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 Abstract 
Active-bending structures are structures which use controlled elastic bending of 
components to produce structural forms. Such structures are created from panels 
or rods bent and restrained against each other, so that a stable structure is created.  

Concrete, on the other hand, is a monolithic building material which is cast 
as a liquid into a molded shape that is not altered once cured. Although the theoret-
ical shapes cast from the concrete are limitless, the realities of constructability dic-
tate prismatic elements, which sacrifice material efficiency for ease of construction.  

This research attempts to adapt the concepts of active bending structures, 
namely the feasibility of a shape deployed from bent planar or straight elements 
being used as a mold with which concrete could be cast into a structural element. 
The use of active bending would allow the mold to exist as a flat “packet” prior to 
being “inflated” with concrete. Such molds could be quickly transported and 
erected, and with proper preparation, reused multiple times. The curved section 
geometries realized from the bent sections could produce a savings of material over 
more-traditional rectangular section beams. To test this, a variety of potential mold 
designs were explored before finalists were realized as mid-scale test castings.  

These castings revealed the potential for material savings and exhibited 
some of the transportability benefits originally hoped for, while also exposing some 
aspects which would require additional revision in future research.  
Keywords  Active Bending, Concrete, Molds, Curved Concrete
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Abbreviations and Symbols 
Abbreviations: 
3D  Three dimensional 

ACI  American Concrete Institute 

AISC  American Institute of Steel Construction 

CAST  Center for Architectural Studies & Technology 

CNC  Computer Numerical Control  

 

Symbols: 
alayer Area of Whitney Stress Block 

ay Steel area 

bbot Width of the bottom of the Whitney Stress Block 

bw Width of beam 

c Depth to neutral axis 

d Depth of beam 

d Depth to steel reinforcement from top of beam 

f’c Concrete compressive strength 

f’c Concrete compressive strength 

f’d 0.85 × f’c, a reduction factor for use of stress block 

fy Steel yield stress 

h height of triangular crown of beam 

hblock Depth of Whitney Stress Block, equal to β1 × c 

l Span length of a beam 

M Moment 

Mc Moment from Concrete 

Mn Nominal Moment Capacity 

My Moment from Steel 

p Point load applied in 3-point bending test 

V Shear force 

Vd Ultimate Shear Strength 

w width of beam 

β1 Ratio of h to c, a function of f’c, = o.65 in this case 

εc Concrete strain 

εy Steel strain 

λ Reduction factor (=1 in this case) 
φ ACI Reduction factor 

φVc Reduction factor 0.75 × calculated shear strength 
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1 Introduction  1.1 Background 
Concrete is one of the most common building materials in the world, 

and is used in applications ranging from railroad ties to beams and columns 
in large buildings. Concrete could account for as much as half of all the ma-
terials and products produced by man. (Scrivener, 2014, in Mindess, 2019). 
Concrete has been used as building material since Roman times, and since 
the mid-19th century as a reinforced structural material (Shaeffer, 1992). In 
the span of 150 years, concrete consumption in the world has grown to an 
estimated 33 billion tons per year (Mehta and Monterio, 2014).  

Concrete is a poor material in tension, but when combined with steel 
reinforcement, can utilize its compressive strength to serve as a material for 
use in beams, slabs, columns, and other structural members in building con-
struction. Concrete’s constituent ingredients: water, cement, and aggregate 
are readily available in many locations on earth, and concrete itself is rela-
tively easy to work with and produce, the high global demand for concrete is 
not surprising. 

Perhaps the most important use of concrete in construction is in the 
production of the reinforced concrete beam. The overwhelming majority of 
reinforced concrete beams are prismatic, with their cross-sections taking the 
form of rectangles, squares, or T’s. The reasons for this are highly practical; 
engineering calculations are simpler with rectangular dimensions, and form-
work is easy to realize from planar elements when they need only be cut and 
assembled. Curved geometries exert much greater demands on both designer 
and fabricator, and are thus usually avoided, except for cylindrical elements 
like some columns. (West, 2001) 

With the advent of pre-casting and pre-stressing, the catalog of beam 
shapes, strengths and spans has been increased. The  residential building sec-
tor frequently uses pre-tensioned hollow-core slabs, where material is saved 
by being removed from the core where it is not needed, which reduces the 
beam into a set of conjoined webs and flanges. (International Hollow Core 
Association)  

If a beam were constructed such that its cross-section varied along its 
length in accordance with the anticipated moment, material would be re-
moved from where it is not needed, and a more efficient structural element 
results. It is possible that up to 40% of material can be saved in such opti-
mized beams (Yang, Orr, and Spadea, 2017), but at often considerable in-
creases in labor and fabrication costs.  

One active area of research into the idea of optimizing beam geometry 
and mold construction via alternative methods is the idea of formwork based 
in fabric. Fabric formworks allow for a number of possibilities in curved beam 
design while using a very common material. A lesser-explored option for con-
crete formwork is active bending, or the use of materials that acquire a pre-
loading via bending, and allows them to carry loads. The principle benefit of 
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active bending is the relative ease with which curved geometries can be ob-
tained. 

 1.1 Research Objectives and Scope 
This thesis proposes a novel concrete mold design that utilizes actively 

bent panels of plywood in a unique configuration to create a concrete beam 
prototype which could be adapted for cast-in-place or precast use. The pri-
mary research question was not simply “can it be done?” as there was no 
doubt the concrete would take the form of whatever mold was provided. The 
question came down to how useful such a system would be: 

“What advantages would curved concrete beams produced by molds 
created from active bending provide compared to more traditional rectangu-
lar beams and production methods?” 

 This question was further dissected into questions about the construc-

tion methods and benefits of the mold itself, and about potential structural 

benefits realized by the element produced. The ultimate goal of this thesis 

was to produce a working, small-scale model of a potential beam design.  

The development and construction of the mold and beam would serve 

as a means to test the potential for the technology in light of the research 

questions. The iterative process yielded a series of small-scale cardboard con-

cepts which evolved into small-scale concrete models, whose ideas were used 

as the basis for the production of two medium-scale concrete beam proto-

types produced from a pair of molds created from common construction ma-

terials. The beams and their molds were evaluated for their potential benefits. 

 

1.2 Structure 
This thesis is structured as follows: 

Introduction: An overview of the thesis, its backgrounds, objectives, 

and methods. 

 Literature Review: A presentation of the current state of research in 

the topic of curved concrete production, describing various 

methods and providing a basic background for the concepts the 

development project will incorporate.  

Research Methods and Testing: This section describes the entire pro-

cess of development, from concepts to realization, for the 

curved concrete beam molds created. The process begins with 

the investigation of the desired shape, and once shape is estab-

lished moves into the process of creating miniature examples. 

These miniatures set the stage for two larger prototypes, whose 
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method of construction, material choices, and improvements 

are detailed. Once the beams are complete, the section goes on 

to describe the structural analysis and verification testing per-

formed on the specimens.  

Results and discussion: A presentation and discussion of the outcomes 

of the thesis with respect to the research questions. This section 

is divided into two parts, one describing the beam produced, 

the other evaluating the performance and properties of the 

mold. 

Conclusion: Final remarks on the possibilities of the beam and mold 

including an evaluation of possible uses. This section also pro-

vides a brief listing of potential related questions for future re-

search. 
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2 Literature Review 
 

2.1 Traditional concrete production 
Concrete formwork in modern construction is designed to achieve a 

number of outcomes. It must support the concrete’s weight until the concrete 

is strong enough to support itself, and it must contain the concrete in place, 

and give it its final form (Hanizzam, 2015). One of the most common materi-

als used in formwork in use timber, alongside other systems of metal and 

composites, which have the advantage of greater reusability.  

The other form of concrete production, precast concrete, uses molds 

in a production factory to create concrete elements that are then transported 

and assembled at a jobsite (Richardson, 2003). Precast concrete is usually 

produced in a specialized production factory, with specialized molds 

equipped for rapid production of large numbers of similar elements. 

 

2.2 Current Curved Formwork Methods 
2.2.1 Traditional Concrete Formwork 

“Stick-built” formwork, is defined by Safa et al. (2016), as formwork 

erected on site from raw materials, fashioned into size and erected by on site 

workers, and usually wrecked after the concrete has cured. Timber is the most 

common material for this style of formwork, by virtue of its workability, and 

although reuse is possible, stick-built formwork is often a one-time use (Safa 

et al., 2016). A sample of construction projects in China reported reuse num-

bers for plywood,  with the majority of plywood used less than 3 times, and 

with coated and treated plywood used as many as 10 (Li and Evison, 2018). 

This kind of formwork ought to be familiar; it is commonly encountered at 

construction projects for cast-in-place concrete around the world.  

   

Figure 1: Left: Example of timber formwork (taken from Designing buildings wiki, 2020) and (right) 
a modular formwork system (taken from MetsäWood, 2020) 
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Concrete formwork labor and materials are the highest individual 

costs associated with cast in-situ concrete buildings (Hanna, 1999). In order 

to improve efficiency and lower costs, modular and reusable formwork sys-

tems have been developed, which are designed for easy erection, dismantling, 

and reusability (Guppy, 2016). Many of these systems are based on interlock-

ing planar elements that create wall, slab, or beam forms.  

2.2.2 Free-form Molding Technologies 
Free-form shapes, or shapes which are not simple mathematical 

shapes, but are rather unique and “(show) little or no repetitive parts” (Schip-

per, 2015) are becoming more common in architecture, but are limited by the 

difficulty in their construction (Schipper, 2015). These structures are aes-

thetically and architecturally interesting, but rationalization, or constructa-

bility is the primary inhibitor to their realization (Eigensatz et al., 2010). 

These shapes are primarily used as exterior cladding, and generally must be 

broken down into smaller sections in order to be constructed (Lee et al., 

2015). 

It is possible to create free-form shapes from traditional formwork 

(stick-built) methods, albeit at a great deal of effort and expenditure of mate-

rial. Eigenraam (2013) provides examples of structures realized in this way, 

including contemporary efforts in the Netherlands. At Delft University of 

Technology, a unique flexible form method was developed by Hugo Schipper, 

who cast concrete onto a membrane supported by numerous actuators whose 

individual heights could be controlled. (Schipper, 2015).  

  

Figure 2: Examples of free-form molds (Taken Eigenramm, 2018) 

 By moving these actuators during the concrete placing, the surface of 

the concrete could be manipulated into various single- and double-curved 

shapes. After curing, the concrete element would be removed, and a new ele-

ment could be cast on the same mold, in either an identical shape, or a new 

shape as needed. 

2.2.3 CNC-Milling 
CNC-milling provides another method for realizing shapes both regu-

lar and free-form. In the CNC-milling process for concrete production, a solid 
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block of mold material is milled into a desired shape and concrete is cast into 

the resultant mold. Such molds can be used to create surfaces or even beam 

shapes, and is a common method for the production of American University 

concrete canoes, which are cast for annual student engineering competitions. 

(UCLA Concrete Canoe, 2013). 

 

Figure 3: A foam concrete canoe mold from the University of California, fabricated with CNC and 
hot-wire cutting techniques. (Taken from UCLA, 2013) 

In the typical case, a solid block of foam is milled into either a male or 

female mold, onto or into which the concrete is cast. Though the finished 

product in this case, a canoe, is a thin concrete shell, it would not be difficult 

to use similar methods to produce beams by filling such a mold completely. 

The difficulties with this method are cost and need for specialist expertise: 

the University of California, Los Angeles team reported a $2,500 annual ex-

pense on mold fabrication for a single canoe (2013).  

2.2.4 Fabric Formwork 
Recently, the development of fabric as a formwork material has cre-

ated new interest in non-prismatic beams (West, 2001). As detailed below, 
the use of a flexible fabric membrane as a mold surface creates far less re-
strained form in which to develop concrete shapes. 

The use of fabric as a formwork material is not entirely new. In in 1899, 

German Gustav Lilienthal created a system for casting floor slabs with fabric 

sagging between floor beams, and patented the concept (Orr, 2012). The sag-

ging action of the fabric base more-closely resembled the moment diagram of 

the slab, and resulted in concrete savings upwards of 20% (Örnborg, 2019).  

Apart from a handful of Lilienthal’s contemporaries, there was a con-

siderable gap in development thereafter, and it was not until the latter half of 

the 20th century that interest in fabric formwork began anew, with geotextile 

usage emerging in the 1960’s (West, 2001). Of particular note are a pair of 
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1969 U.S. patents filed by B. A. Lamberton describing Fabric Forms for Con-

crete Structures (1967) including a method of injecting cement slurry under 

pressure into an envelope of fabric to create a formed shape.  

The ideas of fabric forming for geotechnical concrete work grew into a 

number of trademarked systems, including Fabriform for soil stability, and 

the company Fab-form which began in 1986 with the introduction of a fabric 

footing mold system. (Fab-Form Industries, Ltd., 2020). Fab-form has gone 

on to develop a number of additional products, including a fabric tube for 

column formwork in 2002. These products are readily available commer-

cially, and have been deployed successfully in numerous construction sites.  

These fabric applications fail to fully utilize their advantages as flexible 

formwork, in that they attempt to more efficiently form the standard shapes—

a cylindrical column, a rectangular spread footing—more often realized with 

traditional formwork. They do present some advantages in speed and ease of 

erection and placement, but are still different means to the same end. It is a 

relatively recent development that fabric formwork has been investigated for 

its potential to unlock concrete’s complete catalog of possible shapes, instead 

of as a mere substitute for traditional, prismatic formwork. The C.A.S.T. lab, 

founded by Mark West at the University of Manitoba, has been at the fore-

front of exploring this emerging technology. Prototypes produced by C.A.S.T. 

include beam and truss elements, wall panels, and various vault and shell 

prototypes. (Orr, 2012).  
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Figure 4: Fabric formwork example and the beam eventually cast from the formwork.  Note the ex-
tensive support work needed to keep the fabric in the correct position. (Taken from Lee, 2011) 

When discussing the matter of complex shapes produced in fabric, 

West (2001) discusses a host of possibilities for the creation of concrete ele-

ments that optimize the placement of material in varying cross-sections. Orr 

(2012) was able to demonstrate a potential for material savings on the order 

of 35-40% using fabric formwork and software-based structural design tech-

niques. (Pedreschi (2013) found similar.) Additional benefits have been 

shown with fabrics optimized for ease of reuse, which do not adhere to the 

cured concrete, and with semi-permeable fabrics which allow for high-quality 

surface finishes by allowing escape of surface water. (West 2001).  

Fabric does have limitations in concreting work, in that it is only able 

to carry tensile forces. When being used as concrete mold, fabric must be 

carefully pre-tensioned in to give it the desired shape, and images of fabric 

mold prototypes (as in Orr, 2011; West, 2001; and Tang, 2018) show a variety 

of complex external bracings needed to keep the fabric in place during the 

casting process. Figure 4 provides an example of a fabric beam formwork  and 

beam (Lee 2011), which requires a substantial frame to be built to support it. 

Lamberton had already detailed difficulty with placing reinforcement in his 
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fabric envelope molds (1969) and had proposed a number of ways to circum-

vent the problems, including an entrapped layer of fabric to serve as rein-

forcement within the concrete mass.  

Fabric formed concrete, in its modern incarnation, is still a relatively 

recent concept very much in development, with only a few systems reaching 

commercial usage. Though fabric formwork may not be so well explored as to 

be a viable standalone formwork system, certain benefits allow it to be used 

in conjunction with traditional formwork techniques to enhance their effec-

tiveness.  

 2.2.5 3D Printing 
3D printing of concrete uses a device which extrudes a “filament” of 

concrete onto a surface, and by adding layers of filaments in varying lengths 

and directions, forms shapes via an additive process without traditional 

molds (Buswell et al., 2018). Figure 5 depicts a typical concrete 3D printer in 

operation. A 3D printing system places concrete exactly where it is needed 

and allows for the creation of limitless shapes, but is not without its issues. 

One critical issue is the discrete layers created during the printed process, 

which introduce a host of challenges. According to Wangler et al. (2016): 

“The concrete must be soft enough to be extruded and to intermix with 

the previously deposited layer, but must support its own weight and   

the   weight   of   the   material   to   be   subsequently deposited.  How-

ever, formation  of  a  cold  joint  should  be avoided, meaning  there  is  

a  finite  “waiting  time”  between  layers.” 

An additional concern with 3D printing regarding the creation of 

beams and structural elements is the resolution and the potential for “under-

filling” (Buswell et al., 2018), which would create voids and pockets not found 

in a traditionally cast element.  

 

Figure 5: Example of a 3D printed concrete structure (Gaget, 2018) 
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Lastly, concerns regarding production time further hamper 3D print-

ing’s ability to produce beams. At the present level of the technology feed 

rates and nozzle sizes can contribute to long production times that make 

other methods more attractive.  

2.2.6 Concrete Canvas and Shotcrete 
Concrete canvas and shotcrete are a pair of special concreting technol-

ogies that see a good deal of use in the geotechnical sectors. Concrete Canvas 

is a relatively recent product that appeared in 2005 (Concrete Canvas, 2020). 

It is a pair of fabric sheets that contain a dry concrete mix which can be placed 

dry, and then watered to harden into place. The Concrete Canvas Ltd. pro-

motes their product for use in watercourse and slope protection solutions, 

where it can easily conform to the contours of the ground surface. If sus-

pended properly such a product could be manipulated into a freeform shape 

or clad onto a freeform surface. 

Shotcrete is a form of sprayable concrete that is delivered from hoses 

and placed directly on earth surfaces, such as slopes or tunnel linings (Good-

fellow et al. 2011). 

 

Figure 6: Shotcreted walls stabilize a tunnel entrance in Bellevue, Washington, USA 

 The “sticky” concrete adheres to the surface of whatever it has been 

sprayed on, where it cures to form a hard, shell-like layer over this surface. 

Surface quality is rough and rugged, but the speed and ease of placement 

make it a viable option in settings where appearance is not of primary im-

portance. Unfortunately this makes shotcrete far more difficult to adapt into 

a material for architectural surfaces. 

2.2.7 Summary of Concrete Forms 
The vast majority of concrete structures are produced with some form 

of the traditional formwork methods, be it bespoke formwork created and 
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erected on site, or some kind of commercially available proprietary formwork 

system. Either way, such methods are dominated by their use of flat panels 

and elements which are used to create equally flat and prismatic shapes. Any 

deviation from this prismatic paradigm is limited to custom attempts with 

elaborate formwork schemes that are usually cost- and labor-intensive.  

A number of methods have been developed to create thin free-form 

concrete shells, all of which have strengths and weaknesses. These curved 

concrete products are usually limited to curved domes and cladding panels, 

however, and rarely beams or other structural elements. In essence, they 

merely applying a concrete surface to a preformed curved geometry in an-

other material.  

Technologies offering some degree of hope for beam type elements are 

CNC-molding, fabric forms, and to some extent 3D-printing, but each pre-

sents its own drawbacks in expense complexity. In considering new mold-

making strategies, attention needs to be paid to simplicity, ease of fabrication 

and use, and construction economy. 

 

2.3 Active Bending  
 

Active bending is the use of systematically bent elements to create 

structures. An element bent elastically develops a bending stress, and this 

stress can be utilized as a pre-stress to carry load. In common applications, 

temporary structures such as tents or yurts employ active bending to a degree 

(Kotelnikova-Weiler et al., 2013). Poles are inserted into tent fabric and bent 

into a dome shape, which the fabric itself confines. This style of structure has 

been used around the world, but in the twentieth century found itself sup-

planted by steel and concrete, and the use of active bending in mainstream 

architecture hardly exists (Lienhard et al., 2012).  

Generally speaking the use of active bending for permanent structures 

is relatively rare, although active bending does offer some advantages over 

more traditional methods. The principal advantage is the simple and light-

weight creation of curved geometries from commonly sourced planar ele-

ments (Leinhard). A local example of such architecture include the observa-

tion tower at the Helsinki Zoo, a “…10m high, two storey, irregular-shaped 

wooden lattice structure built from 72, twelve metre long, glue-laminated 

battens … to achieve the final shape they had to be bent and twisted further 

during the construction process” (Salokangas, 2003)  
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Figure 7: Example of a gridshell structure; the observation tower at the Helsinki Zoo. (Taken from 
Salokangas, 2003) 

A grid shell is an otherwise complete shell where a pattern of wall ma-

terial is removed, creating a grid of remaining material (Paoli, 2007). The 

structure is created with a mesh of flexible strips, which are fashioned into a 

grid of polygons whose nodes are hinged to permit rotation. Through these 

rotations, the angle and size of these polygons can be changed and can “adapt, 

strain-free, to any curved surface” (Schober, 2015). Such shells can be clad 

with membranes and used to carry loads. 

In the field of concrete production, actively bent grid shells have been 

used to support fabric and create concrete arches (Tang, 2018). Using the 

bending nature of the gridshell, Tang was able to cast concrete over the shell, 

remove the concrete mass from the shell, flatten the shell, and re-erect it else-

where so as to be able to cast again.  

   

Figure 8: Tang's gridshell formwork. The concrete is applied to the outside of a gridshell supported 
membrane. (Taken from Tang, 2018.) 

This work was able to demonstrate a number of shell structures of various 

geometries, and provides a basis for using active-bending techniques in the 

concrete molding process. The concepts demonstrated the advantages of 

light, bendable formwork, and the repeatability of bending active structures 

as concrete molds.   
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3 Concept and Small Scale Testing 
  

3.1 The Development of the Shapes 
The initial shape concepts were created based on a prototype form de-

veloped by Dr. G. Filz at Aalto University.  The prototypical shape is derived 

from four equal-sized rectangular pieces of material joined along their long 

edges, so as would create a tube with a square cross section. At one end of the 

tube, the panels are flattened to create a single edge, and at the other end, 

flattened at 90 degrees, as shown in Figure 3. 

 

 
Figure 9: The Filz element, realized in recycled cardboard, tape, and staples. 

Knowing that the strength of a concrete beam in bending is directly 

related to the distance between the reinforcing steel and the concrete com-

pression zone, it follows that a beam would more efficiently use material if 

this distance could be made greatest where moment demands are expected to 

be greatest, and likewise lessened where such strength is not required. Like-

wise, material can be saved if a section is triangular (Mahzuz, 2013), since 

any concrete below the neutral axis in tension is disregarded for bending 

strength purposes, and primarily serves to hold the reinforcement together 

with the upper sections.  

With these concepts in mind the shape proposed above is a worthy 

candidate for a cantilever beam profile. The section is deep and narrow on 

one end, allowing for maximum depth of reinforcement at the supported end 

with minimal concrete used to hold it there, while tapering to a shallower, 

wider section at the free end as moment tapers to zero.  
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Figure 10: Comparison of beam element taper to moment diagram of cantilever beam. (Diagram 
taken from American Institute of Steel Construction, 2017, ) 

To create a simply supported beam, it would be instinctive to simply 

combine two of these shapes end to end so as to have deep midsection and 

shallow.   A challenge presented by this proposed configuration is the very 

thin section created at the connection between the two pieces. This connec-

tion would require a very stiff link between the two halves, but would have a 

minimum of concrete to work with in order to physically attach this con-

nector. 

To investigate the potential of the shape further, numerous cardboard 

models were created in various sizes and aspect ratios, and constructed into 

variations of the original element. This “behavior based approach” (Lienhard, 

2013), attempted to explore the possibilities of the shape concept through 

trial-and-error. One alternative seemed to be the use of very long, skinny pan-

els to create the entire length of a beam that tapered from zero at the end to 

a maximum depth in the middle, and back to zero at the other end. There was 

promise, but the geometry consistently caused the panels to buckle across 

numerous aspect ratios. A variation of this shape, with only two panels creat-

ing a trough, also had difficulties with curved edge geometries. 

The original element, however, could also be arranged so that the one 

end tapered to a line as before, but the other presented a square opening. 

More importantly, the square opening was perpendicular to the length of the 

beam, and thus could be mated with a mirror form which would create a 

square or diamond section midsection without the issue of buckling panels. 

The configuration has the added advantage of being completely flat before 

casting; a shallow rectangular prism, but would require some means of con-

nection between the two sets of forms.  
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Figure 11: An illustration of a pop-up beam in elevation, illustrating one of the primary drawbacks 
to the design; the need for external clamping.  

This initial concept beam was named the ‘pop-up beam’ and would 

serve as the primary element to be realized in this project. The overall concept 

became simple: pre-sized plywood elements would be assembled into a flat 

mold, which would bend into shape by either externally applied forces or the 

hydrostatic pressure of the concrete itself. Unlike the grid shell method men-

tioned in literature and used by Tang, where the shell lattice creates the sup-

port for a fabric membrane which is the concrete surface, in this design the 

bent panels are the casting faces, and fabric, if used, acts as the means of pre-

venting leakage at the panel edges. The use of fabric fastening methods like 

zippers and sewing through pre-drilled holes would allow for quick form 

stripping and reassembly. The ultimate goal would be a prefabricated mold 

for on-site casting, possibly for use in remote areas due to its transportability.  

 3.2 Small-Scale Testing 
 

3.2.1 Overview 
The creation of cardboard shape models naturally evolved into small-

scale test castings designed to mimic the challenges of full scale assembly. For 

these tests, the principal form material was recycled cardboard, while the 

concrete consisted of two immediately available dry-mix blends obtained 

from local hardware stores. One mix was specifically chosen for its lack of 

coarse aggregates, so as to better mimic the scale of aggregates in the models, 

and to potentially create a better surface finish in the acute angles created at 

the models’ edges.  

In the construction of the model forms, cardboard from various 

sources was used to represent the planar form material, due to its availability 

and workability, as it could easily be cut into shape with scissors and fastened 

together with staples. The cardboard panels where then joined into forms 

with a combination of tape and staples, the tape being used to simulate 

hinged or fabric connections and the staples representing more rigid screws 

or nails.  
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3.2.2 First test 
The first small scale test casting consisted of three simple shapes: the 

original twist beam, a single pop-up beam, and a half-segment of the pop-up 

beam. The concrete mix used was a commercially available all-fines expand-

ing grouting concrete blend, and the formwork was constructed of cardboard 

strips reclaimed from milk cartons. For the pop up beam, the center connec-

tion was simply one side telescoped into the other. The concrete was poured 

and the forms placed to cure vertically overnight before being demolded the 

next day.  

 

Figure 12: Products of first test. Note the broken pop-up beam (T1C1 and C2) and broken twist beam. 

During demolding, the pop up beam and twist beam were too fragile 

and broke in half at their midsections. The half-beam was demolded without 

incident. Apart from the breakage, it was apparent from the misshapen cor-

ners of the test specimens that concrete was having a difficult time reaching 

the extreme edges and corners of the mold, and this was true even though the 

concrete blend had been specifically selected for its small aggregate proper-

ties. Surface quality ranged from very good in the case of the half-beam to 

considerably poorer in the pop-up beam, although this was likely due to the 

scale of the test. The method of telescoping the forms was unsuccessful; there 

was a substantial change in cross-section size across the boundary. 

3.2.3 Second Test: 
The second small test consisted of a single pop-up beam which sought 

to improve upon the original pop up beam, based on lessons learned from the 

first test. The panels for this beam were slightly larger, at 5cm x 20cm, and a 

1cm tall perimeter wall was added to provide depth and reduce the sharpness 

of angles to improve concrete placing. The two mold halves were still joined 

by telescoping one into the other. Additionally, four strands of sewing thread 
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were placed spanning the beam as reinforcement, in the hope of avoiding the 

crumbling that had been seen in the first samples. The mold was placed hor-

izontally to cure to compare with the vertical curing of the first samples. 

 

Figure 13: Beam from second test. 35 x 5.3cm 

This model was successfully demolded, although the concrete had not 

quite filled the mold completely, with large bubbles creating a void at the apex 

of the beam. This blemish was not considered critical, as it was mostly the 

result of the scale of the model and poor, manual filling methods. The same 

sized defect on a larger beam would not be of concern. Though the surface 

finish on the bottom was exceptionally smooth with very few defects, the tel-

escope joint again created a discontinuity that provided an unattractive ap-

pearance and gap halfway along. 

 

Figure 14: Detail view of flaws in beam. Voids from incomplete filling and discontinuity between mold 
halves. 

 This was further demonstration that a better method of connecting the two 

halves would need to be devised. The addition of a “perimeter wall” was ben-

eficial, as the concrete was able to fill the corners and gaps completely. This 

feature would be retained on subsequent and final designs. 

 

3.2.4 Third Test 
The third and ultimately final small-scale test was also the largest, con-

sisting of four individual elements: two twist beams, with and without side-

walls, and two pop-up beams, again with and without sidewalls. The most 
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noticeable change in the mold design was the use of a cardboard ring cut to 

mimic the perimeter of the center cross section of the form. The panels were 

pushed into this ring, which held them to each other and in the correct shape. 

The beams were reinforced this time by wire, again to keep them together 

during the demolding process. 

 

Figure 15: Test 3 products. Left, top to bottom: Pop up beam without walls, Twist beam, Pop-up beam 
with walls. Right: Pop-up beam with mold cardboard. 

The new connection method was a success. Though a small gap still 

existed at the joint of the mold halves, it was much shallower, and the cross 

sections to either side were much more similar in appearance. The superiority 

of the sidewalls was again confirmed; the concrete failed to flow into the cor-

ners at each end of the sharp-angled beam, while completely filling the cor-

ners of the sidewall version. This method of design and construction would 

be the final inspiration for the main test beams.  
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4 Test Beams 
 

4.1 Materials 
The first larger-size beam model was sized to be as large as possible 

while still being easily handled by one person for testing purposes. The pri-

mary material used for the mold surfaces was commercially available 4mm 

birch plywood, which was the thickest plywood found to still have satisfactory 

bending properties in handheld testing. The mold was made as two halves, 

with each half consisting of four panels measuring 80x600mm. To prevent 

the formation of acute angles, the beam was given small side-strip panels 

25mm in height, which were made from slightly stronger 6mm plywood. The 

decision to use 6mm plywood was made in a desire to increase the longitudi-

nal strength of the form, since those side pieces had minimal bending re-

quirements and carried no torsion. The side panels measured slightly shorter, 

about 585mm, as they were butted up against the end cap pieces. These end 

caps were simple blocks of pine cut to 25mm by 170mm by about 15mm thick-

ness, into which the panels were screwed.  

As bending the mold into shape created gaps along the mold edges be-

tween the hinges, fabric would serve as a barrier across gaps in the plywood 

forms, improving the watertight integrity of the mold. The selected fabric was 

a commercially available two-ply waterproof fabric purchased from a local 

sewing supply shop.  

 

Figure 16: Fabric test frame with test concrete casting 

The fabric was tested for suitability by a simple test where concrete 

was poured into a mold whose base consisted of fabric stretched across a 

wooden frame. As there was no evidence of any concrete leakage, the fabric 

was deemed suitable. 
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To laminate the fabric to the mold, three glues were considered; a gen-

eral purpose glue, a polyurethane glue, and contact cement. To test their suit-

ability, the glue was used to apply samples of the intended fabric to squares 

of the same plywood as was used in the mold itself.  

 

Figure 17: Glue fabric peeling test (yleisliima = “general purpose glue”) 

The urethane glue provided the strongest bond, being stronger than the ad-

hesion between the two layers of the fabric.  The general purpose glue (yleis-

liima in the figure) was easier to manage and apply, and was used on the first 

test beam. It was hoped that this glue would provide the smoothest bond so 

as not to translate bumps and imperfections to the concrete surface. 

When removing the concrete from the first mold, it was discovered that the 

concrete’s adhesion to the fabric was in some cases greater than the glue’s 

adhesion to the mold. This resulted in the fabric peeling from the plywood 

during demolding. For the second beam, the glue was changed to the ure-

thane, to ensure the fabric would remain in place. Demolding was noticeably 

easier with the urethane glue for the fabric. 

 

4.2 Test Beam 1 
 

4.2.1 Construction: 
Affixing the panels together into the mold would require the use of 

hinges, and for the first beam these hinges were of two sizes. The main panels 

were attached to each other via a pair of larger, 60x48mm hinges, placed ap-

proximately one- and two-thirds of the way down the panels. These hinges 

were designed to use standard wood screws, which would not be likely to hold 

in 4mm plywood, and would penetrate into the mold cavity in any case. The 

panels were instead drilled and countersunk from the inside, and the screws 
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tightened into backing blocks with the hinge plate sandwiched between. The 

main panels were attached to the side panels by pairs of smaller, 25x19mm 

hinges, spaced similarly to the larger hinges above (exact drawings and di-

mensions of the realized mold may be found in the appendices.) These hinges 

were attached with shorter screws from the outside, and what little of them 

protruded into the mold were ground off flush. Having some set of fasteners 

which could be released from the outside was imperative for striping the mold 

after casting, since access to interior screws would be impossible upon the 

placing of the concrete.  

 

Figure 18: Mold halves assembled 

To attach the two mold halves together into a finished beam, multiple 

connector design options were considered. The original cardboard concept 

envisioned an internal tendon used to draw the edges of the mold together. 

Such a tendon would become part of the finished element. Once the decision 

was made to create two separate halves of the mold, the tendon option was 

no longer feasible, as it lacked a means of bringing the halves together. Any 

connector would have to meet three criteria:  

1. Be strong enough and rigid enough to contain the mold in its deformed 

shape 

2. Be capable of attaching to the other connector 

3. Be removable from the mold once the concrete had set 

The two final design considerations were connectors of either male or 

female type, which would bolt to the mold halves and each other.  It was de-

cided that dual-female type collar would be used, which was constructed of 

angle section steel welded into a ring of the shape of the cross-section. This 

was primarily to avoid reducing the cross-section of the beam unnecessarily 
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at the joint. The mold half would be slid into this ring and bolted into place, 

and the two mold halves brought together by bolts through the angle flanges. 

To fabricate, a wooden block was shaped into a jig according to the section 

dimensions, and the component pieces screwed into place on the block, 

where they were welded. This ensured the two sides would be square to each 

other.  

 

Figure 19: Connector rings mounted on spacing jig 

The connector had no built-in way to ensure the mold would be square 

and true, so ensuring proper alignment was a time-consuming process. The 

first half of the mold was inserted into its collar and holes were drilled, before 

the panels were bolted into their final position. The other collar could then be 

attached and mold half inserted. The two halves were then meticulously 

checked and aligned against each other using a combination of bubble levels 

and taut strings to ensure a straight and true mold, after which holes were 

drilled in the second half of the mold, and the collar bolted down. The con-

nector did not close every gap in the center completely; these gaps (and any 

other leak that appeared) were plugged with a supply of silicone sealant as 

needed. 
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Figure 20: Methods of aligning the mold halves for both beams produced. From top left to bottom 
right; checking level of (a) sides and (b) ends, (c) Measuring deviation against a taut string, (d) and 
(e) checking overall trueness with shims, levels, and string.  

The final component of the mold, the fabric lining, was glued into place 

on each individual piece of the mold and weighted to dry against a flat sur-

face. This created an almost complete barrier within the form. 

The reinforcement selected was 2 6mm 500kPa steel bars, whose pri-

mary purpose was to ensure the completed beam would survive the rigors of 

transport and demolding. However, to facilitate bending tests, the bars were 

bent to follow the profile of the beam along its bottom, where they would act 

as tensile reinforcement. The bars were bent before being loaded into the 
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mold from an open end, and held in place by holes drilled in the end blocks 

caps of the mold.  

4.2.2 Concrete mix and properties: 
For the concrete mix the primary properties needed were very easy 

workability (bordering on self-consolidating) and small maximum aggregate 

size. The small scale of the mold necessitated both requirements; since vibra-

tion tools would not be able to fit inside, the concrete would need to consoli-

date under external vibration alone. Large aggregates would have difficulty 

fitting into the small gaps and acute angles of the mold shape.  

The mix design was provided by Dr. Jouni Punkki at Aalto University. 

The mix included a maximum aggregate size of 5mm to ensure there would 

be no difficulty with large aggregates being unable to access the tighter cor-

ners of the mold. Additionally, the mix used of a pair of admixtures, air-re-

ducing Master Cast 202 and superplasticizer Master Glenium 51. A complete 

mix design, including the proportions used for the 30L batches are provided 

in Appendix A. The realized mix had a very high slump but seemed to avoid 

segregation throughout the casting process.   

4.2.3 Casting 
Casting was performed in the university concrete laboratory, with the 

mold held in a vertical position. For strength verification purposes, three test 

cubes were also cast for compression testing. No demolding agent was used. 

The top end of the beam mold was held open and filled with concrete until 

the mold was 75% full, after which the end cap was secured in place and the 

remaining concrete loaded scoop by scoop through a filling hole drilled in the 

cap. This proved to be a slow process, as the concrete had a tendency to plug 

the hole instead of flowing through it, and had to be poured very slowly. As 

the mold filled, external vibration was provided by periodically holding a 

handheld vibrator wand against the outside of the mold. Although internal 

vibration would have been preferred, the ends of the mold were not large 

enough fit a vibrator. Vibration was conducted while visually gauging the 

emergence of air bubbles on the surface of the lift, and stopped when bub-

bling ceased.  

As casting neared completion, the mold began to seriously deform and 

rupture in its bottom third, with concrete spilling out through the resultant 

gaps. This initially went unnoticed, and more concrete was added to the top 

to replace that which had sunk away. Once noticed, the problem was reme-

died by rotating the mold to horizontal, and using a clamp to secure the pan-

els against each other. The deformation of the mold was not completely re-

versible, (without effectively starting over) and the bulge remained albeit re-

strained by the clamp.  
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Figure 21: Clamping the mold to prevent concrete leakage. Note the deformations around the hinges 
(circled). 

After casting, the hole in the end cap was filled by a rubber stopper, 

and the mold and cubes were transferred to a table and allowed to initially 

cure. Due to concerns of cracking during mold stripping as was observed in 

the smaller preliminary tests, the mold was stripped two days after casting 

instead of the next day out of an abundance of caution. After this period, the 

resulting beam was moved to the lab’s curing room, where it would be allowed 

to cure at roughly constant humidity and temperature.  

 

Figure 22: Demolding: Using an angle grinder to cut off the retaining ring connector. 

The beam was allowed to cure for 5 more days, before it was removed 

and placed in a storage area to await load testing. The realized beam weighed 

26.55kg, and with the concrete density measured as 2.349g/cm3, was esti-

mated to contain a volume of 11.3 liters of concrete.  
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4.2.4 Discussion of Production Process: 
During the production process, setbacks and difficulties were noted 

for which modifications would be incorporated in a second test casting. These 

difficulties would affect mold usability and reusability,  

1. Design 

a. Discrete hinge locations led to undesirable distortions in the 

mold away from the hinge locations, creating a bowed or blown-

out shape.  

b. The center steel collar was not removable once the concrete was 

placed. It had to be cut off the finished beam during demolding, 

rendering it a single-use item. 

2. Casting 

a. The fabric linings of the mold components failed under the 

pressure of the concrete, allowing it to escape the mold 

b. The casting hole drilled in the end cap was too small to feed 

concrete through, severely slowing casting time.  

 4.3 Test Beam 2 
 

4.3.1 Modifications from beam 1 
The second test beam set out to improve upon the first, and attempted 

to address the shortcomings exhibited by beam 1. The panels used were di-

mensionally identical, but the final shape and size varied slightly due to the 

fit of the hinges. Additionally the second beam only used a single piece of re-

inforcement.  

The discrete, smaller hinges were replaced by longer “piano hinges” 

which ran 90% of the length of each half of the beam. Instead of screwing into 

backing blocks, these hinges were bolted to the outside of the mold using ma-

chine screws countersunk flush to the interior surface of the plywood panels. 

These hinges had the advantage of being slightly flexible, and were able to 

accommodate the bending of the panels in spite of their length. The assem-

blies were noticeably stiffer than those of the first beam, and required a great 

deal more force to squeeze into the retaining rings. The benefits were realized 

during casting, which did not see any of the spillage or leakage of the first 

mold.  
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Figure 23: Panels for second mold showing piano hinge 

The retaining rings were slightly redesigned with bolted connections 

instead of welded. This allowed the ring to be removed once the concrete had 

set with screwdrivers, instead of being destroyed by grinding.  

The fabric was lain as one piece across all panels, so there would only 

be a single seam. Additionally the longer, stiffer hinges kept the panels closer 

together, so leakage and misshapenness was not as much of a concern.  

Lastly, a frame was installed on the end of the mold to hold it in its 

final shape throughout the concrete pour. This allowed concrete to be added 

at a much greater rate than through the small access hole, and placed all the 

way up to the top of the mold. Once full, the frame was removed and the end 

cap replaced, (placing a slight overpressure on the concrete) creating the fin-

ished mold. This change meant the mold could be filled in a little over half 

the time of the first mold.  

 

Figure 24: Detail of retaining frame for casting 

The reinforcement scheme for this beam was simplified, and used only 

a single bar along the beam’s centerline (albeit still bent to follow the profile 
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of the beam.) This simplification made bar placement less tedious, as the bar 

did not have to be bent in multiple directions or placed in symmetry with an-

other.   

 

Figure 25: Mold 2 with upper retainer in place, ready for casting 

This beam was treated similarly to the first; it was placed on a table 

under a sheet of plastic in the lab, before being demolded four days later. It 

was then placed in the curing room for a week, before being moved to the 

same storage area to wait for testing. The longer hinges needed to be pried off 

of the mold since they were now bent into shape, and once again an angle 

grinder was used; this time to shorten the studs to make it easier to pry the 

hinge off. Beneath the hinge, the fabric bridging the seam between panels was 

still intact and needed to be cut with a utility knife, allowing the panels to 

unfold. Removing the center connector proved straightforward; although a 

small amount of prying was required due to the arrangement of the connect-

ing plate overlap in the connector. The collars eventually broke down success-

fully broke down into four pieces each, which left the plywood underneath 

open for removal.  

Due to the slightly smaller geometry and lack of casting blowouts, the 

weight of the second beam was somewhat lower than the first, at 24.35kg. 

Taking the same density conversion as above, the beams volume is calculated 

to 10.36L, a savings of a little under a liter, a savings of just over 8.3% con-

crete volume.   
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Figure 26: The two finished beams awaiting load testing. (Beam 1 has the "Top" marking, Beam 2 the 
pink note) 
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5 Evaluation of beam properties 
 

5.1 Aesthetic Properties 
The vertical casting orientation of the mold created a concerns regard-

ing the potential for segregation in the concrete. The concrete mix would be 

falling 1.2m to reach the bottom of the mold and then pile up from there. Of 

additional concern was the potential formation of discrete layering in the con-

crete as the casting occurred by scoop instead of continuously. The surface 

quality of the concrete beams was evaluated in consultation with ACI 309.2R-

98, Identification and Control of Visible Effects of Consolidation on Formed 

Concrete Surfaces. 

In both beams the mix design and vibration techniques employed 

completely mitigated those concerns. The concrete managed to fill the mold 

completely and maintained its integrity well.  

The surface of the concrete revealed both positive and negative effects 

from the fabric-lined approach. Within the field of the panels, the concrete 

finish was very good to almost exquisite, with smooth and clear impressions 

of the fabric pattern visible in the surface. In some places there were small 

instances of pockmarks where air bubbles had become trapped, but these 

were very small and relatively infrequent. The holes appeared primarily in 

the upper surface of the beams, while the lower had a significantly higher 

quality finish. This is likely due to the air bubbles in the concrete rising 

through the concrete and becoming trapped against the walls of the form 

(ACI 309.2R, 1998). This may also be a product of the mold shape; ACI 

309.2R recommends against having inward sloping mold faces (1998) 

 

Figure 27: Example of bug holes in the upper surface of beam 1.  

Were the beam to be made larger in size and placed in a ceiling, such 

marks would be practically impossible to notice. Additionally, in a larger-
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sized beam, the opportunity to vibrate internally would provide a better de-

fense against these holes.  

The mold joints were another area of concern, where the smooth finish 

gave way to mold flash and rougher, larger exposed aggregate. This occurred 

when the concrete worked its way into the gaps between panels, and then re-

mained there during demolding, breaking off from the rest of the casting and 

leaving a scar where it had been attached.  

 

Figure 28: Representative image of edge finish at mold joints along the side of the beam. The internal 
concrete structure is visible where ‘mold flash’ was chiseled away to permit better measuring of the 
beam. 

The effect was most pronounced at the joint between the two mold halves, 

where the mating surfaces were not as precise as elsewhere in the mold. The 

gap here was pronounced and unattractive, where the concrete flash was so 

substantial it did not easily separate during demolding and later had to be 

struck off with a chisel. 

  Initially it did not seem as though the fabric chosen had been benefi-

cial with regards to easing concrete separation during the demolding process. 

There was still a fair bit of adhesion and peeling the concrete off of the 

wooden panels required significant effort. However, when compared to the 

end caps which were not fabric lined, the advantage was confirmed, as the 

end caps could only be removed with a hammer, and some of the wood grain 

remained in the concrete after their removal.  

 The fabric may have contributed to a series of streaks along the bottom 

half of the beams. By blocking the release of excess mix water and channeling 
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Figure 29: Beams 1 (bottom) and 2 (top), undersides. Note the streaks readily apparent running 
across the surfaces of the beam. These may have been caused by fabric of the mold or the mix design.  

it towards the bottom ‘keel’ of the beams, where the fabric lining may have 

been compromised, the fabric lining may have served as a guide directing this 

water along the surface.  

5.1.1 Remarks on appearance 
Overall the surface appearance of the beams, although not perfect, was 

judged to be adequate. The defects noted were primarily cosmetic, and likely 

correctable with better workmanship, particularly in placing the fabric and 

managing the edges of the mold panels. Beam 2, with its full-length hinges 

was an improvement in this regard over beam 1, but better methods for ap-

plying fabric would likely lead to improved surface quality.  

5.2 Strength Analysis and Testing 
To investigate the beam’s viability as a structural element, a basic 

structural analysis was performed on the bending and shear capacity of the 

test specimen beams. Because of the unique geometry of the beam, the mo-

ment capacity varies throughout the length as both the available concrete 

compression area and depth to the steel reinforcement is constantly chang-

ing. It was still expected that the greatest moment capacity would be found at 

the midsection (where the maximum depth to reinforcement was located).  

Due to limitations in the analysis method, (and a lack of resources to 

model the true geometry of the beams), a few assumptions were made to al-

low reasonable calculations to take place. In all cases, the section geometry 

was assumed to be a rectangular midsection of 25mm depth, and the upper 

and lower sections as triangular. This assumption was important, as it would 

otherwise be very difficult to determine the curvature of the concrete faces 

for each section. 

Reinforcement was assumed to be placed accurately to design specifi-

cations, with distance to the beam centerline serving as the reference dimen-

sion. These values were measured off of the rebar bending template used in 

the fabrication of the reinforcement. Once the concrete was cast, there was 
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no way to determine if the rebar had shifted in the casting process before 

breaking the beam, other than rotational changes, which could be detected at 

the ends of the bars where they protruded from the ends of the mold.  

(Upon the completion of load testing, beam 2 was cut in half at the 

primary failure crack, and rebar position was measured within 2 millimeters 

of the anticipated location.) 

 

Figure 30: Section of beam 2 taken after load testing. Reinforcement is circled in red. Its position was 
remarkably consistent with the designed placement, within an accuracy of 2mm. This is likely the 
result of the small scale (not as much deflection due to self-weight over the span) and casting verti-
cally (the reinforcement does not have to support itself until it is surrounded by concrete, limiting its 
movement.) 

5.2.1  Moment Capacity 
The analysis method used is taken from that found in Reinforced Con-

crete- Mechanics and Design (7th Edition) by Wight (2016). This method is 

itself based off of the provisions of ACI 318-14, a common concrete design 

code in the United States analogous in function to Eurocode 2 (EN-1992-1-1) 

(2004). This method uses the Whitney Stress Block for distribution of com-

pression stress within the concrete. This assumes that the stress distribution 

is rectangular and proportional to the concrete compressive strength. Due to 

the angled geometry, the stress block used in these calculations is in fact a 

rectangular prism corresponding to the geometry of the section. The resultant 

force from this stress block was assumed to act at a depth two-thirds its 

height, through the centroid of the triangular prism.  

Prior to construction, the beams were analyzed according to their mid-

section as designed, as these dimensions were expressly known and governed 

by the dimensions of the connecting collars. Once the beams had been cast, 

their own unique measurements were recorded at stations 100mm apart 
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along the length of the beam. The figure used for the concrete strength 

(71MPa) was obtained from the strength of 3 test cubes cast from the same 

batch of concrete as beam 1, and broken at 7 days. One cube was lost in a test 

rig failure, and the strength of the other two were averaged together. 

The calculations were performed in the Microsoft Excel spreadsheet 

software, where a basic flexural calculation program was created. The calcu-

lations include the 0.9 factor of safety, “φ”. The equations used by the spread-

sheet for the calculations are presented as in appendix B.  

   

Figure 31: Excel spreadsheet for flexural calculations. This is the calculation for the center section, 
results in RED field, with flexural capacity in kN-m adjacent to them. 

After being created and the result hand-verified, the spreadsheet was 

expanded to beam stations 0 to 110cm, and the center at 55cm, and the results 

plotted.  

Once the moment capacities of the various sections were known, the 

maximum loads that the beam could withstand was calculated for multiple 

load cases: A point load at midspan (3-point bending) and a distributed load 

along the entire span. 4-point bending (two point loads a distance apart on 

the span) could have been calculated, but based on the 3-point bending line, 

any 4-point bending load would simply cause the beam to break underneath 

it. In each case the span was assumed to be 110cm and simply supported, as 

this corresponded to the test conditions expected in load testing.  
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Figure 32: Graphs of moment capacity and demand at maximum load for both a single point load 
and uniformly distributed load. The graphs are plotted at the same scale to demonstrate the values 
relatively.  

 The results of the analysis are presented in the following table: 

Table 1: Calculated Nominal Moment capacities of beams 1 and 2 

Beam Capacity 

of Center 

Section 

Point Load 

to create 

moment 

Moment Capac-

ity  (distributed 

load) 

Distributed load 

to create maxi-

mum moment 

Critical sec-

tion for dis-

tributed load 

1 2.18kN•m 7.96kN 1.67kN•m 12.36kN/m 30cm 

2 1.31kN•m 4.77kN 0.84kN•m 7.03kN/m 30cm 
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As expected, the first beam was calculated to have a higher nominal 

moment capacity with twice the reinforcement area to harness. The result is 

not, however, a true doubling of capacity over the first beam because the two 

bars would not fit at the same depth as a single bar, thus shortening the in-

ternal lever arm. Since the slope of the steel reinforcement is effectively con-

stant, the change in capacity along the beam is relatively linear, and in 3-point 

bending, this capacity is always above demand except at the beam midsec-

tion. When considering a uniformly distributed load, the controlling section 

was at 30cm for both beams, where the parabolic moment diagram inter-

cepted the slope of the moment capacity curve.  

An interesting result of the preliminary analysis was the drastic lack of 

symmetry between the two halves of beam 1. As mentioned previously the 

mold for that beam partially ruptured during casting, and the beam hardened 

with a significant bulge on the lower side (as the beam was cast vertically). 

The strength changes from side to side ranged from 4 to 9% along the sta-

tions. Additionally this overfilling meant that the center section was not the 

section with the greatest moment capacity; this was instead station 65. As 

evidenced by the graph, the maximum point load that could be applied at the 

midpoint of the span was still governed by the moment capacity under that 

point.  

5.2.2 Shear Capacity 
Preliminary calculations were also performed for the shear strength of 

the beam, to investigate which action would be the more-likely cause of fail-

ure. As the shear demand in a simply supported beam is greatest over the 

supports and lessens towards the midpoint of the span, and the shear capac-

ity of the test beams is constantly increasing along the same length, shear 

needed only be checked at the end sections of the beams.  

The method for calculation again followed Reinforced Concrete- Me-

chanics and Design (7th Edition), and ACI 318-14. Shear capacity was calcu-

lated one beam’s depth away from the supports. A method for adjusting shear 

demand in the case of tapered beams as presented in Wight was noted but 

not omitted, as the calculations without it were conservative, and shear was 

not calculated to be controlling in either case. To extrapolate a maximum 

point load for this shear load, equation 5.2 was used. 

𝑉 =
𝑝

2
  (5.2) 
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Table 2: Calculated shear capacities, loads refer to center point loads 

Beam Shear Capacity Needed 

Loading 

Max. bending 

load 

Shear con-

trolling? 

1 4.65kN 9.30kN 7.96kN No 

2 4.53kN 9.07kN 4.77kN No 

 

5.2.3 Load Testing 
After the beams had cured for multiple weeks, they were tested in a 

three-point bending test, to determine ultimate bending capacity and failure 

mode. The primary purpose of the tests was to ensure that the calculated 

loads were exceeded, lending some degree of credence to the analysis method 

used.  

 When deciding between three-point, four-point bending, or a distrib-

uted load, consideration was given to the unique and varying geometry of the 

beam and capabilities of the lab. Three-point bending was chosen so as to 

ensure the maximum moment and point of failure would occur near the beam 

center. This method also simplified loading, as the beam’s curved upper sur-

face would have made the application of multiple loads or loads away from 

the center exceedingly difficult. The right angle of the crown at midspan (im-

posed by the geometry of the center connector), provided a reliable place to 

apply load.  

 

Figure 33: The loading rig for the bending tests, providing the test machine a flat surface to press 
against. 

To apply the force from the testing machine to the beams, a small 

adapter was fashioned from steel as shown in Figure 12. This piece was placed 

on the beam’s crown on a thin strip of rubber, which would serve to more-

evenly distribute the force under the piece to the concrete.  

The tests were conducted in the Aalto University Structures laboratory 

and its Roell+Korthaus test machine. The test was observed by the author 
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and two Aalto University lab technicians, who also assisted with the setup and 

positioning of the beams to test. For safety reasons, the testing order would 

have the weaker beam (Beam 2) tested first, so that if any serious unforeseen 

problems arose the amount of force involved would be minimized, and the 

testing procedure could be redesigned if needed. The safety concerns were 

largely unfounded, however, and the tests proceeded with no major mishaps.  

Immediately prior to positioning the first beam for testing, it became 

apparent that the roller supports of the test rig would not keep the beam in 

balance, because the angle of the bottom keel-shaped ridge resulted in only a 

single point of contact. The original plan of using wooden shims also failed, 

when it became impossible to balance the shims upon the roller. There was 

concern that under load, the shifting beam might cause the shims to slip out, 

leaving the unbalanced beam to tumble from the test machine and onto the 

floor.  

      

 

Figure 34: The process of supporting the beam for testing; original wooden shims, mixing the mortar, 
and the final mortared support. 
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To solve the problem of placing the beam in the test machine, the beam 

was held in place on the roller supports by hand, while a quick-setting mortar 

was applied between the beam and the support. The beam was allowed to 

settle into the mortar and once the mortar had cured (a few minutes later), 

the process was repeated on the other end. The mortar would be sufficiently 

strong in pure compression to transfer forces into the supports, while not af-

fecting the beam’s capacity. The mortared supports did move the actual 

points of support slightly inward, reducing the span length from the beams’ 

overall length of 117cm to a 110cm. This was anticipated, and, since it was 

taken equally from each end of the beam, did not affect the prediction calcu-

lations, which could be easily adjusted for span length.  

Once set in the test rig, the process was tremendously straightforward. 

The loading rig was preset to load at 0.5mm per minute, which it would do 

until the test was stopped. As the test was simply to determine the ultimate 

strength of the beam, once the measured load reached a maximum and de-

creased, the result would be determined and the test could be stopped.  

5.2.4 Structural testing results 
As mentioned above, Beam 2 was tested first as the weaker specimen. 

The test proceeded without incident, with the beam suffering its first crack at 

a load of just under 3kN, and proceeded to develop a series of cracks along 

the bottom chord. The ultimate strength was reached at a load of 6.859kN, at 

which point the single reinforcing bar continued to yield without any addi-

tional strength contribution to the beam and the load was removed. The load-

ing took just over a half hour to complete. 
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Figure 35: Beam 2 loaded in rig for testing and under load. 

 

Figure 36: Beam 2 later in the test, with ultimate load achieved. The failure point is the large crack 
just under the loading ram, circled. 

 It was originally intended to test both beams on the same day, but due 

to an anomaly in an analysis equation, the second test was put off to double-
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check the numbers. Beam 1 was tested in the same fashion a few days later, 

and the test proceeded similarly, albeit with a higher ultimate strength.  

5.2.5 Results 
The structural tests proceeded smoothly without major incident. The 

comparative results from the tests are shown in the figure below.   

 

Figure 37: Graph of strength test, force applied over distance of test ram travel. Not to be confused 
with a stress/strain curve or force deflection curve. The purpose is to illustrate maximum force and 
cracking loads (seen as “steps” in the curves) 

The maximum moment capacities of Beams 1 and 2 were 3.02kN•m 

and 1.89kN•m, respectively. The moment value was obtained assuming a 

simply-supported beam over a span of 110cm: 

𝑀 =
𝑝×𝑙

4
    (5.1) 

 

Figure 38: Beams 1 and 2, cracking at middle of span after testing 

A visual analysis of the cracking patterns in the beams determined 

bending to be the failure mode, as anticipated. The strength of the beams as 

tested exceeded the code predicted values by large amounts in bending. Beam 

1 exceeded calculations by 38%, Beam 2 by 44%. When considering the ap-

plicability of the design equations to this beam, they appear conservative 

BEAM 1 BEAM 2 
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based off these limited proof tests. A more-thorough investigation would re-

quire a much greater number of samples and tests. However, as building 

codes represent the allowable calculations in actual construction, the purpose 

of these tests was merely to confirm that the actual strength of these beams 

exceeded that predicted by the codes.  

5.3 Structural capabilities: comparison sections 
In an attempt to obtain meaningful comparison for the beams, it is 

necessary to evaluate a pair of hypothetical rectangular cross-section beams 

of various sizes to estimate the potential for any improvements realized by 

the new beams.  

The comparison sections were to be compared with beam 1, because 

that beam had two reinforcing bars and better utilized its concrete strength. 

The comparative sections’ reinforcement was constrained to the equivalent 

area of two 6mm bars (approximately 56.5mm2); the same as in the actual 

test beam. The bars in beam 1 were placed to allow a concrete cover of 15mm 

as a sensible value. (This coincidently corresponds to an exposure class of 

XC1 for structure class S4 (BS EN 1992-1-1:2004) for the specific beam, but 

if the beam were constructed at a larger scale, the cover requirements would 

not scale in kind, and any exposure class could be achieved.)  

5.3.1 Concrete Volume 
The first rectangular section was designed with the same width as the 

center section, and the depth to reinforcement whatever was necessary to 

achieve the same strength as beam 1’s controlling section for a distributed 

load. The length of the hypothetical beam was 117cm, the same overall length 

as beam 1. The second rectangular section was designed to achieve the same 

moment capacity as the peak capacity of beam 1. This required a reinforce-

ment depth very similar to the depth found in the actual beam.  

Table 3: Properties of comparison sections 1 and 2 

Width Depth to Bars Total Depth Capacity Volume (117cm length) 

110mm 75.5mm 90.5mm 1.86kN•m 11.65L 

110mm 112.8mm 130.8mm 2.82kN•m 16.83L 

 

The original beam was calculated to have a volume of 11.3L. For the 

first section, the overall volume is 11.65L of concrete, a 3% increase in volume 

over the realized beam. The difference is more prominent in the second beam, 

where the volume saved is a substantial 33%. 
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5.3.2 Discussion 
Though 33% appears to be a significant result, the numbers exaggerate 

the apparent benefits and require a closer scrutiny of what kind of beam the 

hypothetical sections would be, and what kind of beam was produced. Due to 

the nature of concrete reinforcement, the amount and depth of steel is the 

primary factor in the strength of the overall beam. It is actually quite simple 

to determine dimensions of a rectangular cross section of similar capacity, 

but at a significant savings of concrete, simply by reducing the width from the 

110mm of the test beams to something like 60mm. Such a section would need 

the same reinforcement at a depth of 117mm, but would have an overall vol-

ume of approximately 9.3 liters; a great reduction in volume.  

The contradictory results arise from the order of development. The 

pop-up beams were created first and tested on their own merits, without an-

ything to compete against. Had there been an existing rectangular beam, it 

may have proven possible to develop a pop-up beam with better performance. 

Certainly the pop-up beam offers a significant savings of concrete over a rec-

tangular beam of similar width and overall depth (comparison section 2), but 

at a slight loss of overall distributed load capacity due to the intricacies of the 

moment diagram. The actual concrete savings to be realized via use of a pop-

up beam are highly dependent on the specific usage and site requirements.   
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6 Evaluation of Mold 
 

6.1 Performance  
Throughout the production and testing process, the molds performed 

adequately and demonstrated some of the advantages hoped for in this re-

search. Both molds produced viable concrete elements although development 

and lessons learned brought modifications and improvements resulting in 

the second mold performing better than the first. This section presents a dis-

cussion of the molds’ properties and their benefits, in addition to certain 

items that may need revisiting.  

6.1.1 Constructability 
The basic geometry of the individual pieces of the mold are not com-

plex. All wooden components are cut as simple rectangles and all holes are 

drilled in similar locations on each piece. Though the first beam took multiple 

weeks to construct as various items were tested and retested, the second mold 

was produced in under a week, and most of this time was spent making jigs 

and coming up with solutions for the collars. Once these problems had been 

completely worked out, it would have been completely feasible to produce the 

mold in as little as one devoted day, not including the time required to affix 

the fabric to the panels.  

The fasteners for the hinges on the first beam were simple (albeit 

small) wood screws; the second beam used larger M4 sized machine screws 

countersunk from the inside of the mold. Both systems were imperfect, but 

partially a consequence of the scale of the molds created. The preparation of 

the molds for the screws was a matter of repetitive drilling and countersink-

ing. The critical factor was being able to remove the hinges once the mold was 

filled with concrete. Ideally the hinges would be secured to the panels with 

bolts threaded into blind holes, ensuring the removal of the hinges regardless 

of geometry, but this proved infeasible due to the thickness and strength of 

the plywood.  

The greatest constructability difficulty was the attachment of the re-

taining collars to their mold halves, because the trueness of the resulting 

beam would be most directly affected. Though care was taken in ensuring the 

panels were the same size, and affixed to each other by the same bolts in the 

same locations, the way the panels came together in the collar was not always 

predictable and would sometimes change with each attempt. Once forced in 

and bolted down the system was impressively rigid and repeatable, but it was 

difficult to maintain tolerances to ensure this fit.  



 

51 
 

Attaching the fabric also proved more complicated than first thought, 

with the primary problem arising in the glue. Manual methods of spreading 

the glue did not sufficiently remove lines and ridges, which were subse-

quently translated to the concrete surface.  

 

Figure 39: Gluing fabric to panels: Panels weighted while glue dries (left) and spreading glue on the 
fabric in preparation for panels (right-center) 

 

Based on these difficulties, the molds would likely need to be con-

structed and dry-fit in a factory instead of fabricated on a jobsite. In the more-

controlled setting, the ability to produce repeatable components with a higher 

degree of accuracy would prove invaluable in ensuring quality molds and 

beams. On the other hand, perhaps a hybrid approach where the timber is 

fabricated on site to fit factory-furnished retaining rings would be the optimal 

solution.  

6.1.2 Mold Portability 
If the molds have been envisioned as being produced in an offsite fa-

cility and being taken to the construction site for use, the ability to transport 

them, erect them, use them, strip them, and potentially reuse them becomes 

important.  

One of the biggest advantages from this mold design is the volume sav-

ings when stored in a transport condition. The halves of the mold reduce to a 

pair of boxes 60cm long and 17cm wide, with a depth of just over 3cm. The 

total volume occupied, not including protruding studs, is 6.1L, a little over 
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half the volume of the realized beam. If further disassembled, the panels can 

be arranged to lie flat, with hardware and fasteners carried separately. In ei-

ther case, reassembly is straightforward. 

6.1.3 Mold Usability 
There are a few remaining usability concerns that would need to be 

addressed if the mold were taken into common use. In these small scale tests, 

the beam was cast in a vertical orientation for simplicity, but this presents 

problems for both overhead clearance and hydrostatic pressure at larger 

scales. The first beam showed difficulty with hydrostatic pressure even with 

a 1.5m column of liquid concrete. A span of 10m would have a much higher 

column and could possibly require external bracing, increasing complexity 

and cost. At these scales a method of casting horizontally would reduce this 

concern, likely by filling the mold via a hole in the connector, or by closing 

the upper half of the mold later in the filling process.  

Another concern with regard to on site usability is the force required 

to shove the mold into shape to fit it into the connecting collars. Although 

they could be easily fit by hand in the laboratory, larger scales could present 

problems and require much higher forces to deform the molds, possibly ne-

cessitating the use of hydraulic jacks or other mechanical methods. It may 

prove necessary to modify the design to better-facilitate this aspect of mold 

assembly. 

Reinforcement is included in this discussion on usability because the 

reinforcing bars are an aspect of final onsite mold preparation prior to cast-

ing. Due to the tapered geometry of the beam, the reinforcement needed to 

be bent into shape to follow this profile. 

 

Figure 40: Rebar bending template for beam 2. The bar is clamped in a vice and bent by hammer into 
the required shape (slanting line) 

In the lab, this work was carried out by clamping the bars, bending 

them, and comparing them with a template to ensure proper geometry. In a 
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construction setting, a list of needed angles and stations may suffice. The re-

inforcement was also allowed to hang suspended in the mold for the test 

beams; methods for ensuring the bars are supported in their proper position 

will be required as span and bar size increase.  

With the exception of the concerns listed above, the overall usability 

of the mold is high. Already assembled, the majority of the work required is 

tightening and loosening fasteners and letting the mold assume its natural 

shape.  

6.1.4 Reusability 
Though the molds produced for this thesis were not reused, they cer-

tainly could have been, and the second test mold was reassembled to demon-

strate that possibility. A key factor affecting the reusability was the fabric 

which was glued to the plywood panels on the casting surface. Keeping in 

mind this fabric was chosen only by virtue of its waterproofness, and not as a 

specialty fabric for work with concrete, it still significantly reduced the effort 

required to remove the beam from the mold compared with the end caps of 

which adhered forcefully. The areas of the mold most damaged through the 

casting and demolding process were the edges of the fabric (easily fixed with 

better attachment techniques) and bending of hinges, which could be solved 

with slight modification to the fastening system.  

 

Figure 41: Beam mold 2 reassembled after demolding and ready for another potential pour 

As a result of their confinement, the panels do acquire a small amount 

of permanent deformation that lingers after their release from the retaining 

collar. In beam 1, these deformations were severe and permanent, as a result 

of the smaller hinges used.  
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Figure 42: Permanent deformation in beam 1 mold panel. Picture taken over two months after cast-
ing. 

The mold for beam 2 was subjected to smaller demands due to the 

longer hinges, and as such the permanent deformations were much less se-

vere (although the panels would no longer pack completely flat). This does 

not affect the ability to cast more elements in the deployed mold configura-

tion, but would eventually lead to problems with transportation and re-use.  
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7 Conclusions 
This research showed that the mold form and concept investigated 

could produce a structural element capable of resisting bending load. The ru-

dimentary structural analysis conducted showed the design’s ultimate 

strength could be rather conservatively predicted by current code methods in 

a one-off case; many more beams and tests would have to be conducted to 

demonstrate this statistically.  

Load testing did demonstrate some characteristics of the beam that 

would require modification prior to practical use. The upper and lower sur-

faces being completely curved proved challenging when attempting to place 

the beam on supports and attempting to apply load. The mold and beam de-

sign would likely be more practical if the mold were only filled halfway, cre-

ating the effect of a T-beam with tapered ends. This would create a flat upper 

surface which could serve as part of a floor system, although the waist section 

towards the middle of the span would require some method of bridging the 

gap between adjacent beams. In such a case the beam may perhaps need to 

be joined to a more traditional slab system, in which case the mold may need 

to be incorporated into a more traditional slab formwork. 

7.1.1 Potential Uses 
The beams produced for this project were produced in a method re-

sembling a precast concrete element, namely that the mold and beam were 

not produced as part of a larger structure, but instead cast as an independent 

unit which would then be taken wherever it would be needed. In order to in-

tegrate the beams into actual structures, it would only be necessary to extend 

the reinforcement out of the beam and into (for example) the supporting col-

umn into which it would be attached. It would also be possible, with a small 

adaptation to the mold, to make the bottom of the beam flat at the ends, so 

that it could be more easily supported on simple supports. Such a modifica-

tion could include a simple wedge added at each end of the mold to exclude 

concrete from that area, or some external wedge design added to the exterior 

of the finished beam, similar to the role of the mortar used during the load 

tests. 

The use of this form to create cast-in-place beams, where the beam 

would be cast in conjunction with the rest of the concrete presents a slightly 

different set of issues, as the mold has been realized as an entirely closed and 

self-containing packet. It would not be difficult to incorporate the formwork 

into a larger structure; the end cap pieces would simply be removed and re-

placed with retaining ring similar to the one used to hold the mold in place 

during casting. Rebar would then extend into the rest of the structure, and 

the piece could be cast monolithically. 
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An additional option would be using only the bottom half of the mold 

to augment an otherwise normal slab. In this case the lower half of the beam 

mold would need to be positioned below a matching cutout opening in the 

slab formwork above it. In this instance, the “beam” serves as a stiffening rib 

on the underside of the slab, in a similar fashion to a modified T-beam. The 

benefits over a typical integrated slab and T-beams system would be material 

savings and  

The creation of a continuous beam would create positive moment de-

mands at the ends of the beam, which is also the shallowest and weakest 

cross-section. It would be necessary to include additional reinforcement in 

the upper chord of the beam to accommodate this negative moment, which 

may also require increasing the depth of the sidewalls, to allow more space 

for this reinforcement.  

7.1.2 Revisions Needed 
The tests and prototypes demonstrated the need for continued im-

provements before this mold system would be ready for use. Although beam 

2 represented a significant improvement over beam 1, practical considera-

tions restricted the ability to completely develop this concept to a useable 

state. After beam 2, it was apparent that improvements were needed primar-

ily in material selection and fabrication methods. 

The surface defects discussed in Chapter 5 can be directly related to 

properties of the mold. The effects of honeycombing and surface bleeding 

could derive from the mold shape and the fabric lining (Interpreted with ACI-

309.2R, 1998). The fabric is of particular interest as it was selected to be wa-

terproof and to seal the mold edges. The fabric was the most difficult item to 

work with during mold construction; it jammed edges, refused to stay flat, 

and required a great deal of effort to affix to the plywood panels. Some 

method of preventing concrete from leaking through the gaps in the panels 

must be provided, but covering the entire panel with it may be overkill. In 

subsequent designs, it may prove useful to limit the application of the fabric 

to only the gaps, in a narrow strip. It may also prove worthwhile to investigate 

a series of mix designs to improve surface quality results.  

 

7.2 Topics for future research 
This thesis project was primarily concerned with the development, 

creation, and potential advantages of a new concrete mold method. Due to a 

number of limitations it was not possible to investigate every line of inquiry 

that arose during the project. A number of areas exist where further research 

could improve upon this concept.  
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7.2.1 Expansion to full scale 
The greatest limitation in this research was the inability to create a 

full-size beam of actual building scale. The limiting factor in this case was the 

ability to move the concrete beam once cast, with the goal being to produce 

beam models that could still be moved in the lab by a single person, cast with 

a reasonable amount of concrete, and be easily stored. The two test beams 

realized for this research were each at the upper end of these requirements. 

Expanding the beams to full-scale (a span of 5-10m, for example) 

would introduce some potential issues that may not have manifested them-

selves in smaller-scale tests. With an increase in beam size would come an 

increase in beam volume, and the additional weight of concrete combined 

with the need for larger panels would likely require increased panel thickness. 

The additional loads placed might require additional shoring to the panels to 

prevent bulging or necessitate a redesign of the central connector. It may even 

prove that this method is not feasible beyond a certain size 

7.2.2 Different Materials 
At one point during the research, a pair of test mold halves were cre-

ated using thin strips of styrene plastic instead of plywood for the panels. 

These molds were never used, and plastic was not chosen for the test beam 

molds due to the availability of plywood.  

Beyond its traditional use as a concrete formwork material, there is no 

particular reason to use plywood for these molds; any flat panel could work 

provided it can be bent into the appropriate shape but still stiff enough to 

support the concrete while it cures. Other potential materials include plastics, 

which would be lighter and possibly more durable than wood, and metals, 

which would be heavier but could offer improved strength and accuracy in 

mold fabrication, and would have far greater durability.  

There is also the opportunity to examine the hinges and fabric linings 

used to determine if better solutions exist in those areas. One thought that 

was discussed during the initial planning for this project, but ruled out for 

complexity, would be doing away with hinges altogether, and using the fabric 

across the joints as hinges, which would be opened or closed with zippers for 

concrete removal. In a full scale beam this would require a very strong fabric 

and possibly external bracing to ensure the shape is properly maintained with 

the reduced strength of the fabric relative to the hinges. This solution would 

be analogous in theory to the tape used on the small-scale beam models, and 

would simplify demolding. 

Lastly, the traditional concrete mix used worked adequately, but with 

the unusual geometry and requisite reinforcement configurations, it may be 
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worthwhile to experiment with alternate types of reinforcement, such as fi-

ber-reinforced concretes. Fiber reinforced concrete use thousands of tiny fi-

bers distributed in the concrete mix instead of large, discrete steel bars. Fiber 

concrete would eliminate the need for bending reinforcement as was required 

in the test beams.  

7.2.3 Structural and Aesthetic Design 
Throughout this thesis, the production of the beam was the primary 

objective, with the structural properties of that beam of secondary im-

portance. The potential may exist for more efficient or useful beams via sim-

ple changes in geometry or reinforcement schemes. The simple reinforce-

ment configurations of the test beams could be elaborated and expanded, es-

pecially if the beam were realized at a larger scale. It could be possible to use 

a parametric design software in conjunction with structural analysis pro-

grams to analyze the capacities of beams produced for an entire range of an-

gles and sizes.  

A catalog of shapes based on different numbers and shapes of panels, 

sizes, and aspect ratios could be developed to produce many options for dif-

ferent capacities or uses. During the initial experimental phase of the project 

a number of alternatives were created in small cardboard models, but were 

not explored further when the pop-up beam emerged as most promising. The 

entire scope of possibilities with this construction method is potentially lim-

itless. 

7.3 Closing Remarks 
In conclusion, the work of this thesis presented the first steps of a po-

tential new mold technology for producing concrete beams with actively bent 

panels to create curved shapes. The research documented the development 

from basic shape exploration through to the creation of medium-scale proto-

type elements produced from these molds. The beams produced were evalu-

ated for strength and aesthetics, and the mold evaluated for its utility and 

reusability.  

The results are that of a rough beginning; a starting-off point. The 

beams produced present the potential for material savings through optimal 

concrete placement in finished construction and in material minimization 

and reuse in mold construction. This research contributes to the expanding 

field of nontraditional formwork and nontraditional concrete sections, and 

establishes the seeds of a new method of producing curved-section beams. 
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 Materials Used for Test Molds and Concrete Mix Design 
This appendix is meant to serve as a more detailed description of the exact 

materials used in the construction of the two test beams. The materials 

used were all commonly available commercial grade, purchased from lo-

cal hardware stores or other suppliers 

Beam 1 Mold: 

 Plywood 4mm birch. 8 panels at 80mm x 600mm 

 Plywood 6mm birch. 4 panels at 25mm x 588mm 

 Pine end blocks. 2 at 165mm x 25mm x 12mm  

 Hinges in two types: 
o 16 small hinges of size 25mm x 19mm 
o 8 large hinges of size 60mm x 48mm 

 8 hinge backing blocks, made from pine scraps approximately 50mm 
x 25mm x 25mm 

 Assorted screws (purchased with hinges in packets), 24 additional 
screws for end caps 

 Waterproof 2-ply fabric of sufficient area to cover all plywood panels 
and gaps between. 

 2 center connectors, themselves consisting of  
o 30 x 30 x 3 steel angle section; 4 x 80mm 
o Scrap steel plate, cut to 2 pieces approximately 35mm x 40mm 
o 8 M3 screws to attach to mold with washers/nuts 
o 8 M6 bolts to attach to the other connector 

 
Beam 2 Mold: 

 Plywood 4mm birch. 8 panels at 80mm x 600mm 

 Plywood 6mm birch. 4 panels at 25mm x 600mm (longer due to ex-
tending with end caps) 

 Pine end blocks. 2 at 160mm x 25mm x 12mm (shorter to accommo-
date side panels 

 Hinges: 6 at 1000mm x 32mm piano hinges, each cut in half, and 96 
at M3 screws and nuts to secure them 

 Assorted wood screws (purchased with hinges in packets), 24 addi-
tional screws for end caps 

 Waterproof 2-ply fabric of sufficient area to cover all plywood panels 
and gaps between. 

 2 center connectors, themselves consisting of  
o 30 x 30 x 3 steel angle section; 4 x 80mm 
o Scrap steel plate, cut to 2 pieces approximately 35mm x 40mm 
o 8 M3 screws to attach the connector pieces to each other 
o 8 M3 screws to attach to mold with washers/nuts 
o 8 M6 bolts to attach to the other connector 
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Figure A1: Dimensions of beam mold 1. 

 

Figure A1: Dimensions of beam mold 2. 
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Beam Mix Design 
The small-scale cardboard models were produced with a ready mix concrete 

purchased from a local hardware store.  

Tests 1 and 2: Joutosbetoni Fescon JB 600/3: Strength class C50/60; Nomi-

nal maximum aggregate size 3.0mm 

Test 3: Kuivabetoni Webber Vetonit S-100: 20-25MPa compressive strength; 

Nominal maximum aggregate size 10mm 

 

For the larger beam tests, the mix design was taken from Dr. Jouni Punkki of 

Aalto University, Espoo, Finland, and produced on-site in the Aalto concrete 

labortatory. 

For each casting, the mix was prepared in a batch of 30L. 

Table A1: Mix proportions for the concrete used in the casting of the larger beams.  

Ingredient Percent Volume Density 

(kg/m3) 

Weight Used 

Rapid Cement 18.4 % 570 17.096kg 

Filler 5.5 % 147 4.417kg 

R 0,1/0,6 9.2 % 245 7.362kg 

R 0,5/1,2 9.2 % 245 7.362kg 

R 1/2 12.9 % 344 10.307kg 

R 2/5 22.1 % 589 17.669kg 

Water 22.8 % 228 6.838kg  
100.0 % 2368 71.051kg 

MasterGlenium 51 0.60% 3.419 0.103kg 

MasterCast 202 0.60% 3.419 0.103kg 

     

Tested 7 day compressive strength: 71MPa 
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  Calculation of Nominal Beam Strength 
Nominal Bending Strength 

 

Figure B- 43: Copy of figure from chapter 5 showing a moment strength calculation for one 
of the test beams. 

 As stated previously in the text, the structural analysis of the beam sec-

tions is taken from ACI 318M-14 and methodology taken from Reinforced 

Concrete: Mechanics and Design (Wight, 2016), which use a “Whitney Stress 

Block” to evaluate the concrete’s compressive strength contribution to beam 

flexural strength. The method assumes concrete cannot carry tensile load, 

summation of compression and tension forces in the beam is zero, and con-

crete and steel at the same level in the beam have equivalent strains. 

For the calculations, the following variables are introduced: 

Table B1: variables used in the calculation of moment capacity. 

w width of beam 
h height of triangular crown of beam 
f’c Concrete compressive strength 
f’d 0.85 × f’c, a reduction factor for use of stress block 

bbot Width of the bottom of the Whitney Stress Block 
alayer Area of Whitney Stress Block 
hblock Depth of Whitney Stress Block, equal to β1 × c 
c Depth to neutral axis 

β1 Ratio of h to c, a function of f’c, = o.65 in this case 
εc Concrete strain 
d Depth to steel reinforcement from top of beam 
ay Steel area 

εy Steel strain 
fy Steel yield stress 
Mc Moment from Concrete 
My Moment from Steel 

Mn Nominal Moment Capacity 
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The spreadsheet operates by taking the inputs as the geometry of the beam 

and its material properties. The concrete section takes the cross section ge-

ometry and the stress block geometry, and outputs and overall concrete force 

and a moment provided by that force taken about the topmost fiber of the 

beam. The steel section computes a steel force based on the assumed strain 

at that level of bar (taken from the neutral axis location and an assumed con-

crete strain of 0.003), to create a moment again about the topmost fiber. The 

steel and concrete moments are summed to produce the total beam moment. 

The triangular cross-section of the upper half of the beam required a slight 

modification.  

The width of the bottom of the triangular stress block was determined as a 

proportion of the entire triangular section:  

𝑏𝑏𝑜𝑡 =
𝑤

ℎ
× 𝛽1𝑐   B1 

With bbot known, the area of the block becomes: 

𝑎𝑙𝑎𝑦𝑒𝑟 =
1

2
× 𝛽1𝑐 × 𝑏𝑏𝑜𝑡  B2 

And thus the moment can be calculated about the top of the beam, remem-

bering the resultant of the stress block passes through its centroid, two-thirds 

the depth of the block: 

𝑀𝑐 = 𝑎𝑙𝑎𝑦𝑒𝑟 × 𝑓′𝑑 ×
2

3
𝛽1𝑐  B3 

The spreadsheet handles the moment contribution of the steel as: 

𝑀𝑦 = 𝑓𝑦 × 𝑎𝑦 × 𝑑   B4 

With a built-in check to ensure the steel is yielding based on the concrete 

strain and the depth to the neutral axis. This equation is taken directly from 

Wight (2016): 

𝜀𝑦

𝑑−𝑐
=

𝜀𝑐

𝑐
    B5 

Wherein the steel strain must be greater than 0.005. The spreadsheet com-

pares the total force of the steel and concrete for a value of c and reports the 

difference. The spreadsheet then uses the “goal seek” utilitiy to reduce the 

force difference to 0 by iteratively plugging in different values for c and re-

ports the moment for this value. The moment difference for any section can 

be found by inserting that section’s geometry into the spreadsheet and exe-

cuting goal seek in the same fashion.  

Nominal Shear Strength 
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The shear strength of the beam was comparatively straightforward, as 

only one section of beam needed to be checked instead of a number of stations 

along the beam. The equation is taken directly from ACI 318M-14: 

   B6 

Where: 

Vd Ultimate Shear Strength 
φVc Reduction factor 0.75 × calculated shear strength 

λ Reduction factor (=1 in this case) 
f’c Concrete compressive strength 
bw Width of beam 
d Depth of beam 

The critical section for shear in the beams may be taken a distance equal to d 

from the supports. Due to the angled section at that location, the bw × d term 

was taken as the area of the section in that location. For completeness the 

calculation results are reported here, taken from table 2 in the thesis body. 

Beam Shear Capacity 

1 4.65kN 

2 4.53kN 
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 Structural Test Results and Graphs 
 

1. Concrete compressive strength test results. The samples tested are 

JR_1-3. The sample JR_3 was lost when the test ram descended 

uncontrolled upon it. The strength value is taken from the other two 

samples.  

2. Beam bending test results for the 3 point bending tests of Beams 1 

and 2. Graph depicts load over displacement of test ram head; a 

rough analog of deflection.  
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During the second beam test, beam 1 was fitted with a pair of deflectometers 

to accurately measure the deflection of the beam under bending load. The 

graph of this moment/deflection curve is included on the next page. 
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Figure 44: Moment deflection curve for beam 1 in 3 point bending. (Span length 110cm) 
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