental footprint and contributing
to a better world not only in the aesthetic value of the building, but also in the
applied technology and materials.

• The concrete mixtures used in the present research all had a relatively high
Portland cement dosage. In terms of carbon footprint, much optimisation
is possible. A direction for this could be the approach of particle-packing
optimisation or the application of alkali-activated binders. The flexible mould
method is also likely to be applicable for other materials, such as natural resins.

• Although, in the cut samples, no voids were observed between hardened con-
crete and reinforcement, it cannot be ruled out that the deformation of the
plastic concrete and the embedded reinforcement may locally have lead to
a loss or reduction of bond between reinforcement and concrete. This may
especially be the case for steel mesh and textile reinforcement, and probably
less for mixed fibres. In cases where steel or textile reinforcement are applied
in the flexible mould method, it is recommended to further investigate whether
this negative effect indeed occurs.

• An integrated computational tool for element subdivision and optimal position
in the mould with respect to slope angle and shear deformation could result in
a more streamlined production process. Manual computation per element is
considered too much time-consuming. In addition, further research on auto-
mated calculation of the accurate projection of the edge position is necessary.

• Long-term effects of the production method such as creep, shrinkage, dur-
ability and aesthetic long-term performance have not been investigated. For
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the type of high-end projects addressed by this method, such investigation is
certainly necessary to avoid future damage (and claims!) due to unforeseen
effects.

• The structural connection of the cladding or permanent formwork elements
with anchors to a load-bearing structure needs further investigation. For clad-
ding elements, these anchors will be typically positioned at the rear side of
the panel, not visible for architectural reasons. For this type of connections,
examples can already be found from projects in GFRC (see e.g. Feirabend
et al., 2014). For permanent formwork, Two types of connections are necessary:
a permanent one, to connect the cast-in-place concrete to the precast element
(see e.g. Kim et al., 2010), and a temporary one, to support the permanent
formwork in the building stage, when the cast-in-place concrete is still fluid.
Further research is needed to investigate these connections.

• If double-curved elements are to be used as thin precast shell segments, and
thus as part of the load-bearing structure, further development is necessary
first. The joint between the elements then is no longer an open joint (as in
the present work) but becomes a structural connection that needs to transfer
normal and shear forces and bending moments. For example, buckling effects
in thin shells are strongly influenced by the stiffness of the structural edge
connection. Moreover, the structural behaviour of the element themselves also
becomes even more critical than in an application as cladding or permanent
formwork. For load-bearing elements, compliance with various codes for load-
bearing elements is required, more than for non-load-bearing elements. This
asks for further testing and experimental underpinning. Tests that are required
are (among others):

– proof-loading of elements after curving

– designing, constructing and testing of various edge connections

– investigation of long-term material behaviour

It is the expectation that, with the help of industrial partners, application of the
flexible mould method in a project is possible with the current knowledge, and
will help to create sufficient confidence in the potential of the method. Some of the
recommendations mentioned above can be embedded in the project, the necessary
research funded from the expected financial benefits following from the reduced
mould costs.
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Schipper, H. R., Grünewald, S., Kok, M. A. D., Nijsse, R., and Raghunath, P. (2013).
Frei geformte Betonfertigteile - Verwendung von SVB und Textilbewehrung.
BetonWerk International, (5):174–180. 216

Schipper, H. R. and Janssen, B. (2011a). Curving concrete - a method for manu-
facturing double curved precast concrete panels using a flexible mould. In 2011
IABSE-IASS conference London. 100, 105, 114, 165

Schipper, H. R. and Janssen, B. (2011b). Manufacturing double-curved elements in
precast concrete using a flexible mould - first experimental results. In Sruma, V.,
editor, Proceedings fib Symposium PRAGUE, volume 1, pages 883–886. ISBN 978-80-
87158-29-6. 112, 165

Schipper, H. R. and Janssen, B. (2011c). Manufacturing double curved precast
concrete panels. Concrete Plant International, 4:32–38. 166

Scholzen, Chudoba, and Hegger (2012). Dünnwandiges Schalentragwerk aus textil-
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List of definitions and
abbreviations

CNC: Computer Numerically Controlled: many machining and manufacturing pro-
cesses are automatically executed, until the 80’s mainly numerically controlled
with analogue equipment, and nowadays mostly controlled digitally by com-
puters. Examples are drilling, milling, cutting, machining and polishing.

die: Three-dimensional surface, usually milled in a metal block, used in many in-
dustries as basis-shape for casting, moulding, injecting, pulling or pressing a
material in the exact shape of this surface. Often a double die block is used to
control the shape of both front and back of the formed material. Due to the
relatively high costs of fabrication of an accurate die, it is usually applied for
mass-production of identical products.

ECC: Engineered Cementitious Composites - strain hardening composites with a
normal strength matrix and a moderate synthetic fibre content of about 2-3
volume%. A typical ECC has a tensile strain capacity of 3%-5%, with multiple
cracks spaced less than 3 mm, and a tensile strength still in a relatively normal
range: between 4 and 7 MPa. The result is a strain hardening, multicracking
and ductile material.

EPS: Expanded Polystyrene, often used in large blocks as base material for the milling
or cutting of formwork. After milling the EPS generally needs a treatment with
a smooth and strong top coating before being usable as formwork

FRC: Fibre-Reinforced Concrete - a concrete with enhanced ductility and strength
through the addition of (mostly) short fibres of glass, carbon, plastic, steel or a
choice of many possible other materials

GFRC: Glass-fibre Reinforced Concrete

FRG: Fibre-Reinforced Gypsum - a gypsum with enhanced ductility and strength
through the addition of (mostly) short fibres of glass, carbon, plastic, steel or a
choice of many possible other materials; mostly used for mockup-reasons due
to limited strength in comparison to FRC
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264 List of definitions and abbreviations

GFRG: Glass-fibre Reinforced Gypsum

FRP: Fibre-Reinforced Plastic or Polymer - a plastic such as e.g. polyethylene, poly-
urethane or epoxy, sometimes transparent, which is strengthened with fibres
of, for example, glass, carbon, aramide to enhance strength and other structural
behaviour

GRP or GFRP: Glass-fibre Reinforced Plastic or Polymer- FRP using glassfibre as
strengthening material

HDPE: High Density Polyethylene - a plastic that can be used as mould material

HPC: High Performance Concrete - a concrete meeting special combinations of per-
formance and uniformity requirements that cannot always be achieved using
conventional constituents and normal mixing (Ferraris et al., 2001)

HSC: High Strength Concrete: a concrete with cube compressive strength in the
range 50 to 100 MPa.

MDF: Medium-Density Fibre board - a plate material based on compressed wood
fibres, used for the framework of the moulds in the tests

mould: a hollow container with a particular shape into which soft or liquid sub-
stances are poured, so that when the substance becomes hard it takes the shape
of the container (source: Cambridge Advanced Learner’s Dictionary & The-
saurus; US: mold)

SCC: Self-Compacting Concrete or Self-Consolidating Concrete - A concrete that
can be placed without vibration and flows easily in very narrow gaps. Usually
a slump flow of more then around 650 mm is the criteria for calling a mix-
ture self-compacting (Ferraris et al., 2001), although strictly speaking a mixture
with lower slump flow that doesn’t need mechanical compaction could also be
called self-compacting. Often used as synonym for ’self-levelling’ concrete.

TRC: Textile Reinforced Concrete - a concrete that is strengthened by adding layers
of a woven textile, often consisting of yarns of glass fibre. The textile adds both
strength and ductility to the concrete.

soffit: the underside of an architectural structure such as an arch, a balcony, or
overhanging eaves

UHPC: Ultra-High Performance Concrete, the category of concrete mixtures that, in
hardened state, is characterized by very high cube compressive strengths, typ-
ically in the range 100 to 150 MPa (the word ’performance’ in this abbreviation
is often used as synonym for ’strength’).



Appendix A

Patents related to the flexible
mould

In this appendix the most important patents related to the topic the flexible mould
are described, that could be found in the Espacenet database. Espacenet offers access
to worldwide inventions and technical developments from 1836 to today. URL’s
linking to the patents can be found in the bibliography. The patents are sorted on
year of the invention.
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270 Patents related to the flexible mould



Appendix B

Maple model for single strip
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Beam supported at 11 points, L = 10 x ΔL
after Janssen (2011), improved algorithm by RS

All values in [N] and [mm]

General definitions of vertical displacement of a beam due to point load F and 
equally spread load q

restart;

displacement at location x due to q

wqd q$x
24$EI

$ L3 K2 $L$x2 Cx3 :

displacement at location x due to F
If x is located left of F

  wfL d
F$b$x
6$EI$L

$ 2$L$ LKx K b 2 K LKx 2 :

If x is located right of F

  wfRd
F$a$ LKx

6$EI$L
$ 2$L$b Kb2 K LKx 2 :

Equations of superimposed displacements wn for n=2..10 

due to support reactions Ri for i=2..10 and q-load

Equation in support point n
for n from 2 to 10 do
   xd n K1 $ΔL : Ld 10$ΔL : wPq n dwq :

      for i from 2 to 10 do 
         a d iK1 $ΔL :
         b d 11 K i $ΔL :
         Fd R i :

        w i, n d 
wfR i# n K1
wfL iO n K1

:

      end do:

      eq n K1 dw n = wPq n K>
j = 2

10

w j, n :

end do:

Solve reaction forces

sold solve eq 1 , eq 2 , eq 3 , eq 4 , eq 5 , eq 6 , eq 7 , eq 8 , eq 9 ,

272 Maple model for single strip



(3.2.1)(3.2.1)

R 2 , R 3 , R 4 , R 5 , R 6 , R 7 , R 8 , R 9 , R 10 : assign % ;

Reaction forces in 1 and 11 follow from moment equilibrium around 11 and 1

R 1 d

1
2
$q$ 10$ΔL 2K>

j = 2

10

R j $ 11 K j $ΔL

10$ΔL
:

R 11 d

1
2
$q$ 10$ΔL 2K>

j = 2

10

R j $ jK1 $ΔL

10$ΔL
:

 

Forced displacements: here the shape of the mould is defined by giving the 
displacements in each support point. Point 1 and point 11 are assumed to be 
kept at w1=w11=0. 
Assume a circle radius is made with R=5000

All values in mm related to the original horizontal level; downwards displacement 

is positive
wd  0.0,K36.59,K64.87,K84.97,K97.00,K101.00,K97.00 ,K84.97,K64.87,K36.59,

 0.0 :

Properties of the mould

EId 1
12

$b$h3$E :

#E:=210000: (steel)
 Ed 7000 : (timber)

Distance between support points (actuators)

ΔLd 200 :
b d ΔL : (actuators are set up in a square grid in two directions)
Weight of the concrete on the mould surface

γb d 2400 :
d d 50 :
evalf q =Kγb$b$d$10K8 ; assign % ;

q =K0.2400

Allowable maximum relative deflection of the mould between two actuators in 
mm
wudK1 :
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(3.5.2)(3.5.2)

(3.5.1)(3.5.1)

(3.4.1)(3.4.1)

Border conditions

In the original tests, the mould was placed loosely on the support points, so no 
downward reaction forces could be realized; for this reason, the stiffness of the 
mould was delimited by the border condition that no negative support reactions 
are allowed
for j from 10 to 20 do
    eq  j d R  jK9 %0 :
 end do:

Condition for local deflection of mould between two support points  

eq 21 dwu! 1
384

q$ΔL4

EI
:

eq 22 d h R0 :

Solve range of allowable mould heights

sold solve eq 10 , eq 11 , eq 12 , eq 13 , eq 14 , eq 15 , eq 16 ,
eq 17 , eq 18 , eq 19 , eq 20 , eq 21 , eq 22 , h ;

h%6.5034,2.0465!h

Choice of mould height

Based on the above allowable range of mould heights, the following value is 
chosen in [mm]
h d 1 :

wud 1
384

q$ΔL4

EI
;

K8.5714

evalf Izz = 1
12

$b$h3 ;

Izz =16.6667

Support reactions in [N]

 for n from 1 to 11 do
     R n :
 end do; 
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(3.6.1)(3.6.1)

K19.0823

K54.2330

K46.3293

K48.4515

K47.8709

K48.0659

K47.8709

K48.4515

K46.3293

K54.2330

K19.0823

Graph of deflection

x := 'x';
for n from 2 to 10 do
    F dR n :
    a d n K1 $ΔL :
    b d 11 Kn $ΔL :
    uL n dwfL :
    uR n := wfR :
 end do;

id'i': jd'j': kd'k ':

u 1 dwqK>
i = 2

10

uL i :

for k from 2 to 9 do
    id'i': jd'j':

    u k dwqK >
i = 2

k

uR i K >
j = kC1

10

uL j :

end do:

id'i': jd'j':

u 10 dwqK>
j = 2

10

uR j :  

 xd'x': 
with plottools :
with plots :
for k from 1 to 10 do
  W k d plot u k , x = kK1 $200 ..k$200 :
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 end do:
 #1.37..1.775
 c1d ellipticArc 1000, 4899 , 5000, 5000, 4.51 ..4.9165, color = blue :
 display W 1 , W 2 , W 3 , W 4 , W 5 , W 6 , W 7 , W 8 , W 9 , W 10 ,

c1 , title ='Shape of the mould h = 1.0 mm', font = Helvetica, bold, 14 , labels =
'x mm ','w x  mm ' , labeldirections = horizontal, vertical , gridlines = true,
 axes = boxed,  size = 1000, 300 ;

x mm
0 500 1000 1500 2000

w
x

 
m

m

K100

K80

K60

K40

K20

0

Shape of the mould h
= 1.0000 mm
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Appendix C

Geometry double-curved
elements viability research
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278 Geometry double-curved elements viability research

DOUBLE-CURVED ELEMENT D ∆Z = 186 mm 19,8 degr

1 2 3 4 5 6 7 8 9 10 11
A 61 112 156 186 204 208 200 179 145 100 51

B 63 116 161 192 210 216 209 189 155 111 61

C 61 117 163 195 214 220 214 194 162 118 66

D 56 114 161 194 214 221 215 196 165 121 68

E 48 107 155 188 209 217 212 194 164 121 67

F 35 97 145 179 201 209 206 188 159 117 61

θmax =

A B C D E F

0

50

100

150

200

250

1234567891011

200-250

150-200

100-150

50-100

0-50

Figure C.1: Double-curved element D for viability experiments - projection of
2.00 × 1.00 m2 mould system on roof surface for determination of
actuator heights; note: this element was cast upside-down.
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DOUBLE-CURVED ELEMENT A ∆Z = 210 mm 27,7 degr

1 2 3 4 5 6 7 8 9 10 11
A 95 72 51 39 35 37 46 61 84 113 144

B 173 144 120 103 93 92 96 109 130 156 190

C 217 183 154 133 121 116 119 130 148 175 210

D 225 186 155 131 117 112 113 123 141 168 205

E 197 155 123 99 85 78 81 91 109 138 177

F 135 92 60 35 21 15 19 32 53 86 127

θmax =

A B C D E F

0

50

100

150

200

250

1
2

3
4

5
6

7
8

9
10

11

200-250

150-200

100-150

50-100

0-50

Figure C.2: Double-curved element A for viability experiments - projection of
2.00 × 1.00 m2 mould system on roof surface for determination of
actuator heights



280 Geometry double-curved elements viability research

Figure C.3: Curvature analysis of element A and D for double-curved viability
experiments - Element D (top) has a minimum radius of Rmin =
3.06 m; element A (bottom) has a minimum radius of Rmin = 1.73 m



Viability tests #6 ‐ measurements element thickness and reinforcement cover
december 2014

cover on reinforcement x‐direction (measured from mould surface = bottom of panel)

10 11 10

10 11 11

11 11 12

11 11 11

11 12 12

11 12 12

11 11 12

11 11   12

11 12

11 11 11

cover on reinforcement y‐direction (measured from mould surface = bottom of panel)

23 17 14 14 14 13 13 14 15 15 16 15 15 15 15 16 16 19 24

applied: galvanized steel mesh #  3‐100
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Viability tests #6 ‐ measurements element thickness and reinforcement cover
december 2014

element thickness

50 51 50 47 47 45 46 43 43 max 54.0 mm

45 52 50 47 45 average 47.1 mm

43 46 48 52 51 51 50 48 44 min 42.0 mm

44 47 54 46 44

45 46 45 46 49 47 47 45 42

 from average thickness

‐2.9 ‐3.9 ‐2.9 0.05 0.05 2.05 1.05 4.05 4.05 max 5.1 mm

2.05 ‐4.9 ‐2.9 0.05 2.05 average 0.0 mm

4.05 1.05 ‐0.9 ‐4.9 ‐3.9 ‐3.9 ‐2.9 ‐0.9 3.05 min ‐6.9 mm

3.05 0.05 ‐6.9 1.05 3.05

2.05 1.05 2.05 1.05 ‐1.9 0.05 0.05 2.05 5.05
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Viability tests #7 ‐ measurements element thickness and reinforcement cover
december 2014

cover on reinforcement x‐direction (measured from mould surface = bottom of panel)

8 7 9

7 8 7

9 8 7

9 10 9

9 10 9

9 10 9

9 10 8

7 9   6

6 8 7

5 6 7

cover on reinforcement y‐direction (measured from mould surface = bottom of panel)

18 19 12 11 11 12 12 12 12 11 11 10 15 13 7 6 12

applied: galvanized steel mesh #  3‐100
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Viability tests #7 ‐ measurements element thickness and reinforcement cover
december 2014

element thickness

45 47 50 45 48 45 44 50 44 max 52.0 mm

45 52 48 46 40 average 46.0 mm

46 47 45 52 48 47 47 52 45 min 38.0 mm

44 45 50 49 52

45 38 42 41 40 42 43 48 44

 from average thickness

0.97 ‐1 ‐4 0.97 ‐2 0.97 1.97 ‐4 1.97 max 8.0 mm

0.97 ‐6 ‐2 ‐0 5.97 average 0.0 mm

‐0 ‐1 0.97 ‐6 ‐2 ‐1 ‐1 ‐6 0.97 min ‐6.0 mm

1.97 0.97 ‐4 ‐3 ‐6

0.97 7.97 3.97 4.97 5.97 3.97 2.97 ‐2 1.97

284 Geometry double-curved elements viability research



Viability tests #8 ‐ measurements element thickness and reinforcement cover
december 2014

cover on reinforcement x‐direction (measured from mould surface = bottom of panel)

16 11 11

7 10 7

6 9 6

5 9 6

4 10 15

6 10 7

7 9 7

9 9   9

10 13 10

16 18 18

cover on reinforcement y‐direction (measured from mould surface = bottom of panel)

10 11 7 8 11 15 14 12 11 12 15 10 10 10 12 14 14

applied: galvanized steel mesh #  3‐100
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Viability tests #8 ‐ measurements element thickness and reinforcement cover
december 2014

element thickness

44 45 46 45 44 45 45 47 44 max 49.0 mm

39 45 45 47 39 average 44.4 mm

40 44 48 49 47 47 45 44 39 min 37.0 mm

37 47 44 45

43 45 47 45 41 45 45 45 45

 from average thickness

0.36 ‐0.6 ‐1.6 ‐0.6 0.36 ‐0.6 ‐0.6 ‐2.6 0.36 max 44.4 mm

5.36 ‐0.6 ‐0.6 ‐2.6 5.36 average 1.2 mm

4.36 0.36 ‐3.6 ‐4.6 ‐2.6 ‐2.6 ‐0.6 0.36 5.36 min ‐4.6 mm

7.36 ‐2.6 0.36 ‐0.6 44.4

1.36 ‐0.6 ‐2.6 ‐0.6 3.36 ‐0.6 ‐0.6 ‐0.6 ‐0.6
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Appendix D

Research variables parameter
variation study
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288 Research variables parameter variation study
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Appendix E

General procedure casting,
deformation and hardening

The moulds for the parameter variation study were based on similar, slightly mod-
ified set-up as the strip-model used in the viability study: a 25 mm thick base plate
of MDF, a secondary lifting and levelling platform of 12 mm thick MDF, and a grid
of pins at intervals of 140 x 140 mm, made out of threaded galvanized steel rods
M10, aluminium tubes 13 x 1 mm and nuts M10 for the height adjustment of the
tubes over the threads. On top of this grid of pins a field of crossing plywood lathes
was placed of 50 x 3.8 mm (width x thickness). The lathes were loosely fixed to the
aluminium tubes by nails, leaving some place for horizontal sliding. The flexibility
of the lathes was modelled with the strip model and was investigated numerically.
More on this was reported in section 7.4. On top of the lathes, the silicone-and-foam
rubber moulds were placed. The foam used for the bottom layer of the mould was
a 10 mm polyether foam layer of specific weight 25 kg/m3 (SG25). The edges were
made of flexible foam strips of 50 x 50 mm2cross-section, also of polyether SG25. To
prevent concrete from being absorbed by the foam, and in order to obtain a smooth
surface texture, all foam in direct contact with concrete was covered with a 1 mm
layer of two-component silicone rubber with a Shore-A value of 20. This was done
by casting a layer of silicone on a smooth surface and after that draping the foam in
the silicone. After hardening of the silicone, it would be connected to the foam. In
the following figures, the steps are visible that have been taken for the various tests.

289



290 General procedure casting, deformation and hardening

Figure E.1: Elevation and cross-section of the moulds with support system (RS
/ P. Raghunath)
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01 - weighing concrete ingredients 02 - setting up and checking mould shape

03 - mixing 04 - testing slump flow

05 - filling moulds 06 - filling moulds

07 - filling and covering cubes and prisms for
later testing

08 - covering with foil to prevent evaporation



292 General procedure casting, deformation and hardening

09 - waiting for and testing initial yield strength
development

10 - cleaning equipment

11 - deformation 11 - deformation

12 - deformation 13 - deformation

14 - deformation 15 - next day: demoulding
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16 - demoulding 17 - inspection under daylight

18 - inspection 19 - sawing speciments for inspection

20 - sawing sections for inspection 21 - inspection of sections
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Appendix F

Casting and deformation tests
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batch 1
casting date September 7, 2012

start mixing 10:30

mixture m3

mixture recipe sand 0.125‐0.25 mm 48 kg

(per 1000 ltr) sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 3.50 kg ( 0.63% of pwd)

water 172 kg
specific mass 2349 kg/m3

wcf 0.430

wpf 0.307

batch volume 50 ltr

3 day 17 day 28 day

Sep 10 Sep 24 Oct 05

strength time cubes: 14:00 15:30 15:33

cube compr [MPa] 60.8 75.2 82.3

cube split [MPa] ‐ ‐ ‐

time prisms: 14:00 ‐ ‐

prism bending tensile str [MPa] 8.8 ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

temperatures room ‐ °C
aggregates ‐ °C
cement + fly‐ash ‐ °C
water ‐ °C
fresh concrete directly after mixing ‐ °C

mixing procedure aggregates + cement + fly‐ash 20 sec used the Eirich

add 50% of water  then 40 mixer

add 50% of water + plastic then 90

scraping of mixer then 90

240 sec

workability /  slump flow [mm] / o [Pa] 750 1.6 at t = 0:05 h:min

rheology slump time T50 [sec] 2.03 at t = 0:05 h:min

Mueller M3

slump #1 [mm] / o [Pa] 225 167 at t = 0:15 h:min

slump #2 [mm] / o [Pa] 168 368 at t = 0:30 h:min

slump #3 [mm] / o [Pa] 123 526 at t = 0:45 h:min
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batch 1 (continued)

general remarks  first test mixture

about the mixture:

placing  ‐

Figure:  Development of yield stress in time

based on the slump (flow) tests

video of placing ‐

placing time ‐

video of deformation ‐

deformation ‐

mould 1 mould 2 mould 3 mould 4

geometry specimen length ‐ ‐ ‐ ‐ mm

specimen width ‐ ‐ ‐ ‐ mm

specimen height ‐ ‐ ‐ ‐ mm

radius Rx ‐ ‐ ‐ ‐ mm

radius Ry ‐ ‐ ‐ ‐ mm

hardening ‐

demoulding ‐

inspection date ‐

description of the batch first test mixture to check mixing, slump values and slump

development over time
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

2
September 24, 2012

15:30

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 4.48 kg ( 0.80% of pwd)

water 172 kg
specific mass 2349 kg/m3

wcf 0.430

wpf 0.307

batch volume 16.7 ltr

1 day 7 day 28 day

time cubes: ‐ ‐ ‐

cube compr [MPa] ‐ ‐ ‐

cube split [MPa] ‐ ‐ ‐

time prisms: ‐ ‐ ‐

prism bending tensile str [MPa] ‐ ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

room ‐ °C
aggregates ‐ °C
cement + fly‐ash ‐ °C
water ‐ °C
fresh concrete directly after mixing ‐ °C

aggregates + cement + fly‐ash 20 sec used the Hobart

add 50% of water  then 40 kitchen mixer

add 50% of water + plastic then 90

scraping of mixer then 90

240 sec

slump flow [mm] / o [Pa] ‐ ‐ at t = h:min

slump time T50 [sec] ‐

slump #1 [mm] / o [Pa] ‐ at t = h:min

slump #2 [mm] / o [Pa] ‐ at t = h:min

slump #3 [mm] / o [Pa] ‐ at t = h:min
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batch

general remarks 

about the mixture:

placing 

video of placing

placing time

video of deformation

deformation

geometry

hardening

demoulding

inspection date

description of the batch

2 (continued)

very fluid concrete

concrete is self levelling,

easy to place, no

vibration needed.

‐

mould 1 filled at 0:14 h:min

mould 2 filled at ‐ h:min

mould 3 filled at ‐ h:min

mould 4 filled at ‐ h:min

mould 1 deformed at 0:45 h:min Too fluid, concrete flows out of

mould 2 deformed at ‐ h:min mould resulting in uneven cast

mould 3 deformed at ‐ h:min surface 

mould 4 deformed at ‐ h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 ‐ ‐ ‐ mm

specimen width 400 ‐ ‐ ‐ mm

specimen height 50 ‐ ‐ ‐ mm

radius Rx 1.5 ‐ ‐ ‐ m

radius Ry ∞ ‐ ‐ ‐ m

‐

DSCN2189 demould spec 2.1.MOV

September 25, 2012

The mixture was prepared with the intention of making a trial casting for 1 single curved 

concrete element. There were no other tests carried out with this mixture other than casting the 

element itself. It was a very fluid mixture, self compacting and self‐ leveling. Formation of air 

bubbles was noticed after the mould was levelled. It was found out that the fluidity was still too 

high to be deformed at 45 minutes: the concrete started flowing out from the centre to the 

edges and the excess cement water and concrete accumulated thus, and flowed out of the 

moulds onto the timber lathes. The heavier aggregates seemed to settle at their original 

position, while the finer particles flowed out to the edges from the top surfaces. This resulted in 

a deformed profile for the casting surface and thus verying thicknesses of the element from the 

ends to the center. 

The element itself turned out to be very smooth on the mould surface. The reflection of the 

lathes was noticed on the surface. Few air bubbles seen on the edges of the element.             
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

3
September 25, 2012

15:45

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 4.30 kg ( 0.77% of pwd)

water 172 kg
specific mass 2349 kg/m3

wcf 0.430

wpf 0.307

batch volume 53.5 ltr

1 day 7 day 28 day

Sep 26 Oct 02 Oct 23

time cubes: 14:50 13:56 15:55

cube compr [MPa] 30.7 61.8 70.8

cube split [MPa] ‐ ‐ ‐

time prisms: 10:40

prism bending tensile str [MPa] ‐ 10.5 11.1

mini prism cube compr [MPa] ‐ 71.3 75.8

mini prism cube compr [MPa] ‐ ‐ 77.4

room ‐ °C
aggregates ‐ °C
cement + fly‐ash ‐ °C
water ‐ °C
fresh concrete directly after mixing ‐ °C

aggregates + cement + fly‐ash 20 sec used the Eirich

add 50% of water + plastic then 40 mixer

add 50% of water then 90

scraping of mixer then 90

240 sec

slump flow [mm] / o [Pa] 575 6.2 at t = 0:00 h:min

slump time T50 [sec] 2.0

Mueller M3

slump #1 [mm] / o [Pa] 210 220 at t = 0:30 h:min

slump #2 [mm] / o [Pa] 215 202 at t = 0:45 h:min

slump #3 [mm] / o [Pa] 200 255 at t = 1:08 h:min
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batch

general remarks 

about the mixture:

placing 

video of placing

placing time

video of deformation

deformation

geometry

hardening

demoulding

inspection date

description of the batch

3 (continued)

very fluid concrete

Figure:  development of yield stress in time

based on the slump (flow) tests

mould 1 filled at ? h:min directly after slump

mould 2 filled at ‐ h:min flow test

mould 3 filled at ‐ h:min

mould 4 filled at ‐ h:min

mould 1 deformed at 0:45 h:min

mould 2 deformed at ‐ h:min

mould 3 deformed at ‐ h:min

mould 4 deformed at ‐ h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 ‐ ‐ ‐ mm

specimen width 400 ‐ ‐ ‐ mm

specimen height 50 ‐ ‐ ‐ mm

radius Rx ‐1.5 ‐ ‐ ‐ m

radius Ry ∞ ‐ ‐ ‐ m

‐

‐

September 26, 2012

concrete is not really self 

levelling, but still easy to 

place, no vibration 

needed.

The mixture from batch 2 was repeated for testing the panel with opposite curvature. This time 

additional volume of concrete was prepared to carry out the slump tests and to fill in the cubes 

and prisms. The mixture was quite fluid but not self‐levelling. The slump flow however was less 

than the expected value of 750‐800mm. The mixture was easy to place and showed less 

formation of air bubbles on the surface than batch 2. The slump tests, however, showed that 

concrete wasn't hardening very fast, as the slump values didn't vary much over the 3 intervals. 

The deformation of the element was a smooth process. No hitches were seen. However, the 

mould wasn't touching the actuators at all points, especially at the edges. Additional weights 

had to be added on the mould to ensure the curvature was maintained. 

The element was smooth. The reflection of the lathes is again visible on the surface. Air bubbles 

were noticed on the mould surface and on the sides.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

4
October 1, 2012

15:30

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 3.60 kg ( 0.64% of pwd)

water 172 kg
specific mass 2349 kg/m3

wcf 0.430

wpf 0.307

batch volume 100 ltr

1 day 7 day 28 day

Oct 02 Oct 08 Oct 29

time cubes: 14:09 17:16 10:10

cube compr [MPa] 40.8 61.8 38.19?

cube split [MPa] 3.1 3.8 5.67

time prisms: ‐ ‐ ‐

prism bending tensile str [MPa] ‐ ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

room ‐ °C
aggregates ‐ °C
cement + fly‐ash ‐ °C
water ‐ °C
fresh concrete directly after mixing ‐ °C

aggregates + cement + fly‐ash 20 sec used the Eirich

add 50% of water + plastic then 40 mixer

add 50% of water then 90

scraping of mixer then 90

240 sec

slump flow [mm] / o [Pa] 375 52.5 at t = 0:00 h:min

slump time T50 [sec] ‐ mixture is too stiff

Mueller M3

slump #1 [mm] / o [Pa] 215 202 at t = 0:30 h:min

slump #2 [mm] / o [Pa] 80 678 at t = 0:45 h:min

slump #3 [mm] / o [Pa] 0 960 at t = 1:00 h:min
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batch

general remarks 

about the mixture:

placing 

video of placing

placing time

video of deformation

deformation

geometry

hardening

demoulding

inspection date

description of the batch

4 (continued)

mixture much too stiff

hard to place

Figure:  Development of yield stress in time

based on the slump (flow) tests

DSCN2388.MOV

mould 1 filled at 0:10 h:min

mould 2 filled at 0:20 h:min

mould 3 filled at 0:30 h:min

mould 4 filled at 0:40 h:min

mould 1 deformed at 0:30 h:min

mould 2 deformed at 0:45 h:min

mould 3 deformed at 1:00 h:min

mould 4 deformed at ‐ h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 50 50 50 50 mm

radius Rx 1.5 1.5 1.5 ∞ m

radius Ry ∞ ∞ ∞ ∞ m

covered with plastic

‐

October 2, 2012

The first of the batches where an entire series of 4 elements (with one element flat) were cast at 

once. The proportion of the plasticiser was reduced to 0.64% with the intention of getting the 

right fluidity with a maximum economy. But it turned out that the mixture was very dry and 

stiff. It was far from self compacting. It was hard to place the concrete in the moulds. It required 

manual compaction to get it levelled as much as possible. The mixture turned out to be so stiff 

that after 1 hour the slump was zero. Surface cracks were visible in the elements immediatley 

after deformation.

The elements had many air bubbles, some of them as big as 1cm wide, on the mould surface 

and on the edges. The finish was far from satisfactory. It was difficult to release the moulds 

from the elements as well. The mould had started wearing off slowly, and blobs of concrete 

jutting out of the surface had penetrated into the foam layer through the silicone layer. 
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

5
October 3, 2012

10:28

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 399 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 4.31 kg ( 0.77% of pwd)

water 172 kg
specific mass 2349 kg/m3

wcf 0.431

wpf 0.308

batch volume 100 ltr

1 day 7 day 28 day

Oct 04 Oct 10 Oct 31

time cubes: 12:47 13:11 ‐

cube compr [MPa] 38.79 52.61 ‐

cube split [MPa] ‐ ‐ ‐

time prisms: ‐ ‐ ‐

prism bending tensile str [MPa] ‐ ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

room not measured

aggregates not measured

cement + fly‐ash not measured

water not measured

fresh concrete directly after mixing not measured

aggregates + cement + fly‐ash 20 sec used the Eirich

add 50% of water + plastic then 40 mixer

add 50% of water then 90

scraping of mixer then 90

240 sec

slump flow [mm] / o [Pa] ‐ at t = 0:00 h:min

slump time T50 [sec] ‐

Mueller M3

slump #1 [mm] / o [Pa] ‐ at t = n.a. h:min

slump #2 [mm] / o [Pa] 0 960 at t = 0:48 h:min

slump #3 [mm] / o [Pa] 0 960 at t = 1:00 h:min
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general remarks 

about the mixture:

placing 

video of placing

placing time

video of deformation

deformation
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hardening
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inspection date

description of the batch

5 (continued)

mixture much too stiff

hard to place

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at 0:15 h:min

mould 2 filled at 0:35 h:min

mould 3 filled at 0:35 h:min

mould 4 filled at ? h:min

mould 1 deformed at 0:40 h:min

mould 2 deformed at 0:50 h:min

mould 3 deformed at 1:00 h:min

mould 4 deformed at ‐ h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 50 50 50 50 mm

radius Rx 1.5 1.5 1.5 ∞ m

radius Ry ∞ ∞ ∞ ∞ m

‐

‐

October 4, 2012

As the mixture of the batch 5 was far from satisfactory, the proportion of the plasticiser was 

elevated back 0.77% as in batch 3. However, the mixture didn't show any signs of improvement 

and it was as dry and stiff as batch 4. Hence the slump flow test were ignored, and the filling of 

the moulds started directly. The placement was hard as in batch 4. Manual compaction was 

inevitable. The mixture was so stiff that each of the two slump tests had zero slump. Surface 

cracks were visible suring and immediately after deformation. 

The elements, as expected, had many air bubbles. They turned out to be rougher than batch 4. 

However, the finish of the curved elements improved slightly from element 5.1 to 5.3. The flat 

element was extremely rough. The results of this batch were far from satisfactory.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

6
October 10, 2012

10:28

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 399 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 6.16 kg ( 1.10% of pwd)

water 172 kg
specific mass 2350 kg/m3

wcf 0.431

wpf 0.308

batch volume 100 ltr

1 day 7 day 28 day

Oct 11 Oct 17 Nov 07

time cubes: 15:00 14:00 16:00

cube compr [MPa] 39.0 71.7 71.78

cube split [MPa] 3.1 4.1 ‐

time prisms: ‐ ‐ ‐

prism bending tensile str [MPa] ‐ ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

mini prism cube compr [MPa] ‐ ‐ ‐

room 22.4 °C
aggregates 24.7 °C
cement + fly‐ash 25.1 °C
water 23.2 °C
fresh concrete directly after mixing 27.8 °C

aggregates + cement + fly‐ash 20 sec used the Eirich

add 50% of water + plastic then 40 mixer

add 50% of water then 90

scraping of mixer then 90

240 sec

continued mixing after first slump flow test 60 sec

slump flow [mm] / o [Pa] >> 900 < 0.7 at t = 0:04 h:min

slump time T50 [sec] not measured (too quick) segregation 

Mueller M3

slump #1 [mm] / o [Pa] 230 149 at t = 0:45 h:m *)

slump #2 [mm] / o [Pa] 200 255 at t = 0:59 h:m *)

slump #3 [mm] / o [Pa] 230 149 at t = 1:15 h:m *)

*) still moving
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about the mixture:

placing 

video of placing

placing time

video of deformation

deformation

geometry

hardening
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description of the batch

6 (continued)

fluid, segregation

easy to place

Figure:  Development of yield stress in time

based on the slump (flow) tests

DSCN2555.MOV

mould 1 filled at 0:12 h:min 10 sec of remixing before filling next 

mould 2 filled at 0:20 h:min mould

mould 3 filled at 0:27 h:min

mould 4 filled at ? h:min oiled before casting to try this out

DSCN2555.MOV

mould 1 deformed at 1:15 h:min cracks in surface, concrete stays in mould

mould 2 deformed at 0:59 h:min cracks in the middle, but also cement 

      water flowing over edge; mould got stuck during deformation; extra movement of mould

mould 3 deformed at 0:45 h:min cement water flow over edge

mould 4 deformed at n.a. h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 50 50 50 50 mm

radius Rx 1.5 1.5 1.5 ∞ m

radius Ry ∞ ∞ ∞ ∞ m

See below

See below

October 11, 2012

The proportion of the plasticiser was increased to 1.1% to achieve a fluid concrete. The mixture 

turned out to be self‐ compacting, self levelling and very fluid. However, segregation was 

observed. Segregation was observed during slump flow test as well. So the concrete was 

remixed for a few seconds before placing in the moulds. The concrete was very fluid and very 

easy to place in the first 2 moulds mould, but it started hardening very fast and hence a slightly 

stiffer concrete was placed in the moulds 3 and 4. Since the fluidity of the concrete was very 

high, for the first two, it was decided to deform the elements in the reverse order. Nevertheless, 

the cement water flowed over the mould while deforming. Mould 2 got stuck, so there was extra 

movement during deformation. Surface cracks were seen immediately in moulds 1 and 2. The 

mixture was very sticky and it was very hard to clean the tools and the floor.

The elements had a good finish on the mould surface and on the edges. Few air bubbles and 

blobs were seen. The cast surface had many shrinkage cracks perpendicular to the direction of 

deformation, and a few air bubbles. The bigger aggregates were distinctly visible on the cast 

surface at many places.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

7
October 15, 2012

13:30

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 5.60 kg ( 1.00% of pwd)

water > 172 kg
specific mass 2351 kg/m3

wcf > 0.430 note: wcf not clear, since

wpf > 0.307 amount of water added 

was not denoted during

batch volume 100 ltr tests

1 day 7 day 29 day

Oct 16 Oct 22 Nov 13

time cubes: 13:00 16:30 11:01

cube compr [MPa] 34.0 47.1 50.5 cubes shapes not unifor

cube split [MPa] 4.7 4.0 5.8 hence results not accura

time prisms: 12:30 16:30 11:30

prism bending tensile str [MPa] 6.3 9.6 12.2

mini prism cube compr [MPa] 33.1 56.9 73.2

mini prism cube compr [MPa] 31.9 56.2 72.9

room 22.4 °C
aggregates 21.7 °C
cement + fly‐ash 22.7 °C
water 21.7 °C
fresh concrete directly after mixing ‐ °C

aggregates + cement + fly‐ash 20 sec used the Eirich

add 50% of water + plastic then 40 mixer

add 50% of water then 90

scraping of mixer then 90 kept 0.5 kg of water 

240 sec behind before first mixing

slump flow [mm] / o [Pa] 450 21.1 at t = 0:05 h:min

slump time T50 [sec] ‐ (never reached 500 mm)

added rest of water, remixed for 60 seconds

added more water in order to try to get mixture workable, but without success.

Mueller M3 *) video DSCN2613

slump #1 [mm] / o [Pa] 160 396 at t = 0:15 h:m *)

slump #2 [mm] / o [Pa] 0 960 at t = 0:47 h:m

slump #3 [mm] / o [Pa] ‐ at t = ‐ h:m
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description of the batch

7 (continued)

not workable

hard to place, 

compaction necessary

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at ‐ h:min

mould 2 filled at ‐ h:min

mould 3 filled at ‐ h:min

mould 4 filled at ‐ h:min

mould 1 deformed at ‐ h:min

mould 2 deformed at ‐ h:min

mould 3 deformed at ‐ h:min

mould 4 deformed at ‐ h:min

mould 1 mould 2 mould 3 mould 4

specimen length ‐ ‐ ‐ ‐ mm

specimen width ‐ ‐ ‐ ‐ mm

specimen height ‐ ‐ ‐ ‐ mm

radius Rx ‐ ‐ ‐ ‐ m

radius Ry ‐ ‐ ‐ ‐ m

‐

‐

October 16, 2012

The amount of plasticiser was slightly reduced (to 1%) in order to obtain a mixture of slightly 

lesser fluidity. But the mixture turned out to be very dry and stiff. The slup flow didn’t reach 500 

mm. So a slight addition of water was made to the mixture. However it didnt improve the 

mixture. Even a second instance of additional water didnt make any change to the mixture and 

slump flow still remained withing 500 mm. The mixture was hardening fast, and hence we 

proceeded with placing the moulds. It was extremely hard to place and we stopped the casting 

after 3 moulds, and decided not to deform them, as it would be a waste. Only the cubes and 

prisms were filled.

The elements were thrown away after demoulding.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

8
October 17, 2012

14:30

mixture m3

sand 0.125‐0.25 mm 49 kg

sand 0.25‐0.5 mm 126 kg

sand 0.5‐1.0 mm 214 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 370 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 408 kg
Fly‐ash 157 kg

Superplast Chryso Premia 196 5.60 kg ( 0.99% of pwd)

water 171 kg
specific mass 2355 kg/m3

wcf 0.420

wpf 0.303

batch volume 7 ltr

1 day 7 day 28 day

Oct 18 Oct 24 Nov 14

time cubes:

cube compr [MPa] ‐ ‐ ‐

cube split [MPa] ‐ ‐ ‐

time prisms: 12:30 16:30 12:05

prism bending tensile str [MPa] 7.1 8.1 9.9

mini prism cube compr [MPa] 39.6 64.4 78.5

mini prism cube compr [MPa] 41.7 62.6 81.6

room ‐ °C
aggregates 22.8 °C
cement + fly‐ash ‐ °C
water 22.7 °C
fresh concrete directly after mixing 26.0 °C

aggregates + cement + fly‐ash 20 sec used the Hobart

add 50% of water + plastic then 40 bakery mixer

add 50% of water then 90

scraping of mixer then 90

240 sec

slump flow [mm] / o [Pa] 785 1.3 at t = 0:05 h:min

slump time T50 [sec] ‐ video

slump flow [mm] / o [Pa] 700 2.3 at t = 0:45 h:min

slump time T50 ‐ video

slump #1 [mm] / o [Pa] ‐ at t = ‐ h:min

slump #2 [mm] / o [Pa] ‐ at t = ‐ h:min

slump #3 [mm] / o [Pa] ‐ at t = ‐ h:min
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about the mixture:

placing 

video of placing

placing time

video of deformation

deformation

geometry

hardening

demoulding

inspection date

description of the batch

8 (continued)

mould 1 filled at ‐ h:min we did not cast any elements

mould 2 filled at ‐ h:min

mould 3 filled at ‐ h:min

mould 4 filled at ‐ h:min

mould 1 deformed at ‐ h:min

mould 2 deformed at ‐ h:min

mould 3 deformed at ‐ h:min

mould 4 deformed at ‐ h:min

mould 1 mould 2 mould 3 mould 4

specimen length ‐ ‐ ‐ ‐ mm

specimen width ‐ ‐ ‐ ‐ mm

specimen height ‐ ‐ ‐ ‐ mm

radius Rx ‐ ‐ ‐ ‐ m

radius Ry ‐ ‐ ‐ ‐ m

n.a.

As there was no consistency in the mixtures obtained in the previous tests, it was decided to do 

just a test on the proportions of the mixture itself in a small volume. We weighed the contents 

for a small volume of concrete, 7 litre, which could be mixed in the smaller hobart mixer. The 

proportion of the plasticiser was kept to 1%. The mixture proved to be very fluid, self 

compacting and self levelling. The immediate slump flow was also satisfactory. However the 

slump flow after 45 minutes was quite high (700mm) and it appeared to segregate then. But it 

was seen that this mixture was better than the batches of 4,5,6 and 7 and easier to handle. So it 

was decided to repeat the same test the next day and check if the result would be consistent 

with this one.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

9
October 18, 2012

11:00

mixture m3

sand 0.125‐0.25 mm 49 kg

sand 0.25‐0.5 mm 126 kg

sand 0.5‐1.0 mm 214 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 370 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 5.60 kg ( 1.00% of pwd)

water 171 kg
specific mass 2350 kg/m3

wcf 0.429

wpf 0.306

batch volume 7 ltr

1 day 7 day 28 day

Oct 19 Oct 25 Nov 15

time cubes:

cube compr [MPa] ‐ ‐ ‐

cube split [MPa] ‐ ‐ ‐

time prisms: 11:50 16:00 12:05

prism bending tensile str [MPa] 7.5 9.7 9.4

mini prism cube compr [MPa] 40.5 67.3 91.2

mini prism cube compr [MPa] 44.7 68.9 91.2

room ‐ °C
aggregates 22.5 °C
cement + fly‐ash ‐ °C
water 22.8 °C
fresh concrete directly after mixing 28.2 °C

aggregates + cement + fly‐ash 20 sec used the Hobart

add 50% of water + plastic then 40 bakery mixer

add 50% of water then 90

scraping of mixer then 90

240 sec

slump flow [mm] / o [Pa] 790 1.3 at t = 0:05 h:min

slump time T50 [sec] ‐

slump flow [mm] / o [Pa] 585 5.7 at t = 0:45 h:min

slump time T50 ‐

slump #1 [mm] / o [Pa] ‐ at t = ‐ h:min

slump #2 [mm] / o [Pa] ‐ at t = ‐ h:min

slump #3 [mm] / o [Pa] ‐ at t = ‐ h:min
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description of the batch

9 (continued)

mould 1 filled at n.a. h:min we did not cast any elements

mould 2 filled at n.a. h:min

mould 3 filled at n.a. h:min

mould 4 filled at n.a. h:min

mould 1 deformed at n.a. h:min

mould 2 deformed at n.a. h:min

mould 3 deformed at n.a. h:min

mould 4 deformed at n.a. h:min

mould 1 mould 2 mould 3 mould 4

specimen length n.a. n.a. n.a. n.a. mm

specimen width n.a. n.a. n.a. n.a. mm

specimen height n.a. n.a. n.a. n.a. mm

radius Rx n.a. n.a. n.a. n.a. m

radius Ry n.a. n.a. n.a. n.a. m

n.a.

The same mixture as batch 8 yet was prepared. The mixture appeared to be similar to that of 

batch 8. The slmp flow immediately also was satisfactory. The slump flow after 45 minutes was 

quite high but lesser than batch 8.

Thus it was decided to use the same proportion for the next test for 100 litre for casting the 

elements
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start mixing

mixture recipe

(per 1000 ltr)

strength
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mixing procedure

workability / 
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10
October 19, 2012

09:05

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 128 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 289 kg

gravel 2‐4 mm 369 kg

gravel 4‐8 mm 562 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 4.20 kg ( 0.75% of pwd)

water 172 kg
specific mass 2340 kg/m3

wcf 0.430

wpf 0.307

batch volume 100 ltr

3 day 7 day 28 day

Oct 22 Oct 26 Nov 16

time cubes: 16:15 11:07 12:23

cube compr [MPa] 58.9 66.4 71.1

cube split [MPa] 4.0 4.0 5.4

time prisms: 16:30 11:25 12:35

prism bending tensile str [MPa] 8.8 9.3 8.7

mini prism cube compr [MPa] 58.6 71.5 ‐ prism off shape

mini prism cube compr [MPa] 63.3 79.1 ‐ prism off shape

room 22.5 °C
aggregates 24.0 °C
cement + fly‐ash 23.7 °C
water ‐ °C
fresh concrete directly after mixing ‐ °C

aggregates + cement + fly‐ash 30 sec used the Eirich

add 90% of water  60 mixer

add 10% of water + plastic then 90 modified mixing order

scraping of mixer then 30

210 sec

slump flow [mm] / o [Pa] 650 3.3 at t = 0:05 h:min

slump time T50 [sec] ‐ video

Mueller M3

slump #1 [mm] / o [Pa] 220 184 at t = 00:20 h:min

slump #2 [mm] / o [Pa] 200 254 at t = 00:34 h:min

slump #3 [mm] / o [Pa] 160 394 at t = 00:51 h:min
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10 (continued)

modified mixing

order; better

workable

some compaction 

necessary

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at 0:03 h:min

mould 2 filled at 0:04 h:min

mould 3 filled at 0:06 h:min

mould 4 filled at 0:18 h:min

mould 1 deformed at 0:20 h:min

mould 2 deformed at 0:34 h:min

mould 3 deformed at 0:51 h:min

mould 4 deformed at n.a. h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 50 50 50 50 mm

radius Rx 1.5 1.5 1.5 ∞ m

radius Ry ∞ ∞ ∞ ∞ m

October 22, 2012

After advice of Dr. Gr ü newald the mixing procedure was modified. It appeared important to 

add the plasticiser after the cement absorbs water for the plasticiser to work effectively. Also 

the mixer now was wettened before pouring the ingredients, and also the slump cones and 

slump base plate were oiled. 

Only 0.75% was added and the mixture was prepared with the changed mixing procedure. The 

mixture seemed fluid, self‐compacting and self‐ leveling. However, it was segregating a bit and 

stabiliser was added to reduce the segregation. The mixture very workable, but not entirely self‐ 

leveling. It was easy to place and a little bit of compaction was necessary. The deformation was 

smooth. However surface cracks were visible immediately after deformation. This might be due 

to drying of the top surface, so we started to consequently cover the moulds with foil 

immediately after placing from this test on.

The elements had a good finish, except for some air bubbles and blobs of concrete sticking out 

due to the deterioration of the moulds. The cast surface had shrinkage cracks perpendicular to 

the direction of deformation, as observed immediately after deformation.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

11
October 22, 2012

13:30

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 128 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 289 kg

gravel 2‐4 mm 370 kg

gravel 4‐8 mm 562 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 3.64 kg ( 0.65% of pwd)

water 172 kg
specific mass 2342 kg/m3

wcf 0.430

wpf 0.307

batch volume 100 ltr

1 day 7 day 28 day

Oct 23 Oct 29 Nov 19

time cubes: 16:15 10:17 11:15

cube compr [MPa] 47.5 67.0 76.8

cube split [MPa] 3.5 4.3 5.3

time prisms: 16:30 11:25 11:30

prism bending tensile str [MPa] 7.2 9.0 11.1

mini prism cube compr [MPa] 57.1 68.3 86.8

mini prism cube compr [MPa] 55.8 68.8 87.3

room 22.4 °C
aggregates ‐ °C
cement + fly‐ash ‐ °C
water 23.1 °C
fresh concrete directly after mixing 27.7 °C

aggregates + cement + fly‐ash 30 sec used the Eirich

add 90% of water  60 mixer

add 10% of water + plastic then 90

scraping of mixer then 30

210 sec

slump flow [mm] / o [Pa] 640 3.6 at t = 0:05 h:min

slump time T50 [sec] 11 video

slump flow [mm] / o [Pa] 570 6.5 at t = 0:10 h:min

slump flow [mm] / o [Pa] 610 4.6 00:15 h:min

Mueller M3

slump #1 [mm] / o [Pa] 185 307 at t = 00:45 h:min

slump #2 [mm] / o [Pa] n.a. at t = 01:00 h:min

slump #3 [mm] / o [Pa] n.a. at t = 01:18 h:min
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11 (continued)

Very workable mixture

not entirely self levelling

some compaction

necessary

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at 0:05 h:min

mould 2 filled at 0:10 h:min

mould 3 filled at 0:14 h:min

mould 4 filled at 0:16 h:min

mould 1 deformed at 0:50 h:min 0:30 later than batch 10

mould 2 deformed at 1:00 h:min 0:26 later than batch 10

mould 3 deformed at 1:16 h:min 0:25 later than batch 10

mould 4 deformed at n.a. h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 50 50 50 50 mm

radius Rx 1.5 1.5 1.5 ∞ m

radius Ry ∞ ∞ ∞ ∞ m

October 23, 2012

The percentage of plasticiser was reduced to .65%, to avoid the segregation observed during the 

previous mixture. The mixture was workable, self compacting, non‐segregating but not entirely 

self‐ levelling. It was easy to place and a little bit of compaction was necessary. So, it was quite 

consistent with the previous mix. We didnt have enough concrete, strangely, to fill all sump 

cones and cubes.

The deformation of all the moulds were smooth. However surface cracks were visible 

immediatley after deformation.

The elements had a good finish, except for some air bubbles and blobs of concrete sticking out 

due to the deterioration of the moulds. The cast surface had shrinkage cracks perpendicular to 

the direction of deformation, as observed immediately after deformation.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

12
October 30, 2012

10:30

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 128 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 289 kg

gravel 2‐4 mm 462 kg

gravel 4‐8 mm 561 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 3.64 kg ( 0.65% of pwd)

water 172 kg
specific mass 2433 kg/m3

wcf 0.430

wpf 0.307

batch volume 80 ltr

1 day 7 day 28 day

Oct 31 Nov 06 Nov 27

time cubes: 15:20 11:45 11:42

cube compr [MPa] 45.4 65.69 75.4

cube split [MPa] 3.7 3.91 5.5

time prisms: 15:35 12:00 11:55

prism bending tensile str [MPa] 6.3 9.9 11.9

mini prism cube compr [MPa] 46.5 67.1 84.4

mini prism cube compr [MPa] 43.6 68.7 81.0

room ‐ °C
aggregates ‐ °C
cement + fly‐ash 21.4 °C
water 22.3 °C
fresh concrete directly after mixing 25.3 °C

aggregates + cement + fly‐ash 30 sec used the Eirich

add 90% of water  60 mixer

add 10% of water + plastic then 90

scraping of mixer then 30

210 sec

slump flow [mm] / o [Pa] 650 3.5 at t = 0:08 h:min

slump time T50 [sec] 10

Mueller M3

slump #1 [mm] / o [Pa] 220 194 at t = 00:31 h:min

slump #2 [mm] / o [Pa] 165 394 at t = 00:45 h:min

slump #3 [mm] / o [Pa] 180 340 at t = 00:59 h:min
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12 (continued)

Very workable mixture

cubes & prisms were 

compacted using 

vibration table

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at 00:12 h:min

mould 2 filled at 00:17 h:min

mould 3 filled at 00:19 h:min

mould 4 filled at 00:20 h:min

mould 1 deformed at 00:36 h:min

mould 2 deformed at 00:48 h:min

mould 3 deformed at 01:00 h:min

mould 4 deformed at n.a. h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 25 25 25 25 mm

radius Rx 1.5 1.5 1.5 ∞ m

radius Ry ∞ ∞ ∞ ∞ m

October 23, 2012

First series of 25mm thick elements. The exact mixture proportions as batch 11 was prepared. It 

was consistent with the previous mix‐ very workable, self‐ compacting but not entirely self 

leveling. The moulds were placed in reverse order, as the actuators were adjusted for 

deformation for moulds 2,3 and 4. Mould 1 was meant to be flat. Placement was easy. It was 

difficult to get uniform thickness of 25mm within the moulds of thickness 50mm. The moulds 

were covered with foil immediately after placing. No visible cracks were noticed immediately 

after deformation. It could be due to the effect of the foil, or because the strain caused by 

deformation for a thickness of 25mm panel is half of that for 50mm panel. Additional weights 

had to be placed on the moulds to get uniform curvature. The third slump cone collapsed while 

releasing the cone.

The elements had a smooth finish except for the effects of the deteriorated mould. No cracks 

visible.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

13
October 31, 2012

13:00

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 128 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 289 kg

gravel 2‐4 mm 462 kg

gravel 4‐8 mm 561 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 3.64 kg ( 0.65% of pwd)

water 172 kg
specific mass 2433 kg/m3

wcf 0.430

wpf 0.307

batch volume 80 ltr

1 day 7 day 28 day

Nov 01 Nov 07 Nov 28

time cubes: 13:00 15:45 14:34

cube compr [MPa] 42.9 73.8 83.9

cube split [MPa] 3.5 3.8 4.9

time prisms: 13:15 15:15 15:00

prism bending tensile str [MPa] 8.0 9.8 9.5

mini prism cube compr [MPa] 41.2 68.2 88.8

mini prism cube compr [MPa] 41.6 68.6 83.6

room ‐ °C
aggregates ‐ °C
cement + fly‐ash 19.6 °C
water 20.6 °C
fresh concrete directly after mixing 22.9 °C

aggregates + cement + fly‐ash 30 sec used the Eirich

add 90% of water  60 mixer

add 10% of water + plastic then 90

scraping of mixer then 30

210 sec

slump flow [mm] / o [Pa] 610 4.8 at t = 00:05 h:min

slump time T50 [sec]

Mueller M3

slump #1 [mm] / o [Pa] 240 121 at t = 00:30 h:min

slump #2 [mm] / o [Pa] 190 303 at t = 00:45 h:min

slump #3 [mm] / o [Pa] 150 449 at t = 00:58 h:min
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13 (continued)

workable mixture

reverse order

(mould 4 ‐> 1)

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at 00:30 h:min

mould 2 filled at 00:14 h:min

mould 3 filled at 00:17 h:min

mould 4 filled at 00:18 h:min

mould 1 deformed at ‐ h:min

mould 2 deformed at 01:02 h:min

mould 3 deformed at 00:47 h:min

mould 4 deformed at 00:34 h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 25 25 25 25 mm

radius Rx ∞ ‐1.5 ‐1.5 ‐1.5 m

radius Ry ∞ ∞ ∞ ∞ m

The first series of single curved negative curvature elements (thickness 25mm). The mixture was 

prepared with the same proportion as the previous one. The result was similar, though thee 

slump flow was slightly lesser than the previous ones. Nevertheless, the workability was 

consistent. The placing was in reverse order as the last one. The moulds were covered with foil 

immediately after placing. No cracks seen after deformation. Additional weights had to be 

placed on the moulds to get uniform curvature. The third slump cone collapsed while releasing 

the cone.

The elements had a smooth finish except for the effects of the deteriorated mould. No cracks 

visible.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

14
November 6, 2012

09:00

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 290 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 562 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 3.92 kg ( 0.70% of pwd)

water 172 kg
specific mass 2348 kg/m3

wcf 0.430

wpf 0.307

batch volume 107 ltr

1 day 7 day 28 day

Nov 07 Nov 13 Dec 04

time cubes: 15:54 11:07 ‐

cube compr [MPa] 51.1 70.6 ‐

cube split [MPa] 3.7 4.6 ‐

time prisms: 15:20 11:35 15:38

prism bending tensile str [MPa] 7.5 9.3 10.6

mini prism cube compr [MPa] 50.7 75.9 84.5

mini prism cube compr [MPa] 48.3 78.5 82.5

room ‐ °C
aggregates ‐ °C
cement + fly‐ash 22.4 °C
water 21.5 °C
fresh concrete directly after mixing 25.8 °C

aggregates + cement + fly‐ash 30 sec used the Eirich

add 90% of water  60 mixer

add 10% of water + plastic then 90

scraping of mixer then 30

210 sec

slump flow [mm] / o [Pa] 750 1.6 at t = 0:02 h:min

slump time T50 [sec] 3.75

slump flow [mm] / o [Pa] 415 31.6 at t = 0:31 h:min

Mueller M3

slump #1 [mm] / o [Pa] 235 132 at t = 0:31 h:min

slump #2 [mm] / o [Pa] 180 325 at t = 0:46 h:min

slump #3 [mm] / o [Pa] 35 836 at t = 1:01 h:min
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14 (continued)
-

very workable mixture

reverse order

(mould 4 ‐> 1)

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at 0:26 h:min

mould 2 filled at 0:24 h:min

mould 3 filled at 0:20 h:min

mould 4 filled at 0:15 h:min

mould 1 deformed at ‐ h:min

mould 2 deformed at 1:07 h:min

mould 3 deformed at 0:48 h:min

mould 4 deformed at 0:35 h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 50 50 50 50 mm

radius Rx ∞ ‐1.5 ‐1.5 ‐1.5 m

radius Ry ∞ ∞ ∞ ∞ m

The proportion of the plasticiser was increased to 0.70%. The fliudity slightly increased, resulting 

in a slump flow of 700‐800. The placing was in same order as the last one. The moulds were 

covered with foil immediately after placing. No cracks seen after deformation. 2 new slump 

cones are being used from this test onwards. The smaller slump cone is also being used.

The elements had a smooth finish except for the effects of the deteriorated mould. No cracks 

visible.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

15
November 7, 2012

13:00

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 291 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 3.92 kg ( 0.70% of pwd)

water 172 kg
specific mass 2351 kg/m3

wcf 0.430

wpf 0.307

batch volume 107.04 ltr 1000

1 day 7 day 28 day

Nov 08 Nov 14 Dec 05

time cubes: 10:30

cube compr [MPa] 40.4

cube split [MPa] 3.3

time prisms: 11:05

prism bending tensile str [MPa] 5.6

mini prism cube compr [MPa] 36.4

mini prism cube compr [MPa] 37.6

room ‐ °C
aggregates ‐ °C
cement + fly‐ash 22.2 °C
water 20.8 °C
fresh concrete directly after mixing 25.6 °C

aggregates + cement + fly‐ash 30 sec used the Eirich

add 90% of water  60 mixer

add 10% of water + plastic then 90

scraping of mixer then 30

210 sec

slump flow [mm] / o [Pa] 715 2.1 at t = 0:03 h:min

slump time T50 [sec] ‐

Mueller M3

slump #1 [mm] / o [Pa] 190 291 at t = 0:29 h:min

slump #2 [mm] / o [Pa] 160 396 at t = 0:43 h:min

slump #3 [mm] / o [Pa] 20 890 at t = 1:03 h:min
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15 (continued)

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at h:min

mould 2 filled at h:min

mould 3 filled at h:min

mould 4 filled at h:min

mould 1 deformed at ‐ h:min

mould 2 deformed at 0:35 h:min

mould 3 deformed at 0:50 h:min

mould 4 deformed at 01:07 h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 50 50 50 50 mm

radius Rx ∞ ‐2.5 ‐1.5 ‐1.5 m

radius Ry ∞ ‐2.5 ∞ ∞ m

Prof. Vambersky and a student from Eindhoven were here to see the process. A first double 

curved element is tried. Mould 3 and 4 retain the same actuator position as the previous test. 

Mould 2 is adjusted to have a negative double curved panel of radius 2.5m ( 1.5m was tried out 

with just weights, which did not seem to work with the current width and stiffness of the lathes). 

The mixture proportions were exactly same as the previous test. It proved consistent with the 

previous one. All the moulds were filled within 20 minutes. The moulds were deformed starting 

from 2 and then till 4. The deformation of mould 2 was smooth. Additional weights were put in 

place as planned, though in the second row the mould still didnt touch the actuators at most 

places. There was a problem while deforming mould 3, the central actuator was not in place. So 

the deformation had disturbances many times before the problem was fixed. The deformation 

of mould 4 was smooth. 

All elements were smooth except for the effects of the deterioration of the moulds. It was 

decided to make new moulds after this series.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

16
November 27, 2012

09:00

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 129 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 291 kg

gravel 2‐4 mm 373 kg

gravel 4‐8 mm 564 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 3.92 kg ( 0.70% of pwd)

water 172 kg
specific mass 2351 kg/m3

wcf 0.430

wpf 0.307

batch volume 107.04 ltr 1000

1 day 36 day 36 day

Nov 28 Jan 02 Jan 02

time cubes: 14:39 09:19 09:26

cube compr [MPa] 51.6 81.56 85.25

cube split [MPa] 3.3 3 5.77

time prisms: 15:05 10:36 10:38

prism bending tensile str [MPa] 7.6 12.9 11.81

mini prism cube compr [MPa] 48.1 86.3 70.8

mini prism cube compr [MPa] 48.1 74.8 97.4

room ‐ °C
aggregates ‐ °C
cement + fly‐ash 22.3 °C
water 21.0 °C
fresh concrete directly after mixing 24.9 °C

aggregates + cement + fly‐ash 30 sec used the Eirich

add 90% of water  60 mixer

add 10% of water + plastic then 90

scraping of mixer then 30

210 sec

slump flow [mm] / o [Pa] 730 1.9 at t = 0:09 h:min

slump time T50 [sec] 5

Mueller M3

slump #1 [mm] / o [Pa] 170 361 at t = 0:45 h:min

slump #2 [mm] / o [Pa] 40 819 at t = 1:01 h:min

slump #3 [mm] / o [Pa] 190 291 at t = 1:15 h:min
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16 (continued)

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at 0:30 h:min

mould 2 filled at 0:25 h:min

mould 3 filled at 0:18 h:min

mould 4 filled at 0:14 h:min

mould 1 deformed at ‐ h:min

mould 2 deformed at 1:17 h:min

mould 3 deformed at 1:03 h:min

mould 4 deformed at 0:48 h:min

general problem with 2nd and 3rd rows

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 50 50 50 50 mm

radius Rx ∞ ‐2.5 ‐2.5 ‐2.5 m

radius Ry ∞ ‐2.5 ‐2.5 ‐2.5 m

November 30, 2012

The first series of double curved elements and with new moulds. The new moulds consist of 3 

moulds of silicone finish surface and 1 of polyurethane finish surface. The polyurethane mould 

was used for the flat elements. The mixture is prepared with same proportions as previous 

batch. The mixture is consistent with the previous results, though it stiffens faster. The 

polyurethane mould is oiled, to facilitate easy release. The moulds are placed in reverse order. 

The side pieces of the polyurethane mould started bulging out while placing the concrete, 

because the slicone sealant doesnt stick polyurethane. Additional weights are placed along the 

edges to prevent it from bulging out. The deformation is also done in reverse order. The mould 4 

has problems during deformation because one actuator which had come off the mdf top base. 

The deformation is smooth after that is fixed in place. However, the mould still didnt touch the 

actuators of second and third rows at most places. The third slump cone collapses during the 

test. The elements have a good shiny reflective finish. The polyurethane mould though gives a 

less glossy finish which appears to become lesser over time. The reflection of the lathes is visible 

over the surface. The elements have few air bubbles. The edges of the elements are straigter 

than the ones cast with the old moulds.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

17
November 28, 2012

12:30

mixture m3

sand 0.125‐0.25 mm 48 kg

sand 0.25‐0.5 mm 128 kg

sand 0.5‐1.0 mm 209 kg

gravel 1‐2 mm 289 kg

gravel 2‐4 mm 462 kg

gravel 4‐8 mm 561 kg

CEM I 52,5 R 400 kg
Fly‐ash 160 kg

Superplast Chryso Premia 196 3.92 kg ( 0.70% of pwd)

water 172 kg
specific mass 2433 kg/m3

wcf 0.430

wpf 0.307

batch volume 80 ltr 1000

1 day 35 day 35 day

Nov 29 Jan 02 Jan 02

time cubes: 09:32 09:38

cube compr [MPa] 48.3 80.13 error

cube split [MPa] 3.5 5.04 5.81

time prisms: 10:46 10:48

prism bending tensile str [MPa] 7.1 10.2 10.35

mini prism cube compr [MPa] 37.3 92.9 92.6

mini prism cube compr [MPa] 47.8 91.6 82.2

room ‐ °C
aggregates ‐ °C
cement + fly‐ash 22.1 °C
water 20.5 °C
fresh concrete directly after mixing 25.1 °C

aggregates + cement + fly‐ash 30 sec used the Eirich

add 90% of water  60 mixer

add 10% of water + plastic then 90

scraping of mixer then 30

210 sec

slump flow [mm] / o [Pa] 685 2.7 at t = 0:10 h:min

slump time T50 [sec] 5.1

Mueller M3

slump #1 [mm] / o [Pa] 215 212 at t = 0:30 h:min

slump #2 [mm] / o [Pa] 175 358 at t = 0:46 h:min

slump #3 [mm] / o [Pa] 85 686 at t = 0:59 h:min
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17 (continued)

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at 0:21 h:min

mould 2 filled at 0:19 h:min

mould 3 filled at 0:16 h:min

mould 4 filled at 0:12 h:min

mould 1 deformed at ‐ h:min

mould 2 deformed at 1:02 h:min

mould 3 deformed at 0:49 h:min

mould 4 deformed at 0:32 h:min

general problem with 2nd and 3rd rows

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 25 25 25 25 mm

radius Rx ∞ ‐2.5 ‐2.5 ‐2.5 m

radius Ry ∞ ‐2.5 ‐2.5 ‐2.5 m

November 30, 2012

25mm thick double curved elements. The polyurethane mould is assembled again just 1.5 hours 

before the casting and weights are placed on the sides to prevent bulging. The mixture is 

prepared with same proportions as for the previous batch. The mixture is consistent with the 

previous results. All the moulds are oiled this time. The moulds are placed in reverse order.  The 

deformation is also done in reverse order. All deformations are smooth this time. However, the 

mould still didnt touch the actuators of second and third rows at most places.

The elements have a good sniny reflective finish, slightly lesser than the previous batch. The 

polyurethane mould element has a less glossy finish. The reflection of the lathes is visible over 

the surface. The elements have few air bubbles. The edges of the elements are straigter than 

the ones cast with the old moulds.
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batch
casting date

start mixing

mixture recipe

(per 1000 ltr)

strength

temperatures

mixing procedure

workability / 

rheology

18
December 11, 2012

12:30

mixture m4

sand 0.125‐0.25 mm 233 kg

sand 0.25‐0.5 mm 414 kg

sand 0.5‐1.0 mm 647 kg

CEM I 52,5 R 570 kg
Fly‐ash 100 kg

Betoflow D 100 kg

Superplast Chryso Premia 196 4.56 kg ( 0.59% of pwd)

water 225 kg
wcf 0.395

wpf 0.292

specific mass 2293 kg/m3

batch volume 107 ltr

1 day 3 day 28 day

Dec 12 Dec 14 Jan 08

time cubes:

cube compr [MPa] 48.3 58.23 90.4

cube split [MPa] 3.5 4.03 5.2

time prisms:

prism bending tensile str [MPa] 7.1 7.3 10.6

mini prism cube compr [MPa] 37.3 55.3 88.6

mini prism cube compr [MPa] 47.8 59.1 90.7

room ‐ °C
aggregates ‐ °C
cement + fly‐ash 19.2 °C
water 19.8 °C
fresh concrete directly after mixing ‐ °C

aggregates + cement + fly‐ash 30 sec used the Eirich 08:35

add 90% of water  60 mixer

add 10% of water + plastic then 90

scraping of mixer then 30

210 sec

slump flow [mm] / o [Pa] 865 0.79 at t = 0:06 h:min

slump time T50 [sec] 3

mini‐slump flow / o 280 0.60 at t = 0:06 h:min

Mueller M3 (mini‐slump 5 mm)

slump flow [mm] / o [Pa] 650 3.28 at t = 0:24 h:min

slump flow [mm] / o [Pa] 620 4.15 at t = 0:42 h:min

slump #3 [mm] / o [Pa] 50 763 at t = 1:05 h:min

(mini‐slump 0 mm)
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18 (continued)

Figure:  Development of yield stress in time

based on the slump (flow) tests

mould 1 filled at 0:21 h:min

mould 2 filled at 0:19 h:min

mould 3 filled at 0:17 h:min

mould 4 filled at 0:12 h:min

mould 1 deformed at n.a. h:min

mould 2 deformed at 0:59 h:min

mould 3 deformed at 0:45 h:min

mould 4 deformed at 0:42 h:min

mould 1 mould 2 mould 3 mould 4

specimen length 800 800 800 800 mm

specimen width 400 400 400 400 mm

specimen height 50 50 25 25 mm

radius Rx ∞ ‐1.5 ‐2.5 ‐2.5 m

radius Ry ∞ ∞ ‐2.5 ‐2.5 m

November 30, 2012
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Appendix G

Set-up of BML Viscometer

Hardware revision and test parameters

By continuously registering the torque moment that the rotating concrete cylinder
applies to the internal sensor cylinder (’beater’), the shear force in the fresh concrete
mixture can be determined. The parameters that can be determined are the yield
strength τ0 and the plastic viscosity µ from the Bingham-equation 8.1 on page 126.
Furthermore, the development of the yield strength in time can be measured, which
says something about the thixotropy of the mixtures. By varying the rotation speed,
a graph can be created in which the measured torque value is plotted against the
rotation speed. By interpolating the data-points found at several shear rates, a line
can be constructed that crosses the vertical axis at a value G, which value can be
converted to the yield strength τ0. The inclination of the interpolation line H can be
converted to the plastic viscosity µ . The conversion from G and H to τ0 and µ is done
with the use of kinematic and constitutive equations that describe the shear stress
and shear speed distribution in the cylinder as a function of the geometry of the
cylinders and the rotation speed. These equations are based on the Reiner-Rivling
equation; this method is described in detail in Wallevik (2000, 2005).

For the purpose of the present research, the original machine was improved
mechanically by replacing the old bearings, which showed significant corrosion.
Furthermore the digital hardware of the BML needed repair and was connected to
an up-to-date measuring card for the PC. The torque and rotation speed were re-
calibrated after this thorough mechanic and electronic revision. The new hardware
had the disadvantage that the original control-software FreshWin for Windows 4.0,
written by the manufacturer ConTec of the viscometer, could no longer be used, due
to compatibility issues. As replacement of FreshWin, a custom measurement script
was written in LUA, a script language for use within MP3, the new measurement
control software. The mechanical and electronic revision and scripting was carried
out by Stevin-lab technician Fred Schilperoort. The definition of the functionality of
the scripts as well as post-processing of the measurement data in Excel was done by
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Table G.1: Experimental set-up ConTec BML Viscometer

parameter value
radius inner cylinder ri [mm] 120
radius outer cylinder ro [mm] 175
height inner cylinder h [mm] 200
max. rotation velocity [rps] 0.389
min. rotation velocity [rps] 0.026
number of measuring points 8
number of points per measurement 50− 70
transient interval [s] 5− 7
sampling rate [1/s] 10

the author. The parameters shown in Table G.1 were used during the measurements.
A test measurement was carried out and is described below.

Test measurement

Wallevik and Wallevik (2011) suggest that typical Dutch SCC has a yield stress τ0 ≤
10 Pa and a plastic viscosity of around µ ≈ 80 Pa · s. A conventional (non self-
compacting) concrete will have a yield stress in the range 500 ≤ τ0 ≤ 1 000 Pa, so
an order of magnitude higher. This was compared to what was found in the present
research for mixture m3. The procedure of post-processing the measuring data is
shown in Figure G.1 on the facing page. It shows the linear regression of the marked
data points in the torque measurement of mixture m3, measured briefly after mixing,
so without setting time and without development of yield strength as a result of
thixotropy. The regression results in G = −0.22 N ·m and a H = 12.8 N ·m · sec.
Using the Reiner-Rivling equations G.1 and G.2, and filling in the correct geometrical
properties of this specific BML container and beater, the following yield value τ0 and
plastic shear viscosity µ were found in the test run:

τ0 =
G

4πh

(
1
r2

i
− 1

r2
0

)
1

ln(r0/ri)
=

=
−0.22

4π0.200

(
1

0.1202 −
1

0.1752

)
1

ln(0.175/0.120)
= −0.22× 38.8 = −8.5 Pa (G.1)

µ =
H

8π2h

(
1
r2

i
− 1

r2
0

)
=

12.8
8π20.200

(
1

0.1202 −
1

0.1752

)
= 12.8× 2.33 = 29.8 Pa · s.

(G.2)
The negative yield value physically makes no sense and is due to the inaccuracies
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of the combination translating a measured torque value to an assumed shear distri-
bution and from this calculating the yield value. Using the same BML as in the
present research, Grünewald (2004) also found negative yield values. In that re-
search, for a series of 9 reference SCC’s, yield values were measured between (roun-
ded) −38 Pa and +31 Pa and plastic viscosities between 58 Pa · s and 98 Pa · s.

From the measurements it can be concluded that the tested mixture shows little
or no yield value, which means that without horizontal support the mixture can
not stand in a column, like in a slump cone. The plastic viscosity is somewhat lower
than expected. It was concluded that the BML viscometer can be used for the present
research.

Filtered

visco024 curve 4 (up-curve after 8:35 mm:ss) G = -0,2206 Nm H = 12,788 Nm.sec
LOWER PART OF ASYMPTOTIC CURVE 0 = - 8,6 Pa  =  29,8 Pa.sec

y = 12,788x ‐ 0,2206
R² = 0,9957
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Figure G.1: Example of the interpretation of BML measurement data for a fresh
SCC-mixture: in the left graph the measured torque value T is
plotted on the left vertical axis against the time on the horizontal
axis. It can be seen that after stepwise increase of rotation speed
(dashed blue line), also the measured torque value (red drawn line)
increases more or less stepwise: after each speed step-up the torque
value initially shows a small peak, but then lowers to an equilibrium
value, showing as ’plateaus’ in the left graph. In the right hand
graph then T is plotted again, but now against rotation speed N.
The red circled points are selected from the plateaus in the left
graph, each representing an equilibrium combination of N and T. By
interpolating the points, the slope of the regression line graph can
be determined, representing the H-value; the point where it crosses
the vertical axis represents the G-value.
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Appendix H

Brief review of theory of
elasticity and plasticity

Kinematic relations analogue for solids and fluids

The kinematic equations used both in fluid and solid mechanics will be reviewed
briefly here to show the analogy and differences between fluids and solids.

To describe the deformation of a volume of material, the same kinematic equa-
tions can be used both for solids and for fluids. Figure H.1 depicts the displacement
of two points A and B in a deformable body or fluid volume between two moments
in time t = 0 and t = t1. The points A and B follow distinct paths of motion, not
necessarily in a straight line. During this motion also the distance between the points
may change. This illustrates that the spatial gradient of the displacement will not be
zero during deformations. This is described as strain. The displacement vector u is a
function different for each coordinate location in the body (x, y, z) and possibly also
different for each moment in time t and can be denoted as

2.2.4 Kinematics

Kinematics is the study of the motions of objects without reference to the forces

involved. Three-dimensional objects sometimes move in such a way that the object

in question may be considered for practical circumstances to be rigid. The term

rigid implies that the object does not deform, so that all materials points in the

object retain their relative distances from one another throughout the motion of the

object. This is clearly an approximation to reality, and this approximation is not

sufficient for determining whether the body will fail due to deformations. The

current course is focused on deformable body motions, so that the case of rigid

body motions will not be considered herein.

When a body deforms, each material point may undergo a distinct path of motion

in time, as demonstrated in Fig. 2.10 for two points in a typical deformable body.

It is clear from Fig. 2.10 that the displacement vector, ~u , is a function of

coordinate location in the body, that is, ~u ¼ ~uðx; y; z; tÞ, where the components of

the displacement vector are given by

~uðx; y; z; tÞ ¼ uðx; y; z; tÞ~iþ vðx; y; z; tÞ~jþ wðx; y; z; tÞ~k (2.7)

Because the displacement vector is a function of position, the spatial gradient of the

displacementwill not necessarily be zero in a deformable body. Therefore, suppose that

a new variable is introduced, called the strain tensor, with the following components:

exx � @u

@x
; eyy � @v

@y
; ezz � @w

@z

exy � 1

2

@u

@y
þ @v

@x

� �
; exz � 1

2

@u

@z
þ @w

@x

� �
; eyz � 1

2

@v

@z
þ @w

@y

� �
(2.8)

where we have employed the symbol � to mean “is defined to be.”

Object at time t=0 Object at time t=t1

Displacement of point A

y

A(t=t1)

B(t=0)

x
z

B(t=t1)Displacement of point B

A(t=0)

Fig. 2.10 Depiction of two points in a deformable body

2.2 Modern Models 41

Figure H.1: Depiction of two points A and B in a deformable body, taken from
Allen (2013)
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Figure H.2: Strains in six directions, sketches taken from Blaauwendraad (1984)

u =

 ux(x, y, z, t)
uy(x, y, z, t)
uz(x, y, z, t)

 . (H.1)

The following definition of strains in a volume of material, both applicable for
fluids and solids, are common (see Figure H.2):

εxx =
∂ux

∂x
, εyy =

∂uy

∂y
, εzz =

∂uz

∂z
,

εxy =
1
2

(
∂ux

∂x
+

∂uy

∂y

)
, εxz =

1
2

(
∂ux

∂x
+

∂uz

∂z

)
, εyz =

1
2

(
∂uy

∂y
+

∂uz

∂z

)
, (H.2)

in which εxx, εyy and εzz are the three normal strains in the three perpendicular
directions and εxy, εxz and εyz are the three shear deformations leading to change of
the 90◦ angles between the faces of the volume. The shear deformations are often
denoted as total shear strains

γxy = 2εxy, γxz = 2εxz, γyz = 2εyz. (H.3)

Both for solids and fluids, the strains can be split in a part that describes the
volume change

ε0 =
1
3
(εxx + εyy + εzz) or the isotropic strain e = εxx + εyy + εzz = 3ε0 (H.4)

and six parts that describes the shape change, known as the deviator strains

exx = εxx − ε0, eyy = εyy − ε0, ezz = εzz − ε0, γxy, γxz and γyz. (H.5)
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This splitting in parts describing volume change an shape change has advantages
in the further description of the relation between strains and stresses in the materials
(Blaauwendraad, 1984), as will be shown below. The relation between deformation
and stresses in a material are formed by the constitutive equations. On this point
fluids and solids have both similarities and differences in their behaviour, so first the
constitutive relations will now be described for solids.

Constitutive relations for solids

In many elastic solid materials, Hooke’s law is applicable, describing a linear relation
between isotropic stress and isotropic strain:

e =
σ0

K
. (H.6)

In Hooke’s law σ0 is the isotropic stress in the material and K is the compression
modulus, a material constant defined as

K =
E

3(1− 2ν)
. (H.7)

and in which E and ν are material properties. Similar relations can be given
between deviator strains and deviator stresses:

exx =
1

2G
σxx, eyy =

1
2G

σyy and ezz =
1

2G
σzz (H.8)

for the deviator normal stresses, and

γ =
1
G

σyz, γzx =
1
G

σzx and γxy =
1
G

σxy (H.9)

for the deviator shear stresses, in which G is the shear modulus, defined as

G =
E

2(1 + ν)
. (H.10)

A different notation for the same constitutive equations is the Lamé-notation
(Blaauwendraad, 1984):

σxx = λe + 2µεxx σyz = 2µεyz
σyy = λe + 2µεyy σzx = 2µεzx
σzz = λe + 2µεzz σxy = 2µεxy

(H.11)

where the Lamé-constants λ = K− 2
3 G and µ = G.
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Constitutive relations for fluids

Under compression fluids and solids behave quite similar, although obviously under
tension a fluid can only support a small amount of stress, depending on it’s molecu-
lar cohesion (Kundu and Cohen, 2008).

If the cause of the deformation, e.g. an external force, is removed, the material
according to Hooke’s law, will return to it’s original shape. For a fluid, however, it
is known that after the cause of deformation is removed, the fluid will generally not
return to the shape it initially had.

First we will look at the general equations

Yield criterions

Theory of plasticity of solids offers useful models to address the yielding of materials
with almost-fluid, plastic characteristics. In the most general sense, all yield criteria
can be seen as a function f of the six possible stress components (Kachanov, 1971;
Blaauwendraad, 2004; Hosford, 2013):

f (σxx, σyy, σzz, τyz, τzx, τxy) = C (H.12)

or, expressed in the three principle stresses, resulting in elimination of the shear
terms:

f (σ1, σ2, σ3) = C, (H.13)

where C is a material constant that defines yielding. This yield function f , is
often depicted graphically as a yield contour in 2D or 3D (see for example Figure
H.3): for all stress combinations that fall within the volume demarcated by this
yield contour, where f (σ1, σ2, σ3) < C, the material is unyielded, giving an elastic
response. The contour itself, f (σ1, σ2, σ3) = C, forms the collection of possible
stress combinations that exactly lead to yield. Stress combinations outside the yield
contour, f (σ1, σ2, σ3) > C, can not exist, as the material does not physically allow
that stress combination.

Literature on plasticity usually splits all stress and strain components in an iso-
tropic part, that can be seen as the average ’hydrostatic’ stress or strain in the material,
and deviatoric parts, that is the remaining part of the stress or strain. Most literature
states that shape change of a material is mainly the result of deviatoric strains, and
that yielding therefore can be described as a function of the deviatoric stresses. In
Figure H.3 this can be visualized as that part of the stress that deviates from the
isotropic diagonal σ1 = σ2 = σ3.

The deviatoric stress can consist of both normal stresses and shear stresses. Yield
criteria found in literature use various combinations of normal and shear stresses as
yield criterion:
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Figure H.3: Example of a yield contour in 3D, called a ’yield locus’ (after Hos-
ford, 2013)

Tresca proposed a simple yield criterion, stating that yielding occurs when the lar-
gest shear stress reaches a critical value. The largest shear stress can be related
to the principle stresses (ordered σ1 > σ2 > σ3) using Mohr’s circle: τmax =
(σ1 − σ3)/2. Tresca expressed his yield criterion as (σ1 − σ3)/2 ≤ k in which k
is the shear yield strength (see Figure H.4). For an uniaxial tensile test resulting
in a yield stress σyield, the relation between shear and tensile strength can be
seen: σ1 = σ2 = 0 and σ3 = 2k = σyield leads to τmax = 1

2 σyield. This will later
on prove a useful insight to compare the results of shear tests and tensile tests
on fresh concrete. Note that the intermediate principle stress σ2 does not play
a role in Tresca’s yield criterion.

σ
3

σ
2

σ
1

kτ

2k

Figure H.4: Tresca’s yield criterion shown with Mohr’s circle (Blaauwendraad,
1984)

Bingham basically gives a similar one-parameter yield criterion based on shear: yield
occurs if τ > τ0. This criterion is usable for fluids and solids both. As stated
earlier, the Bingham equation also says that the surplus of shear stress above
the yield criterion is linearly coupled to the speed of deformation, the shear
rate. The yield contour itself, though, is the same as for Tresca’s criterion
described above: (σ1 − σ3)/2 ≤ τ0.

Von Mises stated that yielding also depends on the intermediate principle stress σ2.
The criterion is formulated using the root-mean-square diameter of the three
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Mohr’s circles depicting the three principle stresses in the yield point: 1
3 [(σ2 −

σ3)
2 + (σ3 − σ1)

2 + (σ1 − σ2)
2] = C2. For an uniaxial tensile test resulting in

a yield stress σyield, again the relation between shear and tensile strength can
be seen: σ1 = σ2 = 0 and 1

3 (σ
2
3 + σ2

3 ) = σ2
yield leads to τmax = 1√

3
σyield ≈

0.58 · σyield, which is slightly higher than Tresca’s yield shear stress.

Mohr-Coulomb is a yield criterion that was originally developed for soils, and is
sometimes also used for concrete-like materials. Unlike the criterion discussed
so far, it uses two material parameters instead of one: it states that the shear
strength is consisting of a constant, called the cohesion c, and a variational part
that is dependent on the normal stress σ and the angle of internal friction φ
of the soil; the soil yields when τ > c + σ · tan φ. The cohesion c apparently is
also a shear strength, which is important to remember, as the word is easily seen
as an internal capacity of a material to take tensile stresses. It can be seen as
an extended Tresca-criterion, extended with the term that makes the allowable
shear grows with growing hydrostatic pressure.

It is concluded that the Bingham and Tresca yield criterions actually are identical,
which is a useful finding for the present research.
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