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Abstract

The success story of prestressed concrete is based on the utilization of high‐strength prestressing steel which
enables large compressive forces to be introduced into the concrete. However, thin‐walled concrete
structures often require considerable thicknesses for the sole purpose of preventing corrosion of the steel
elements. In this paper the use of prestressed Carbon Fiber Reinforced Polymer (CFRP) for the development
of thin‐walled concrete structural elements is briefly presented. The transition of material to stronger, lighter
and corrosion‐resistant CFRP represents a significant improvement in concrete construction. Prestressing with
CFRP elements leads to more slender and thereby more economical and durable structural elements. Through
the additional prestressing of a reinforcement mesh, very light and highly rigid surface structures can be
constructed. Prestressing technologies have been developed and adapted for specific applications i.e. slabs
and doubly curved structural elements and validated by experimental tests. This paper shows that prestressed
carbon reinforced concrete can be used for more durable and efficient thin‐walled structures, allowing for
more sustainable construction.
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Introduction

The usage of carbon fiber reinforced polymer as
reinforcement is a further development of
reinforced concrete, in which the corrosion‐
susceptible steel reinforcement is replaced by the
stronger and non‐corrosive material CFRP, in the
form of textiles, straight reinforcement bars and
tendons. With carbon reinforcement, the durability
of concrete structures can be significantly
increased, especially if they are exposed to more
vulnerable situations such as freezing and thawing
cycles or cyclic loads. Since the concrete cover is
only needed for the bond and not as corrosion
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protection, carbon fiber reinforced concrete can be
very slender and thus resource‐efficient.
Prestressing reduces the deformation of the slender
carbon fiber reinforced concrete elements and
hence, results in reduced crack widths. In addition,
the use of high‐strength concretes allows an
introduction of particularly high prestressing forces.
The combination of carbon reinforcement,
prestressing and high‐strength concrete results in a
highly efficient and sustainable composite
material [1].
Prestressed carbon concrete is currently being
investigated at the TU Berlin within the „C³‐V4.2“‐
project as part of the joint project "Carbon Concrete
Composite (C³) – Rethink building". On one hand,
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bridge systems for road traffic with prestressed
carbon strands are being investigated [2], while the
other part deals with investigation of thin‐walled
concrete structures with prestressed carbon fiber
textiles. In this paper, the current state of research
of the subproject on prestressed thin‐walled carbon
fiber reinforced concrete structures is presented,
which was developed in cooperation with the
research partners Ginkgo and solidian.
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State of the Art

3.1

Prestressed Thin-Walled Reinforced
Steel Concrete

Since the 1930s, numerous thin‐walled prestressed
concrete structures have been constructed
worldwide. In this section, two examples are
presented, which were used as a reference for the
development of thin‐walled concrete structural
elements within the framework of C3 V 4.2‐project.
In 1959, a prestressed folded slab (Figure 1) with a
span of 36 m and a roof pitch of 45° was constructed
in Weiningen (Switzerland) for the roofing of an
industrial building by Siemens [3].

Figure 2. Folded slabs during construction [3]
Figure 3‐a shows the production of a prestressed
shallow shell of double curvature. It represents a
strip of a one‐sheet hyperboloid, which consists of
straight generatrix, and can therefore be produced
as a prestressed prefabricated structural element
on a prestressing bed. According to the Silberkuhl
shell system, prestressed one‐sheet hyperboloid
shells were widely used as prefabricated structural
elements for the roofing of different buildings. The
structural behavior of this system was investigated
by Ruppert et al. [4] using FE‐Analysis. Figure 3‐b
shows the application of hyperbolic shells for a
building in Birmingham [5].

a.

a.

b.
Figure 1. a. Cross section of a prestressed folded
slab; b. Industrial building by Siemens [3]
The inclined planes discs of the folded slab are each
prestressed with two parabolic steel tendons
(Figure 2). Thus, an optimal deformation behavior
of the component was ensured.
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b.
Figure 3. a. Production of a Silberkuhl shell;
b. application of hyperbolic shells for a building in
Birmingham [5]
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3.2

Prestressed Thin-Walled Carbon
Reinforced Concrete

While the prestressing of steel tendons in the
construction industry is the state of the art today,
there is still adequate research to be done regarding
prestressing of CFRP tendons or textiles and
especially in thin‐walled structures. In this section,
recent research in this area is reviewed.

force. Thus, extremely slender structures can be
produced, which are particularly suitable as
prefabricated structural elements (Figure 6). For
this reason, the research within project C³‐V4.2
focused on the prestressing of textile reinforced
concrete elements.

Stark and Hegger [6] carried out experiments on the
bonding behavior (required minimum thickness for
shell components) of prestressed CFRP bars and
strands. For folded slabs or shells with a single
prestressing layer, shell thicknesses of 6 cm and
4.5 cm were obtained repectively for CFRP bars and
strands (Figure 4).
Figure 6. Textile reinforced concrete [8]

Figure 4. CFRP reinforced folded slab [6]
Terrasi [7] investigated the combination of
prestressed CFRP wires and high performance
concrete and used it for the development of
prefabricated thin‐walled structural elements. One
example is a 27 m high CFRP prestressed pylon from
high performance spun concrete. The conical pylon
(Figure 5) had an external diameter of 850 mm and
530 mm at the bottom and top respectively with an
average thickness of 48 mm. The pylon weighed
6000 kg reducing the weight by 40% compared to a
conventional steel‐reinforced concrete pylon.

Figure 5. CFRP prestressed pylon [7]
Compared to the prestressing with CFRP bars or
strands, the cross sections could be further reduced
with CFRP textiles, which can be attributed to its
capacity of introducing more uniform prestressing
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Prestressed CFRP textiles have been investigated by
very few researches. Krüger [9] investigated in his
dissertation the feasibility of pre‐stressed textile
concrete slabs with layers of alkali resistant (AR)
glass, aramid and CFRP. The work focuses on the
requirement of the textiles, the fine agregate
concrete and the coating systems for a prestressed
component. The tests have shown that resin
impregnations appear to be suitable as a coating
system and creating a rough surface. In addition, an
increase in the load‐carrying capacity of prestressed
concrete slabs was demonstrated as compared to
the passive textile reinforced slabs.
Conventional prestressing methods, in which each
individual tendon is prestressed, cannot be applied
directly to CFRP textile reinforcements, since the
clamping of the textiles is not technically and
economically feasible due to the large number of
rovings. From a technical point of view, the largest
possible number of rovings must be clamped and
prestressed. The requirement of the prestressing
system is that individual rovings receive the same
elongation and thus the same prestressing force. At
the same time the textiles should remain
undamaged [1].
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4.1

Structural Behavior of CFRP Textile
Reinforced Concrete

Table 1. Material properties

CFRP Textile as Reinforcement

The stress‐strain behavior of textile‐reinforced
concrete specimens was investigated by Jesse [10].
The investigations showed lower tensile stiffnesses
and load capacities than theoretically assumed. This
was due to premature tearing of the outer
filaments. The textiles used consisted of uncoated
or unimpregnated glass fibers, resulting in a weak
internal bond between filaments and matrix.
Kulas [11] investigated glass and carbon textiles
completely impregnated with epoxy resin and their
interaction with concrete. The breaking strength of
the impregnated rovings was observed to be two to
three times of that of un‐soaken textile. The
improved internal bond due to the impregnation
leads to a behavior similar to that of a steel
reinforced concrete. Consequently, the flexural
strength of textile‐reinforced concrete components
(in contrast to the non‐impregnated textiles) can be
determined in a purely mechanical way similar to
the steel reinforced concrete.

Concrete
C3‐B2‐NF3

E

fck/σtex,ck

fcm/σtex,u

[GPa]

[MPa]

[MPa]

34

51

59

2200

3100

Textile
Solidian GRID 220
Q142‐CCE‐25

Figure 7. Solidian GRID Q142‐CCE‐25
Consequently, with the prestressing, CFRP textiles
can be fully activated under design loads, making
possible, a more economicall design.

However, structural elements with CFRP
reinforcement subjected to bending cannot utilize
the high tensile strength of the CFRP without
inducing large curvatures [12]. In addition, thin
walled textile structural elements have generally a
low bending stiffness compared to conventional
concrete elements, which can lead to even greater
curvatures and thus greater deflections [1].
An elegant option to counter this is the use of
prestressing.

4.2

Prestressed CFRP Textile

Four point bending tests on centrically prestressed
textile reinforced slabs were carried out at TU Berlin
(Figure 8). Table 1 shows the material properties of
the concrete and CFRP textile (Figure 7) used for the
tests. The experiments show the increment of the
cracking moment and thus the improvement of the
deformation behavior for different degrees of
prestressing (30 and 60% of the characteristic
tensile
strength).
Obviously,
prestressing
eccentrically, improves the effect even more [1].
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Figure 8. Four point bending tests of prestressed
CFRP textile reinforced concrete slabs
An important aspect is that, post‐tensioning
(bonded or unbonded) is not possible due to the flat
structure of the textile reinforcement. Due to the
biaxial distribution of the rovings, an introduction of
the textiles in encapsulation ducts is not feasible.
For this reason, only a pretension or an unbonded
external prestressing is possible. Prestressed textile
reinforced concrete elements can therefore only be
produced as prefabricated structural elements [1].
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Tested Structural Elements

In cooperation with the project partners Ginkgo and
solidian several prestressed CFRP textile reinforced
concrete elements with different geometries were
produced. Consequently, load tests were carried
out on these specimens at TU Berlin.

5.1

a.

Developed Prestressing Systems

Two prestressing devices with different approaches
have been developed by Ginkgo and solidian
separately for the prestressing of CFRP textiles.
The prestressing system of Ginkgo is based on a
approach of gluing the textiles with mortar and
subsequent clamping of the rovings, with the
advantage that, one can prestress several layers of
textiles at the same time. However, here the
construction efforts are more than the system of
solidian, in which by a simple clamping, single layer
can be prestressed in an efficient manner. Figure 9
shows the principle of the Ginkgo system.

b.

c.
Figure 10. a. Cross section of the TT‐slab
(dimensions in mm) b. Four‐point bending test
c. bending failure
In addition to the experimental investigations,
analytical calculations were carried out. Figure 11
shows the comparison of the results obtained from
experimental and analytical studies.

Figure 9. Prestressing system designed by Ginkgo

5.2

TT-Slab

Four carbon textile reinforced TT‐slabs were
produced by Ginkgo and tested at TU Berlin. Three
of them with a four‐point bending test and one in a
long term test to investigate the variation of the
structural behaviour along the time.
The cross section of the TT‐slabs is shown in
Figure 9‐a. As a part of the tests, in addition to the
determination of the breaking load and the
breaking moment, the crack development and the
structural behaviour under large deformations
were monitored.
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Figure 11. Moment‐curvature diagram of a
prestressed CFRP textile reinforced TT‐Slab
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5.3

Folded Slabs

Three carbon textile reinforced folded slabs were
produced by Ginkgo and tested at TU Berlin. Two of
them with a four‐point bending test, one of them
being filled with Infra‐Light Concrete (ILC). The third
beam was tested in a shear test. The same materials
as in the TT‐slabs were used.

5.4

One-Sheet Hyperboloid Shells

As a last example, a doubly curved Silberkuhl
system was tested. At first, the geometry of the
structural element had to be defined, in particular
to put the tendons in the right position. This is to
ensure that the geometry has to be as curved as
possible. At the same time, it cannot be curved to
an extent that the tendons can move from one
support border to the other freely. Figure 14 shows
the geometrical model used to find the right
position for the tendons. Considering a specific
curvature and minimal concrete cover with the
movement of the lines g1 and g2 on the surface the
appropriate location for the tendons is calculated.

a.

b.
Figure 12. a. Cross section of the folded slab
(dimensions in mm) b. 3D‐view of the folded slab
In this case, because of the bending‐shear failure
(Figure 13) only, the limit values for the moments
and shear force were calculated and compared with
the experimental values. A second beam filled with
ILC was tested. It showed considerable increase in
the shear resistance capacity. Further investigations
are currently being carried out at TU Berlin to
improve the structural behaviour of this structural
elements.

Figure 14. Geometrical model used to find the right
position of the tendons [13]
With the defined geometry four specimens (Figure
15) were produced by Ginkgo to be tested at TU
Berlin as the next part of the project. Twenty
tendons made from a carbon reinforcement textile
solidian GRID Q142/142‐CCE‐25 (Figure 7) were
used for the pretension of the structural elements.

a.

a.
b.
Figure 13. a. Four‐point load test of a folded slab
b. folded slab filled with ILC
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b.

Figure 15. a. 3D‐Model hyperboloid shell
b. CFRP‐tendons
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Applications

6.1

TT-Slabs for C³ Project - CUBE Building

The CUBE building (Figure 16) of the C³ project
merges the results of more than 45 individual and
more than 300 sub‐projects in the currently largest
research project in the field of structural
engineering in Germany. This worldwide first
carbon concrete building shows the findings and
developments and demonstrates both the
practicality and the innovation of carbon concrete.
For the execution, a comprehensive exchange of
results and knowledge between C³ projects is
required [14].

6.2

Folded Slabs for a Garage

Another major research field of the Chair of
Structural and Conceptual Design is Infra‐
Lightweight Concrete (ILC). Infra‐Lightweight
Concrete is a High Performance Lightweight
Aggregate Concrete (HPLWAC) with a dry density of
less than 800 kg/m³. Such low density means low
thermal conductivity and thus allows for
monolithical and fair faced concrete structures
without any additional heat insulation [15]. The
garage shown in Figure 18 combines both fields
using ILC walls and a roof of folded slabs introduced
in section 5.3.

Figure 16. CUBE building of the C³ project
(visualisation: Iurii Vakaliuk, TU Dresden, Germany)
A main aspect in the building concept is the
arrangement of three identical laboratories, in
which, comparative building physics measurements
and user studies can be carried out during
operation. According to the current planning status
the ceiling of one laboratory will be designed as TT‐
slab based on the research results shown in section
5.2. The structural behaviour of the TT‐slab will be
monitored during the service life.

Figure 17. Section of the CUBE building,
laboratories for building physics measurements
(graphic: AIB GmbH & TU Dresden, Germany)
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Figure 18. Rendering of garage with Infra‐
Lightweight Concrete Walls and a Roof of folded
slabs
The roof consists of 5 folded slabs elements. Each
element has a width and span of 1.20 m and 8.71 m
respectively (Figure 19). The whole structural
system is easily demountable, making it easy to
recycle and environment‐friendly.

Figure 19. Section of a Garage with ILC walls and a
folded slab roof
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Conclusions

Generally, structural elements with passive CFRP
reinforcement subjected to bending cannot utilize
the high tensile strength of the CFRP without
inducing large curvatures. An elegant option to
counter this is to use prestressing. Prestressed CFRP
elements lead to more slender and thereby more
economical and durable structural elements.
Compared to the prestressing with CFRP bars or
strands, the cross sections can be further reduced
with the use of CFRP textiles. Thus, extremely
slender structures can be produced, which are
particularly suitable as prefabricated structural
elements. Various load tests on prestressed CFRP
textile reinforced concrete elements were
performed, showing the expected improvement of
the deformation behavior. Some of the developed
structural elements are being implemented in real
constructions. The present paper shows the
potential of prestressed CFRP textile thin‐walled
concrete structures. However, there is still much
research to be done and new structural elements to
be developed.
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