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Abstract 

Complex geometry concrete is being used in building and infrastructure projects, however costly in-situ mouldings are 

necessary to achieve these geometries. Advancing discretised concrete shell structures requires the development of a new 

moulding system at lower cost and reduced mould production times. Future thin-walled glass fibre reinforced concrete (GFRC) 

elements must possess good surface quality, with the required edge returns and offsets, combined with the physical material 

properties to increase spans and lower the risk of visible surface cracks. Existing moulding systems do not have the capability 

to meet these contemporary architectural aesthetic and design aspirations. A new mould system to produce freeform thin-

walled GFRC elements is presented and can be used to replace CNC milled moulds for the manufacture of thin walled GFRC. 

Such a system allows the mould for thin-walled GFRC elements to be produced in a fast, cost effective and more efficient 

manner. A step-by-step process to achieve such thin-walled GFRC panels is described permitting the fabrication of complex 

geometry thin-walled GFRC elements using more cost effective large-scale production methods. This process bridges the gap 

between the limited capabilities of current solutions and the architectural aesthetic demands for good surface quality, with the 

option of having an edge-return of the same surface quality as the front surface to give a monolithic appearance. 
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1 

Introduction 

Complex geometry concrete used in many building and infrastructure projects require costly and time-consuming in-situ 

concrete mouldings to achieve these geometries, such as those developed by Nervi, Candela, Torroja, Isler [1–5]. In an attempt 

to advance discretised shell structures [6,7] it has been shown [8] that it would require the development of a new moulding 

system with reduced costs and mould production times. Existing research on glass fibre reinforced concrete (GFRC) [9–18] 

forms the basis for this paper to advance concrete shell structures and thin-walled façade elementselements. 

The full design aspirations of complex geometry buildings are not currently being met by current thin-walled glass fibre 

reinforced concrete (GFRC) façade elements because of limitations in the fabrication possibilities. Future GFRC elements 

must possess good surface quality, with the required edge returns and offsets, (required to allow openings), combined with the 

physical material properties to increase spans and lower the risk of visual surface cracks. 

Attempting to produce many such, often unique, individual GFRC panels using current manufacturing techniques is too time 

consuming to fabricate in a cost effective manner. Existing moulding systems and recent digital flexible tables are examined 

and compared to highlight their shortcomings in meeting the requirements of future GFRC elements. This paper then proposes 

a new moulding system that resolves the deficiencies of existing systems, both in terms of design requirements, low cost and 

high-speed production capabilities. 

The new moulding technique permits the use of the pre-mixed method and its inherent advantages that utilize the material 

performance of ultra-high performance concrete (UHPC), except for panels using the sprayed method [15]. 

This moulding technique uses two layers of polyurethane foam with a high density foam (37‐38(37–38 kg/m3) at the surface to 

minimize damage from casting, and a low density foam core (15‐16(15–16 kg/m3) below, where merely support is needed. It 

also allows the mould to be reused for more casting cycles. This not only allows the system to be re-used but the lower overall 

density of the foam incurs less cost. This is more sustainable than current CNC milled foam materials where the foam material 

has a constant density. Furthermore the new moulding technique would allow integration into an automated premixed method 

for a more streamlined fabrication process for thin-walled GFRC elements. An overview of the key problems and limitations in 

the production of complex geometry thin walled GFRC elements with offsets and edge returns are examined to inform the 

production capabilities required by any new moulding system. 

2 

State of the art GFRC elements 

GFRC has traditionally been used for flat cladding panels, however, GFRC is currently very popular in contemporary iconic 

modern architecture and is now being built with cladding formed from double-curved geometry GFRC. The ability to shape 

many unique concrete panels in a simple, cost effective manner allows these more demanding architectural aspirations to be 

met. Spraying is currently one way to form GFRC panels into a complex geometry, and if applied correctly, the quality of the 

panels can be controlled and a good surface quality achieved. This method was applied to part of the Heydar Aliev Cultural 

Centre in Azerbaijan [19] and to the Etihad museum in Dubai, currently under construction, however, due to the cost and the 

geometric complexity, the remaining double-curved wall panels were produced in glass fibre reinforced plastic (GFRP) on a 

one-sided mould. 



Architecturally aesthetic demands require building envelope panels to have a perceived depth to make the façade appear 

monolithic [20,8]. This can be resolved by adding an edge return to the panel. To achieve this today for complex geometry 

panels, produced using the premixed method, it is necessary to produce a panel with a constant thickness of 40‐60mm40–

60 mm over the entire panel. 

Double curved GFRC panels with low curvature variations, such as spherical surfaces, are difficult to produce because it is 

necessary to cast the panels in special moulds. Such moulds today are typically produced by CNC milling of lightweight foam 

blocks, or similar, to form the intended geometry. One recent alternative is a dynamically reconfigurable surface (a digital 

flexible table with actuators and a surface membrane) [21], however, GFRC requires an extended curing time during which the 

mould remains static, thus limiting them to one thickness of panels. In a state of the art building with double curved GFRC, 

such as the Louis Vuitton Foundation in Paris [22], the panels were produced with the premixed method using a flat vacuum 

moulding technique that was moved in its “greenstate” [8] onto a shaped sub-surface and then cured. The panels had a constant 

thickness to accommodate an edge return. 

3 

Existing Mouldingmoulding systems for GFRC 

To enable the development of a new mould system it was important to understand the limitations and advantages of existing 

mould systems used for thin-walled GFRC panels. The main challenge with current mould systems is their ability to create an 

edge-return and a panel offset for complex geometries. 

The ability to make edge returns and offsets in the mould required for complex geometry thin-walled GFRC is currently not 

possible due to the limitations of current production methods for thin walled GFRC elements that require a good surface 

quality. Currently the mould for complex geometry envelopes is the main bottleneck in the production of thin-walled GFRC 

panels so any new mould system must address this problem. 

During the research for new mould systems it became apparent that the cost of the current moulds was an important part of the 

overall cost of a complex geometry GFRC building. However, current indicative costs for the different mould techniques are 

either not available or out of date. In this research 3 established GFRC manufactures in Europe, Denmark [23], Germany [24] 

and the UK [25], were interviewed to determine the approximate cost of current mould production. The costs were indicative 

and could vary from continent to continent. The costs shown in Table 1 are for single sided moulds so for double sided moulds 

the cost would have to be doubled. Such current indicative costs will be used for guidance when estimating the cost of 

producing complex geometry GFRC panels. 

Table 1 

Existing mould system to produce then walled GFRC. 

Mould type Labour 

intensity 

Material cost 

and labour 

costs 

Mould 

production 

time 

Reusability*a Comments 

Wooden moulds 

(limited to single 

curved and large radii 

(r>0.5 m) double 

curvature) 

medium Material 

25€/m2; 

2–4 h/m2 1–20 times Sometimes a structural calc. for a timber 

mould is also required (concrete-pressure and 

weight). This adds additional cost Labour 40€/h 

Steel moulds High Material 

approx. 50€/m2 

5–8 h/m2 20–500 times Steel moulds are used when it is required to 

have a seamless appearance, largest size 

400×600 cm 

Rubber moulds High Material 80–

200€/m2 

3–5 h 10–50 times Must be applied to a timber mould. Limited 

sizes 

Polystyrene foam 

moulds, wire cut 

Low Material will be 

calc. in m³ 

foam. approx. € 

30,–/m³ 

1 h 5–30 times Standard Polystyrene foam-block is 

120×120×500 cm, Significant waste 

3D computer numerical 

controlled (CNC) 

milled moulds (Foam, 

Plastic) 

Low 300–400€/m2 5–10 h 5–10 times The moulds are typically made from foam or 

plastic. Timber or metal alternatives can also 

be used. The quality of the mould depends of 

the quality of the foam or plastic. Limited 

sizes 

Flexible tables with 

pistons 

Low High machine 

cost 

20 min Motors 10,000 

times 

Limited sizes approx. 1 m×2 m 

Surface 100–

500 times 

Flexible tables with 

actuators and 

membranes 

Low High machine 

cost 

5 min Motors 10,000 

times 

Limited sizes currently approx. 1.2 m×1.2 m 

Surface 500 

times 

aDepends on the mould geometrygeometry. 



Existing mould systems that are able to produce complex geometry thin-walled FRC elements can be divided into the 

following categories, as shown in Table 1, [24–26]: 

The capabilities of existing moulding systems are, in general, limited; 

• 

by the complexity of the geometric shapes they can produceproduce; 

• 

by the demands to make edge returns and offsets as part of a good surface qualityquality; 

• 

to less unique panels with significant repetitionrepetition; 

• 

by the high cost of reconfiguring for more unique shapesshapes; 

• 

by the extended curing times required for concrete. 

Existing moulding systems for thin-walled GFRC are traditionally made out of wooden moulds or bespoke steel moulds if 

much repetition is required [27]. However, the wooden moulds are usually only available for flat or single curved geometries 

with large radii (r>0.5 m) [28]. For double curved wooden moulds the wooden surface sheet must be sufficiently thin to enable 

ease of forming. This technique is not cost effective for the production of thin-walled GFRC with little or no repetition. The 

range of current mould types is illustrated in Figs. 1–8. Fig. 1 shows a single curved sprayed GFRC element with a constant 

radius. Fig. 2 shows a single curved wooden mould with a cone like geometry [8], and the mould is being prepared for curing 

of the sprayed GFRC. 

 
Fig. 1 

singleSingle curved sprayed GFRC element on a wooden mould. 

 



Fig. 2 

woodenWooden mould with a double curved surface. The double curvature is possible because of the big radii. 

 
Fig. 3 

flatFlat rubber mould with a texture finish. 

 
Fig. 4 

singleSingle curved polystyrene mould. 



 
Fig. 5 

computerComputer controlled hot wire cuttercutter. 

 
Fig. 6 

finishedFinished art project, where the GFRC elements has been cured on hot wire cut polystyrenepolystyrene. 



 
Fig. 7 

3 axesAxes CNC machinemachine. 

 
Fig. 8 

concreteConcrete mould milled by a CNC machine. 

Rubber moulds are an alternative method of casting thin-walled GFRC and are used for GFRC elements with special features, 

making very fine and detailed surfaces possible. To produce a rubber mould an initial “negative” mould must be manufactured 

to produce the “positive” rubber mould, which, again is not cost effective unless there is significant repetition. Building more 

unique thin-walled GFRC panels, with little or no repetition, requires a different moulding system with rubber moulds to make 

textured surfaces possible due to the casting techniques of the rubber moulds and is difficult to achieve with other mould types. 

Fig. 3 shows a rubber mould with a wooden texture. 

Closed cell extruded polystyrene foam moulds are another method of producing moulds since the mould material is cheap. For 

single curved geometries [8] the polystyrene foam can be cut easily with a computer guided hot wire cutter to give the intended 

shape [29]. This method is limited by the ability of the hot wire cutter to only produce a positive mould. Fig. 4 shows a 

polystyrene mould used for single curved thin-walled GFRC produced with an automated premixed process. The moulds have 

been cut with a hot wire cutter but are limited to ruled surfaces. It is possible to create complex and very precise shapes using a 

robot arm together with a hot wire cutter [30]. 

Fig. 5 shows a robot guided hot wire cutter, that can be used to make high precision moulds. 

CNC milled moulds are used currently for complex shaped GFRC elements and can be produced using plastics, foams, wood 

or metals. Such moulds are costly compared to other moulding systems, however, currently there are few alternatives. The 

milling process incurs significant material wastage and the size of the moulds is limited by the size of the milling machines. 

CNC milled moulds can be used for more complex forms and it is possible to make a mould with recesses that can be used to 

cast almost any shape. The main limitation of the CNC milling process is the time it takes to mill the surface and the limited 

quality of the milled surfaces [31] as shown in Figs. 7 and 8. 



Such a time consuming milling process increases the cost of milling a mould compared to those made from timber so 

alternative moulding systems are being sought [32]. The new proposed mould system for complex geometry thin-walled 

GFRC panels [8] is one such alternative to using CNC milling of moulds. 

3.1 

Digital moulding technique for complex geometry GFRC 

The early development of discretized double curved concrete was pioneered by the completion of the Sydney Opera House 

[33] and Heinz Isle's development of hyperbolic concrete shells [3]. Renzo Piano followed these developments by suggesting 

an alternative apparatus to make double curved surfaces [34] but limitations in technology at the time halted further 

progression. More recently the development of digital parametric design has evolved to a level where it is possible to digitally 

determine shapes and curvatures [35,36,29]. This led to digital flexible tables that could be automatically actuated to meet 

intended shapes but they were limited to low rates-of-change in curvature. The Sailing industry was the first to introduce a 

digital flexible table for the production of fixed sails for racing yachts [37]. Digital flexible table technology for the 

architectural industry was introduced in 2007, aimed at double curved glass production [38] but because the process of bending 

glass required high temperatures, the technology at that time was not ready for the production of such double curved glass. 

Subsequent tables, more suited to double-curved forms [39], were then proposed for 3 dimensional concrete. Such digital 

flexible tables can be divided into two categories;categories: 

• 

Digital flexible tables with pistonspistons. 

• 

Digital flexible tables with actuators and a surface membranemembrane. 

Digital tables based on piston-actuated surfaces were comprised of small pistons but could not form a continuous surface, have 

been proposed [40,41], so are not suitable for “prestigious” concrete surfaces. A digital table using pistons with a membrane 

was proposed in 2010 [42], and had the ability to make offsets in the surface, however, the profile of the top of pistons could 

still be seen through the membrane and became visible on the concrete surface. 

Digital flexible tables with actuators and a surface membrane for freeform concrete surfaces were proposed in 2006 and further 

developed in 2010 [39,21,43] and could be computer-controlled. The surface was able to form continuous shapes by 

manipulating support points for casting various materials on the surface. Such a system is shown in Figs. 9 and 10. 

 
Fig. 9 

Digital flexible table with actuators and membrane positioned to give a freeform surface. 



 
Fig. 10 

Automated premixed concrete panel placed on the digital flexible table in a single curved profile while curing. 

A major limitation of the digital flexible table with actuators and a surface membrane was the inability to make offsets in the 

surfaces (when compared to digital tables using pistons and a membrane), thus limiting the production of edge-returns and 

offsets for thin-wall GFRC panels [8]. 

A full list of the limitations of digital flexible table with actuators and a surface membrane are: 

• 

Minimum 24 hourh curing time of the concrete on the tabletable. 

• 

The inability to create offsets in the surfacesurface. 

• 

Accuracy (±2mm)(±2 mm) of the table to meet the intended continuous surfacesurface. 

• 

Limited to radii of 0,50.5 m and a maximum panel depth of 0,40.4 mm. 

• 

High cost of the tabletable. 

• 

Limited durability of the membrane during multiple cycles. 

The cost of the flexible table combined with the necessary 24 hourh curing time for most fast curing concrete to avoid 

shrinkages cracks in the surface of the thin-walled GFRC panel [15] currently does not make flexible tables economically 

viable. 

The limitations of existing flexible tables when producing an offset in the surface is difficult to replicate for large-scale 

production because they can only be produced on the surface. So, for complex geometry thin-walled GFRC elements requiring 

an edge return or an offset, flexible tables are not sufficient in themselves, however, utilisingutilizing them as an intermediate 

step in the production of complex geometry thin-walled GFRC would potentially expand the capabilities of flexible tables. 

4 

New moulding system for premixed GFRC 

During the development of a new mould system it was important to understand the limitations and barriers imposed by existing 

systems. The main problem with mould systems using premixed GFRC for complex geometries is that they require a double 

sided mould to enable the concrete to flow into all parts of the mould. That mould also has to be vibrated to release trapped air-

bubbles from the concrete mix. The main challenge in developing the mould system was to find a way to allow for an edge-

return in the mould system. The edge-return is an essential aesthetic feature in contemporary architecture. On the Fundation 

Louis Vuitton in Paris [28,22] this was solved by allowing a constant (60mm)(60 mm) panel thickness and to form the panels 

in their “greenstate” [8] using a vacuum system to ensure the concrete did not flow away from the corners. However, the 

system relied on ruled single curved geometries and was unsuitable for double curved surfaces with small radii and freeform 

surfaces. 

The new mould system was intended for thin-walled GFRC produced with the premixed method that can utilize ultra-high 

performance concrete (UHPC). The new moulding system takes advantage of the flexible table with a continuous surface but 

introduces an intermediate step if an edge-return is required, allowing the flexible table to be used continuously to produce new 

moulds. Thereby utilizing the flexible table as a “mould-maker” to produce fast curing polyurethane moulds instead of curing 

the concrete directly on the flexible table that needs a minimum 24 hoursh curing time. This releases the flexible table for a 

mass production of moulds. It is proposed that the new moulds be made of fast curing self-expanding foam. The foam was 

intended to be two-component polyurethane that allowed for fast curing of the mould material to release the flexible table for 

making additional new moulds. Because the mould consisted of several layers of different density polyurethane it is possible to 

add the low-density foam after the high density foam at a later workstation. A thin layer of approximately 1mm1 mm plastic 



polyurethane was applied on top of the high-density polyurethane to allow for the mould to be reused and to assure the finished 

panel attained the required good surface quality. 

Fig. 11 illustrates the method to produce the positive mould for the new moulding system. The surface of the flexible table is 

highlighted in blue and the positive foam mould is indicated in yellow. 

 
Fig. 11 

New mould system production of the negative mould. (For interpretation of the references to colour in this figure, the reader is 

referred to the web version of this article.) 

Fig. 12 shows how the positive mould is produced. The green surface shows the repositioned surface of the flexible table. The 

black flexible band shown on the surface is used to create the offset in the negative mould surface. The blue part shows the 

negative mould with the offset. 

 
Fig. 12 

New mould system production of the positive mould. (For interpretation of the references to colour in this figure, the reader is 

referred to the web version of this article.) 

Fig. 13 shows how the negative part from Fig. 11 is assembled with the positive part from Fig. 12. The black flexible band acts 

as a spacer and provides a void between the 2 mould elements. 



 
Fig. 13 

New mould system assembly of the positive and the negative mould parts. 

When the 2 parts are assembled it is possible to cast concrete between two elements, as shown in Fig. 14 with the first 

prototype cast using the new mould system. 

 
Fig. 14 

The first cast (23 cm x 23cm×23 cm) prototype utilizing the new mould system. 

The foam mould on the left represents the negative mould, and the foam mould on the right represents the positive mould. Fig. 

14 shows it was possible to create a continuous double curved surface with an edge return using the new mould system. Fig. 15 

This capability to create a freeform thin-walled GFRC element with an edge return is necessary to meet the demands of current 

architectural applications that require a visually desirable monolithic appearance. 

The advantages of the proposed mould system are that it is cost effective and fast to manufacture compared with the other 

mould systems described in Table 1. The production speed using the foam casting technique allows the desired surfaces to be 

created in less than 5 min when compared to CNC milling of moulds, representing a significant reduction in production speed, 

and waste of materials. 

The process also enables the production of recesses and holes in the surface, allowing complex shapes, that is not feasible with 

current moulding systems utilizing flexible tables to form GFRC panels directly. The top open mould has flexible sides, that 

are able to follow any curved shape while withstanding the pressure exerted by the casting and curing of the foam. 

Table 2 shows the different types of mould systems and their limitations in relation to the complexity of the thin-walled GFRC 

elements, and the possibilities of the new moulding system. 

Table 2 

The different types of mould systems and their limitations in relation to the complexity of the thin-walled GFRC elements, and 

the possibilities of the new moulding system. 

Panel Edge Mould systems 



Geometrygeometry Detailingdetailing Wooden moulds Flexible table 

with pistons*a 

Flexible table with 

actuators and 

membrane**b 

CNC milled 

moulds***c 

New 

mould 

system 

Flat Without edge 

return 
✓ ✓ ✓ ✓ ✓ 

With edge return ✓ (Uniform 

thickness) 

✓ (Sprayed) ✓(Sprayed) ✓ ✓ 

With Offset ✓   ✓ ✓ 

Single Curved Without edge 

return 
✓ ✓ (Large 

radiuses 

(R>0.5 m)) 

 ✓ ✓ 

With edge return ✓ (Uniform 

thickness, large 

radiuses) 

✓ (Uniform 

thickness, large 

radiuses) 

✓ (Uniform 

thickness, large 

radiuses) 

✓ ✓ 

With offset    ✓ ✓ 

Double Curved Without edge 

return 
✓ (Large 

radiuses) 
✓ ✓ ✓ ✓ 

With edge return ✓ (Sprayed) ✓ (Uniform 

thickness, large 

radiuses) 

✓ (Uniform 

thickness, large 

radiuses) 

✓ ✓ 

With offset    ✓ ✓ 

Free form Without edge 

return 

 ✓ ✓ ✓ ✓ 

With edge return    ✓ ✓ 

With offset    ✓ ✓ 

aWith the current development in piston tables it is not possible to achieve a continuous surface. 

bCuring time reduces the usage of the flexible tables. 

cSurface quality of the CNC milled moulds is still problematic. 

Existing moulding systems do not have the capability to meet current architectural aesthetic and design aspirations and the new 

process bridges this gap by offering a solution that meets the required good surface quality with the option of having an edge-

return with the same surface quality as the front surface. 

5 

Process description 

The new mould system is part of a process to achieve complex geometry GFRC panels with an edge return without having to 

use CNC milled mould systems. With the process it is possible to manufacture thin-walled GFRC elements with the intended 

quality [15], in terms of surface quality and colour consistency, geometry and edge-return and offsets [8]. The process differs 

from existing systems that only utiliseutilize flexible tables [44] because in additional to the complex shape it also allows for 

offsets and recesses which are paramount to create edge-returns. 

The production of the foam mould for premixed FRC is described as follow: 

1. 

Generating a geometric shape using CAD software, and subdivide the shape into single elements. 

2. 

Positioning of the flexible mould in the correct freeform position, using a predefined shape developed from 3D software. (The 

first position creates the positive side of the finished foam mould). 

3. 

Positioning of form-adaptable boundary walls to the flexible mould.mould (Picture (Fig. 1515)). 



 
Fig. 15 

form‐adaptableForm-adaptable boundary wall equipment, to be placed on the flexible table. 

4. 

Positioning of silicone blocks to form the edge-return in the cast foam mould. 

5. 

Casting of the foam inside the form adaptable boundary walls. 

6. 

Curing of the positive side. 

7. 

Repositioning of flexible mould in the correct free-form position, using a predefined shape developed in 3D software. (The 

second position creates the negative side of the finished foam mould). 

8. 

Positioning of form-adaptable boundary walls on the flexible mould. 

9. 

Positing of silicone blocks to form the edge-return in the cast foam mould. 

10. 

Casting of the foam inside the form-adaptable boundary walls. 

11. 

Curing of the negative side. 

12. 

Assembly the positive foam mould side with the negative foam mould side. 

13. 

Mixing the concrete in a vacuum mixer [45] to prevent air bubbles. 

14. 

Applying a release agent on the mould surface to allow for easy de-moulding. 

15. 

Casting the premixed concrete in the finished foam mould using another vacuum system to remove any remaining air bubbles 

in the concrete. 

16. 

Curing of the concrete for 28 days under controlled conditions. 

With the flexible table it will be possible to cast unique freeform shape’sshape's foam moulds with the option of an edge return 

that can be used as moulds for GFRC panels. To allow the foam to be cast on the flexible table, a form-adaptable boundary 

wall equipment was developed. 

The method enables the production of moulds for GFRC, that is faster than current milling solutions. The mould also ensures 

that the concrete can cure for 28 days in a low-cost foam mould, enabling the flexible table to be used continuously in the 

production of foam moulds. Curing in the mould and under controlled conditions for 28 days allowed better control of the 

colour of the GFRC panel [46,47]. The new process permits the fabrication of complex geometry thin-walled GFRC elements 

using cost effective large-scale production methods, for which a patent application was submitted in 2013 [48]. 

The cost of the new mould system is projected to be €250/m2 however, this depends on the complexity of the edge-return and 

if a panel offset is necessary. Initial tests showed material costs of €190/m2 excluding the labour costs and cost of using the 

flexible table and the equipment for spraying the polyurethane foam. 

6 

Further advances 

A new mould system and process for casting free form GFRC elements has been developed for the premixed method. The 

method has been tested on smaller elements so the next step will be to upscale the size of the element and produce more 

complex geometries. The geometries that have been tested are double curved elements with an edge-return. Challenges still 



remain due to the non-recyclable nature of the foam mould material, so future research will explore more sustainable 

alternatives. 

To further advance the system it is necessary to find a solution to effectively produce moulds that can be combined with the 

sprayed method. The sprayed method would alone utilize a negative mould. This could ideally be made on the flexible table 

itself, however, issues with the side walls and the curing time on the flexible table have yet to be resolved. To create a foam 

mould from the flexible table it would be necessary to offset the main surface compared to the sides to create the edge return. 

This would be possible on a flexible table with pistons, however, the piston technology has not been progressed sufficiently to 

meet the demands of a continuous surface. An automatic offset of the continuous surface has not been resolved with the 

current flexible tables and can currently only be solved by using the flexible table to cast a foam moulds. 

To exploit the benefits of an automatic premixed method the new mould system would utilize the development of the new 

moulding system adapted to the sprayed method. 

7 

Conclusion 

The manufacture of freeform thin-walled GFRC elements has been limited by current production techniques. This paper 

evaluates the key problems and limitations in the production of complex geometry thin walled GFRC elements with offsets and 

edge returns. 

Existing moulding systems do not have the capability to meet current architectural aesthetic and design aspirations. The 

limitations of existing flexible tables when producing an offset in the surface is difficult to replicate for large-scale production 

because currently the thin-walled GRFC can only be cast directly onto the flexible table. So, for complex geometry thin-walled 

GFRC elements, with an edge return or an offset, flexible tables are not sufficient in themselves, however, utilisingutilizing 

them as an intermediate mould-maker for the production of complex geometry thin-walled GFRC would potentially expand the 

capabilities of flexible tables. 

A new mould system to produce freeform thin walled GFRC elements has been presented and can be used to replace CNC 

milled moulds for the manufacture of thin walled GFRC. Such a system allows the mould for thin-walled GFRC element to be 

produced in a fast, cost effective and more efficient manner. The projected cost for the new mould system is €250/m2 

compared to CNC milled double sided moulds, representing approximately a 50% reduction in the mould cost. 

The new process described also permits the fabrication of complex geometry thin-walled GFRC elements using more cost 

effective large-scale production methods. This offers a solution that bridges the gap between the limited capabilities of current 

solutions and the architectural aesthetic requirements of good surface quality and the option of having an edge-return with the 

same surface quality as the front surface. A patent application for this innovative method of producing thin-walled GFRC was 

submitted in 2013. 

Future research will examine the detailed integration of the proposed new mould system and process to the sprayed method 

and fully automated methods to produce complex geometry thin-walled GFRC. 

References 

[1] 

TulliaLoriPier Luidi Nervi2009Motta CulturaMilan[2]Enrique X.De Anda AlanisCandela Candela2008TaschenGermany[3] 

Heinz Isler, New shapes for shells. Isler, Heinz. 1960, shells, International Association for Shell Structures.Structures, 1960. 

[4] 

E., Torroja The Structures of Eduardo Torroja: An Autobiography of an Engineering Accomplishment.Accomplishment, Sept 

2011. 

[5] 

John Chilton, The Engineers contribution to contemporary architecture, Heinz Isler. London:Isler, London, Thomas Telford, 

2000. 

[6] 

Advancing the Architectural Application of Complex Geometry GFRC. henriksen, Thomas and Steve Lo, Ulrick Knaack. 

Dubai:Dubai, GRCA, 2015. 

[7] 

Ben Allen, Thomas Henriksen, Thinking Space/Testing Space, Design Competition,  Design CompetitionLondon, s.n., 2014. 

[8] 

Thomas Henriksen, Stephen Lo, Ulrick Knaack, An innovative approach to manufacture thin-walled glass fibre reinforced 

concrete for tomorrow's architectural buildings envelopes with complex geometries. Henriksen, Thomas, Lo, Stephen and 

Knaack, Ulrick. 2015, Journal of Building Engineering.geometries, J. Build. Eng., 2015. 

[9] 

A.BenturS.MindessFibre Reinforced Cementitious Composites 2nd Edition2nd edition2007Taylor & 

FrancisFrancis,NY[10]BarzinMobasherMechanics of Fiber and Textile Reinforced Cement Composites. s.l2012CRC 

PressBoca Raton 

[11] J.FerreiraF.BrancoThe Use of GFRC as a Structural Material. s.l.: Society for Experimantal Mechanics20076473J. 

Ferreira, F. Branco, The Use of GFRC As a Structural Material, s.l. 2007, Society for Experimantal Mechanics, Bethel, CT, pp. 

64–73. 

[12] 

ACI 544.1R.544.1R, State-of-the-Art Report on Fiber Reinforced Concrete. s.l.:Concrete, s.l., ACI, 1996. 

[13] 

ACI 549.2R.549.2R, Report on Thin Reinforced Cementitious Products. s.l.:Products, s.l., ACI, 2004. 

[14] 

ACI 549.3R.549.3R, Report on Glass Fiber-Reinforced Concrete Premix. s.l.:Premix, s.l., ACI, 2009. 



[15] Advances in the Application of Thin-Walled Glass Fiber Reinforced Concrete Elements. Henriksen, T., Lo, S. and 

Knaack, U. 1, s.l.: ASTM International, 19 May 2015, Advances in Civil Engineering Materials, Vol. 4, p. 17.T. 

HenriksenS.LoU.KnaackAdvances in the application of thin-walled glass fiber reinforced concrete elementsAdv. Civ. Eng. 

Mater.4201517[16] 

J. Schlaich, W. Menz, The applicationApplication of glass fibre reinforced concreteGlass Fibre Reinforced Concrete for shell 

structures. J Schlaich, W Menz. Oulu:Shell Structures, Oulu, IASS, 1980. 

[17] 

 MNL-128−01 “Recommended pratiCE FOR GLASS FIBER REINFORCED CONCReTE PANELS”MNL-128−01, 

Recommended pratice for glass fiber reinforced concrete panels, Fourth. s.l., PCI, 2001. 

[18] 

FIP State of Art Report,  Prefabricated thin-walled concrete unitsPrefabricated Thin-walled Concrete Units, London, Thomas 

Telford Ltd, 1984. 

[19] 

S.K. Bekiroglu, Assembling Freeform Buildings in Precast Concrete. Delft:Concrete, Delft, s.n., 2010. 

[20] 

Elizabeth., BishopElizabeth Bishop, Intention of Architectural Appearance of GFRC Facades, relatedRelated to the Kapsarc 

project in Saudi Arabia. [interv.]Arabia, (interv.) Thomas Henriksen.Henriksen, 2014. 

[21] 

Christian, Raun.Christian Raun, A Flexible Mat for providing A dynamically Reconfigurable Double-Curved Moulding 

Surface in A Mould. P10087PCDKa Mould, P10087PCDK, 2010. 

[22] 

Aubry Simon, Bompas Philippe, Vaudeville Bernard, Corvez Dominique, A UHPFRC Cladding  Challenge: The Fondation 

Louis Vuitton Pour La retion “Icebreg”.Challenge: The Fondation Louis Vuitton Pour La retion “Icebreg”, marseille: RILEM, 

2013, RILEM-fib-AFGC, in: Proceedings of the International Symposium on Ultra-High Performance Fibre-Reinforced 

Concrete. 

[23] 

O. Brandt, Interview withWith Ole Brandt regardingRegarding the productionProduction of Sprayed GFRC elements. Brandt, 

O. Elements, 2014. 

[24] 

Stafan Renner,  Interview Regarding Mould Technology and RE-usabilityInterview Regarding Mould Technology and RE-

usability, (interv.) Thomas Henriksen, 26 April, 2015. 

[25] 

Bob Faulding,  Interview Regarding Mould Technology and RE-useabilityInterview Regarding Mould Technology and RE-

useability, (interv.) Thomas Henriksen, 5 May, 2015. 

[26] 

Christian Raun,  Interview Regarding Flexible tablesInterview Regarding Flexible tables, (interv.) Thomas Henriksen, 04 May, 

2015. 

[27] 

M.W.FordyceR.G.WodehouseGFC in Buildings, A Design Guide for the Architect and the Engineer for the Use of Glass Fibre 

Reinforced Cement in Construction1983ButterworthsLondon[28] 

Jacques Raynaud, Philippe Bompas, Interview  Interview Regarding GFRC on Fundation Louis VuittonRegarding GFRC on 

Fundation Louis Vuitton, (interv.) Thomas Henriksen, 19 August, 2014. 

[29] 

M. Eigensatz, et al., Case Studies in Cost-Optimized Panels of Architectural Freeform  Surfaces.Surfaces, Advances in 

Architectural Geometries, Vienna: s.n., 2010. 

[30] 

Milena Stavric, Martin Kaftan, Robotic Fabrication of Modular Formwork for. Milena Stavric and Kaftan, Martin. Prague: s.n., 

2012. for Non-Standard Concrete Structures, Modes of Production ‐– eCAADe 30.30, Prague, s.n., 2012. 

[31] 

L.N. Thrane, T.J. Andersen, D. Mathiesen, The use of robots and self-compacting concrete for unique concrete. Thrane, L.N., 

Andersen, T.J. and Mathiesen, D. London: concrete, Tailor Made Concrete Structures, London, Taylor & Francis Group, 2008. 

[32] 

Jelle Feringa, Asbjørn Søndergaard, Design and Fabrication of Topologically Optimized Structures;Structures, An Integral 

Approach. Feringa, Jelle and Søndergaard, Asbjørn. Prague: s.n., 2012. Approach, eCAADe 30, (Modes of 

Production).Production), Prague, s.n., 2012. 

[33] 

O.  Evolution and Design of the Concourse at the Sydney Opera House.Arup, R.S. Jenkins, The Evolution and Design of the 

Concourse at the Sydney Opera House. 4, ICE Proceedings, S.l.: Thomas Telford, Vol. 39, April 1968, pp. 541–565. 

[34] 

R. Piano, Progettazione sperimentaleSperimentale per struttureStrutture a guscio‐Experimental projectGuscio-Experimental 

Project of shell structures. R., Piano s.l.: Shell Structures, s.l., Casabella, 1969. 

[35] 

H.PottmannA.AsperlM.HoferA.Kilian Architectual Geometry.Architectual Geometry. s.l2007Bentley Institute Press[36] 

Rutten  Rhinoscript for Rhinoceros 4.0David, Rhinoscript for Rhinoceros 4.0. s.l., Robert Mcneel & Associates, 2007. 

[37] 



William J.,J. William, Slyne Continuous Method of Making a Three dimensional Sail.Sail, US6106649 A Aug.Aug, 2000. 

[38] 

Karel Vollers, Daan Rietbergen, Adjustable Mould for Aneealing Freely Curved  Glass PanesGlass Panes, Tampere, S.n., 

2007, GPD 2007. 

[39] 

Daan, Rietbergen, et Daan Rietbergen, et al., Adjustable mould for architectural application, Research Framework, TUDelft. 

2006‐2010.TUDelft, 2006–2010. 

[40] 

Chris Munro, Daniel Walczyl, Reconfigurable Pin‐Type Tooling: A Surveypin-type tooling: a survey of Prior Artprior art and 

Reductionreduction to Practice. Munro, Chris and Walczyl, Daniel. 3,practice, J. Manuf. Sc. Eng., vol. 129, 04 Jan 2007, 

ASME. Journal of Manufacturing Science and Engineering, Vol. 129.Jan, 2007. 

[41] 

D. Walczyk, C. Munro, Modeling and Analysisanalysis of an Active Reconfigurable Fixturing Device Usingactive 

reconfigurable fixturing device using a Bedbed of Pins Loweredpins lowered on a Moving Platen. Walczyk D, Munro C. 2, 

2009, ASME. Journal of Manufacturing Science and Engineering, Vol. 131.moving platen, J. Manuf. Sc. Eng., vol. 131, 2009. 

[42] 

Variable Geometry Casting of Concrete Elements Using Pin‐Type Tooling. T.H. Pedersen, T. H and T.A. Lenau, T. A. 6, 2010 

йил, Journal Variable geometry casting of manufacturing Science and Engineering, Vol. 132.concrete elements using pin-type 

tooling, J. Manuf. Sc. Eng., vol. 132, 2010 йил. 

[43] A flexiable mould for double curved pre-cast concrete elements. Schripper, R. Delft: TUDelft, 2010. Symposium Precast 

2010.R. Schripper, A flexiable mould for double curved pre-cast concrete elements, Symposium Precast, Delft, TUDelft, 2010, 

2010 

[44] 

Roel  THE FLEXIBLE MOULD Process for the Production of Double-Curved Concrete ELEMENTS.Schipper, et al., 

Optimization of the flexible mould process for the production of double-curved concrete elements, Oslo, s.n., 2014, CIC2014. 

[45] Influence of vacuum mixing on the mechanical properties of UHPC. Dils, J., De Schutter, G., Boel, V., & Braem, E. s.l.: 

Kassel University Press GmbH., 2012. 3rd International Symposium on UHPC and Nanotechnology for High Performance 

Construction Materials: Ultra-High Performance Concrete and Nanotechnology in Construction (HIPERMAT-2012). Vols. 

Vol. 19, No. 19, pp. pp. 241-248.J. Dils, G. De Schutter, V. Boel, E. Braem, Influence of vacuum mixing on the mechanical 

properties of UHPC, s.l., in: Proceedings of the 3rd International Symposium on UHPC and Nanotechnology for High 

Performance Construction Materials: Ultra-High Performance Concrete and Nanotechnology in Construction (HIPERMAT-

2012), Kassel University Press GmbH. vol. 19, No. 19, 2012, pp. 241–248 

[46] Interview with Wolfgang Rieder regarding production of premixed GFRC. Rieder, Wolfgang. 2013.Wolfgang Rieder, 

Interview With Wolfgang Rieder Regarding Production of Premixed GFRC, 2013 

[47] 

 Interview with Josef Hegger regarding the state of the art material development for thin-walled GFRC.Josef Hegger, Interview 

with Josef Hegger Regarding the State of the Art Material Development for Thin-walled GFRC, 2014. 

[48] 

Thomas and Henriksen, Christian Raun, Method for producing a planar element with a surface deviating from a flat surface, 

moulding part for producing such a planar element, and planar element.element, Application A 194/2013 Austria, 13 

MarchMarch, 2013. 

Help  

Select the text in the document to instruct. 

Attach 

Limit upto 20 MB/file 

  

 

http://web1.elsevierproofcentral.com/help.html?token=MACMbb0837a6071c09316c6b2f57f6c7a960&type=au

