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SUMMARY

One of the key elements for the performance of reinforced concrete structures is the interaction
of concrete and reinforcement. Introductory examples are mentioned for the successful use of
reinforced concrete.

Recent developments with 3D concrete printing established two questions concerning the
potential use of reinforcements: 1) a practical example is presented for 3D concrete printed shell
element with tensile chords of FRP reinforcements; ii) interlaminar shear is solved with 3-
dimensional reinforcing elements (STAREX). The 3-dimensional reinforcing elements
improves the performance of the whole element.

FRP reinforcements are used in increasing amount to avoid electrolytic corrosion of the
reinforcement. A new reinforcement is: Carbon fibres in cementitious matrix = CFCM, which
does not include polymers as matrix, but a cementitious matrix is used to improve cooperation
both the carbon fibres and concrete. The cementitious matrix reduces sensitivity for high
temperatures. With carbon fibres in cementitious matrix reinforcement, the reinforced concrete
elements can be produced with no or little cover.

This article presents conceptual and technological advances toward the integration of
innovative reinforcing materials and technologies in concrete structures.

Keywords: 3D concrete printing, interlaminar shear, 3-dimensional reinforcing elements,
Carbon fibres in cementitious matrix reinforcement, no cover.



Titulo en castellano: Armonia entre el hormigon y la armadura: del ferrocemento a la
impresion 3D de hormigon y los compuestos cementicios

Uno de los aspectos clave en el desempefio de las estructuras de hormigoén es la interaccion
entre el hormigon y la armadura. En este articulo se mencionan algunos ejemplos introductorios
del uso exitoso del hormigén armado.

Los desarrollos recientes en el hormigén impreso en 3D ponen de manifiesto dos cuestiones
relacionadas con el uso de las armaduras:

1) se presentan ejemplos practicos de ldminas de hormigdén impreso con cordones de traccion
basados en armaduras de FRP;

i1) el esfuerzo cortante entre capas se resuelve mediante un armado tridimensional (STAREX).
El armado tridimensional mejora el desempefio de todo el elemento estructural.

Las armaduras de FRP se utilizan cada vez mas para evitar la corrosion electroquimica del acero
de refuerzo. Un nuevo tipo de armadura consiste en fibras de carbono en matriz cementicia
(CFCM), que no utiliza polimeros en la matriz, sino una matriz a base de cemento para mejorar
la accion conjunta entre las fibras de carbono y el hormigén. La matriz cementicia reduce
ademas la sensibilidad a las altas temperaturas. Con fibras de carbono en matriz cementicia, los
elementos de hormigén armado pueden producirse con un recubrimiento reducido o incluso
nulo.

Este articulo presenta avances conceptuales y tecnologicos orientados a la integracion de
materiales y tecnologias de refuerzo innovadores en estructuras de hormigon.

Palabras clave en castellano: hormigén impreso en 3D, cortante entre capas, elementos de
armado 3D, fibras de carbono en matriz cementicia, recubrimiento nulo



1. INTRODUCTION

Engineering intuition is strongly required for the harmony of materials to choose structural
materials like concrete, steel, timber, glass, and FRP, and their combination in composite
structures to define the most reasonable one or the most economic one to the given load history
or to the given geometry.

Structural design requires a detailed understanding of both the material and the structural
behaviours. An additional requirement is to incorporate the new structure into the existing
environment as structures like bridges, buildings, halls, or reservoirs, etc.

Reinforced concrete is a composite structural material that has a continuous development
considering its constituent materials as well as its technology to fulfil overall requirements of:
safety, serviceability, constructability, economics, aesthetics, and nowadays sustainability.

The present paper is a vision how the novel materials and technological developments
can provide the basis for scientific innovations for reinforced concrete [1] [2] and improving
conceptual future designs [3].

There was already a harmony of concrete and reinforcement from the beginning of

applications which resulted many patents and applications worldwide. Nevertheless, concrete
became to most frequently used construction material. There have already been publications to
advise the successful use of reinforced concrete [4] [5].
Recent novelties in concrete and reinforcement are discussed in the following Chapters
Innovative concretes for the future including (i) digital manufacturing in 3D concrete printing,
(i1) a new reinforcing element for general use called STAREX and (iii) a new type of non-
metallic reinforcement of carbon fibres in cementitious matrix in addition to the presentation
of the Palazzo dello Sport as a reference for successful use of reinforced concrete in a bit
modified way in the fifties (Fig. 1).

Harmony of concrete and reinforcement

a) Conventional concrete:
‘ Reinforced concrete Prestressed concrete

b) Innovative concretes for the future:
Digital manufacturing STAREX CFCM reinforcement =
reinforcing elements

3D concrete printing Carbon fibres in
3-dimensional cementitious matrix
with or without reinforcement reinforcement
reinforcement for general use

Fig. I Conceptual timeline for conventional and novel concretes

2. DESIGNING WITH REINFORCED CONCRETE



A beautiful example for harmonic use of reinforced concrete and the structural system is the
Palazzo dello Sport by Pier Luigi Nervi is (Fig. 2). He developed the reinforced concrete type
for thin concrete elements like the cover of the dome, which is called in Italian ferrocemento.
It included a small size of aggregate with a small diameter or reinforcement. This concept of
material is important even today.
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Fig. 2 Palazzo dello Sport, main hall and foyer Roma, Italy (Photo GL. Balazs)

3. DESIGNING 3D PRINTED CONCRETE



The 3D concrete printing is a disruptive technology without using any formwork. It is also often
distinguished as an additive technology indicating how the material is proceeded. This is very
productive technology whenever the material composition is available supplied continuously.

The 3D concrete printing (often abbreviated as 3D CP) process is controlled by the fresh
properties of the concrete. Specifically, the mix, which should have sufficient green strength,
must be capable of flowing through a distribution system and then be deposited in layers onto
a build substrate without experiencing significant damage while also supporting the weight of
subsequent layers.

Formwork in concrete construction constitutes a high percentage of the structure cost [6],
often generates substantial waste, and imposes limitations on geometric freedom. Complex
geometries may escalate costs and impede construction speed. In addition to that, nearly every
stage of the construction process demands significant energy and results in substantial
greenhouse gas emissions [7].

Zhang et al. [8] outline various applications of 3D CP, including buildings, bridges, and
structures printed with simulated lunar regolith.

Bhattacherjee et al. [9] examined the sustainability of Supplementary Cementitious
Materials (SCMs) for 3DCP, using carbon footprint and embodied energy as metrics. Their
findings indicate that concretes incorporating fly ash, slags as SCMs, and geopolymer concrete
exhibit lower carbon footprints and embodied energy compared to conventional Portland
cement-based concretes.

Freedom of design in 3D printed concrete structural elements is often emphasized. It is a
very particular way of designing elements. The designer should draw a continuous line, how
the printing head finally does it. The whole construction — or segments of it — must be able to
be followed by the method of line drawing.

Fig. 3 indicates the 1°' arch bridge in Hungary produced in 3D concrete printing. The
specialities of this printing are the different structural elements, i.e. compressed arch,
compressed columns and the horizontal deck in final position.




Fig. 3 Arch bridge produced in 3D concrete printing (Lab. of Construction Materials and
Technologies, BME, Budapest) (Photo GL Baldazs)

4. REINFORCEMENT FOR 3D CONCRETE PRINTING
4.1 3D concrete printing of a cylindrical shell element

The conceptual design in 3D concrete printing is of particular importance. An example is
presented in Fig. 4 for a structural element, a shell with constant curvature. The details of the
shell element such as actual shape and curvature of the shell, support length, incorporation of
tensile element in the anchorage zone are decided during the design printing. It is imperative to
acknowledge the pivotal role that effective conceptual design plays in the realm of engineering
structures [3] [10] [11].

Parameters, like printing speed, nose shape, nose diameter must be also decided before
printing.



YA 4

Fig. 4 Anchorage details of 3D concrete printed shell element including tensile FRP
reinforcement during the 3D concrete printing process (Lab. of Construction Materials and
Technologies, BME, Budapest) (Photo GL Balazs)

As illustrated in Fig. 4, the utilisation of FRP (Fibre Reinforced Plastic) reinforcement as
tensile reinforcement is evident. The following presentation will provide a detailed overview of
the process of applying tensile FRP reinforcement. Bond stresses must be analysed in order to
conduct an anchorage analysis.

The incorporation of FRP reinforcement into 3D concrete printed cylindrical shell
element is presented in Fib. 5.



Fig. 5 The incorporation of FRP reinforcement into 3D concrete printed cylindrical shell
element (Lab. of Construction Materials and Technologies, BME, Budapest) (Photo GL
Balazs)

4.2 Interlaminar shear in 3D concrete printing

In the context of 3D concrete printing, a layered technique, interlaminar shear is of particular
significance. It is evident that the utilisation of short polymeric fibres, which are incorporated
into the concrete mixture prior to printing, may not serve as a viable solution for the interlaminar
shear of a beam or wall element.

A new solution is developed in Fig. 6 to improve interlaminar shear capacity of printed
concrete layers. The new solution includes distribution of 3-dimensional STAREX reinforcing
elements within the printed layers. (The international patent known as STAREX was granted to
Csongor Czintos.)

In this way performance of the whole wall or element in 3D concrete printing is improved
[12]

Fig. 6. Increase of interlaminar shear in 3D printed concrete by STAREX elements (Lab. of
Construction Materials and Technologies, BME, Budapest) (Photo GL Baladzs)



The STAREX reinforcing elements can be produced in different sizes for different
applications (Fig. 7). The overhanging hooks, the diameter of wire and even the material are
parameters of the production STAREX reinforcing elements.

Fig. 7. STAREX reinforcing elements of different sizes (Lab. of Construction Materials and
Technologies, BME, Budapest) (Photo GL Baldazs)

The potentials of STAREX reinforcing elements for structural applications are mentioned
in [13].

5. CARBON FIBRES IN CEMENTITIOUS MATRIX

Carbon fibres in cementitious matrix reinforcement = CFCM reinforcement is a new patent that
reduces the temperature sensitivity of FRP reinforcement (CFCM is an international patent).
Contrary to FRP reinforcement, the embedding matrix of the fibres is changed to cement-based
matrix. In this way the reinforcement has a contact to the concrete by cement (not polymer)
binder.

The CFCM reinforcement can be produced in any shape or cross-section, and it has been
demonstrated that it provides a strong bond between the reinforcement, which is cement-bound,
and the concrete [14]. As demonstrated in Fig. 8, the utilisation of CFCM reinforcement serves
to illustrate the spatial shell, thereby signifying the capacity for formability.



Fig. 8 Spherical shell model in CFCM reinforcement [14]

Another example in Fig. 9 is shown indicating an easy preparation of helical stirrup
reinforcement.

Fig. 9 Helical CFCM reinforcement

Whenever the CFCM reinforcement is bonded to concrete the bond layer is extraordinary
since the concrete has binder as cement and in the same way the reinforcement has binder as
cement (Fig. 10).

Fig. 10 Bond layer of an embedded CFCM reinforcement opened after failure of the element —
is still entirely connected to the concrete Lab. of Construction Materials and Technologies,
BME, Budapest) [14] (Photo GL Balazs)



Since the CFCM reinforcement is in fresh form within several hours and insensitive for
corrosion. there is real chance to a new definition of concrete cover with zero or a small value.
Fig. 11 indicates beams with zero concrete cover tested in 4-point bending (Fig. 11.c). Material
properties for the CFCM reinforcement as well as for concrete are given in Fig.11.b. The force
- deflection diagram indicates bilinear behaviour until failure (Fig. 11.d).

a) Beam with no concrete cover c) Material properties of carbon fibres
(ZOLTEK TORAY Group):
tensile strength: fin = 4 137 N/mm?
modulus of elasticity: Efp =242 000
N/mm?
ultimate elongation: eib=1,5%
diameter of single fibres: 72x10° m

number of fibres in 1 cable: : 50 000

Design concrete strength of I girder:
compressive strength: 80 N/mm?

c¢) Test arrangement (dimensions in mm) d) Load — midspan deflection diagram of
beam with 24 x 50 000 carbon fibres
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Fig. 11 A concept with no cover of CEFCM reinforcement in beam test, (Lab. of Construction
Materials and Technologies, BME, Budapest) [14]

CONCLUSIONS

The harmonious integration of concrete and reinforcement led to the global adoption of
reinforced concrete across all continents. The requirements for safety, serviceability,
constructability, economy, aesthetics and sustainability thus provide a stimulus for new ideas in
development and innovation. In this work three disruptive inventions are presented and
discussed with applications: 3D concrete printing, a new 3-dimentsional reinforcing element
and the reinforcement that has carbon fibres in cementitious matrix.

a. The 3D concrete printing is a disruptive technology that does not use any formwork. It is also
often distinguished as an additive technology, indicating how the material is processed. This is



a very productive technology whenever the material composition is available and supplied
continuously. Freedom of design in 3D printed concrete structural elements is often
emphasized. The integration of reinforcement within three-dimensional concrete-printed
elements presents certain technological challenges, which must be addressed to ensure the
successful incorporation of the reinforcement. Two solutions were discussed to overcome these
difficulties. An example was shown for printing of a shell element where FRP bars were inserted
during printing as tensile reinforcement of the shell (see Fig. 4 and 5).

b. As demonstrated by another example, the overall stability of printed concrete layers can be
enhanced through the incorporation of three-dimensional reinforcing elements, which function
as interlaminar shear reinforcement. (see Fig. 6 and 7).

¢. The most compatible reinforcement for concrete is provided by a new development, since
carbon fibres are embedded into the cement matrix (rather than into a polymer). The
cementitious matrix of reinforcement enables improved fire resistance and corrosion resistance.
Since the carbon fibres are embedded into the cement matrix, the reinforcement is called carbon
fibres in cementitious matrix reinforcement and abbreviated as CFCM. An example is shown
for helical CFCM reinforcement (see Fig. 8). Since the electrolytic corrosion is entirely
excluded and the temperature sensitivity of the reinforcement is improved, there is a possibility
of reducing the concrete cover on the elements by employing CFCM reinforcements, provided
that other factors do not necessitate a substantial cover (see Fig. 11).
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