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Abstract: Various methods have been developed to produce deck slabs for steel–concrete composite
bridges. Usually, the deck slabs are cast with in situ concrete using a formwork carriage, resulting
in construction progress of 15 to 25 m of deck slab per week. A new construction method was
developed at the Institute of Structural Engineering (TU Wien), which enables the swift erection of
the concrete deck slab. This method employs precast deck slab elements with reinforced concrete
cross-beams which span in the transverse direction. With this new construction method, producing
up to two deck slab sections of 15–25 m per day becomes possible. Further, the performance of
novel reinforcement detailing required for the precast deck slab elements is investigated by structural
testing. The experiments consist of eight load-bearing tests on four specimens which represent
sections of the element during casting and after completion. The investigated parameters in series 1
are the length and spacing of loops, used for protruding longitudinal bars enclosure. In series 2, the
enclosure of the shear reinforcement and the height of the cross beams are varied. The results show
that the targeted bending capacity could be reached in all tests with no signs of premature failure due
to detailing reasons. Based on the experimental results, the feasibility of the new approach is shown
and recommendations for detailing are given.

Keywords: accelerated construction; bridge building; cross-beam; deck slab; experimental inves-
tigations; precast concrete; precast element; steel–concrete composite bridge; structural testing;
transportation carriage

1. Introduction

In the construction of steel–concrete composite bridges, the production of the concrete
deck slabs is usually critical in terms of the time path [1]. Various techniques for the
construction of concrete deck slab have been developed to keep up with the fast construction
process of steel superstructures. A distinction can be made between building the deck slab
with cast-in-place (CIP) concrete or prefabricated elements. When building with precast
elements, a differentiation can be made between half- and full-depth elements [2]. Since
the construction speed of the deck slab significantly influences the economic efficiency of
steel–concrete composite bridges [1], many advanced accelerated construction solutions
have already been developed (see Section 1.2). The total expenses for a bridge or roadway
project are not limited to the amount spent on materials and labor. In addition, user costs
must be considered [3]. According to Hällmark et al. [3], construction sites disrupt the
typical traffic flow around the project area, leading to inefficient distribution of goods
and longer waiting times. Therefore, accelerated construction of engineering structures is
paramount for all involved.

1.1. Construction Methods with CIP Concrete

A time-consuming but proven method is casting the deck slab on stationary formwork.
Figure 1a shows the erection of the deck slab with formwork attached to the steel girders.
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A combination of falsework and formwork can also be used. The assembly and disassembly
of the formwork will need a considerable amount of time. This method is usually used for
bridges with short spans and where the factor of time plays a minor role.

(a) (b)

Figure 1. Construction techniques for deck slabs with CIP concrete. Photos courtesy of Peri SE,
Germany (a) and Doka GmbH, Austria (b). (a) Stationary formwork attached to the steel structure.
(b) Formwork carriage on a roller support system.

Figure 1b illustrates a rather sophisticated and widely used method. In this case,
a formwork carriage is used to cast individual construction sections, for example, at weekly
intervals. The length of a single construction section depends on the size of the carriage and
ranges from 15 to 25 m. To move the carriage to the next casting section, a roller support
system is attached to the upper chord of the steel structure. Additionally, the concrete must
have sufficient strength for the formwork to be removed.

Methods using CIP concrete have the advantage of producing high-quality deck slabs,
which ensures high durability.

1.2. Construction Methods with Prefabricated Elements

A significantly faster process of deck slab construction can be achieved using prefabri-
cated elements. Several building methods utilizing half- and full-depth elements have been
developed in recent decades. Comprehensive overviews of different techniques for slab
building with prefabricated elements for steel–concrete composite bridges are presented
in [1,4]. In construction methods using prefabricated elements, vertical and horizontal joints
inevitably occur due to the division of the deck slab into several segments. Particularly
in the case of full-depth elements, the resulting joints extend over the entire height of the
concrete slab cross-section (see Figure 2). Durability problems are often associated with
joints [5]. This has resulted in a reluctance to use prefabricated elements in some countries
(e.g., Germany, Austria, and Switzerland). Other countries, such as the USA, Japan, China,
India and France, have adhered to the construction method with prefabricated elements
and now have a substantial inventory of steel–concrete composite bridges, where the deck
slab was built with precast elements [6].

1.2.1. Full-Depth Elements

When building the deck slab with full-depth precast elements, the elements are placed
next to each other on the already completed steel structure. By placing the elements side
by side, a continuous vertical joint over the entire height of the cross-section of the slab
is unavoidably obtained. In the past, several solutions for the connections of segments
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for precast segmental bridges have been developed [7]. These same methods have also
been used to form the joint of full-depth precast elements for the deck slab. Essentially,
a distinction is drawn between: (a) reinforced CIP concrete joints (Figure 2), (b) unreinforced
mortar joints, (c) epoxy joints and (d) dry joints.

The usual connection is a reinforced joint. This solution has advantages when it
comes to accuracy of the precast elements and the need for match casting [7]. Therefore,
the reinforcement projects from the edges of the elements. In most cases, additional
reinforcement is installed at the construction site. The joint is then closed with CIP concrete.
This method was applied at the Bahretal bridge in Germany [8,9].

Figure 2. Stitching detail of transverse joint of Bahretal bridge [9]. Photo courtesy of company group
Max Bögl/Johann Schlapschy.

1.2.2. Half-Depth Elements

When building deck slabs with half-depth elements, CIP concrete must still be poured
at the construction site to complete the deck slab. The half-depth elements act as a perma-
nent formwork system. In many cases, a large part of the reinforcement is already present in
the precast elements so that it can be fully included in the structural analysis. An advantage
of producing the deck slab with half-depth elements can be seen in the comparatively
lightweight precast elements, which accommodate the transportation restrictions. Another
benefit of using half-depth elements in terms of durability is that no vertical joint over the
entire height of the cross-section arises due to the top layer of CIP concrete.

Doss et al. [10] proposed a method where a thin plate is already cast in the factory
on top of a steel girder and connected using shear connectors, e.g., shear studs, which are
welded to the top chord (Figure 3). The width of the thin concrete plate is usually limited
to the maximum transport width in the respective country. The transport width should
not exceed 2.55 m (Europe) to avoid special transport [11]. In addition, shear connectors
protrude from the thin plate to create a sufficient bond with the CIP concrete. The composite
steel girders are placed on the abutments at the construction site, and the joints between
the thin plates are sealed. This construction method is intended for bridge structures over
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already existing infrastructure routes, where no long-lasting interruptions of these should
occur. The use of the VFT® (german abbr. for precast composite beam) construction method
requires a relatively high number of longitudinal girders. This is due to the closing of the
longitudinal joint between the thin precast concrete plates and the hauling restrictions.

3.90 m 3.90 m 3.90 m

16.50 m

Cast-in-place concrete
Precast concrete
Steel structure

Figure 3. Cross-section of a bridge with two lanes according to the VFT® construction method.
Adapted from [10].

Another method for constructing the deck slab was used in Germany when building
the Wupper River valley bridge Oehde [12]. In this case, a steel–concrete composite bridge
was erected with seven spans between 44.0 and 72.8 m and a total length of 418.3 m.
The steel structure, a U-shaped box beam, was brought into its final position using the
incremental launching method. The concrete deck slab was built with partial-depth precast
elements (Figure 4), placed on elastomeric strips and an additional CIP concrete layer. The
shear connection between the steel and the concrete structure was achieved with shear
studs, which were welded to the top chord of the U-shaped box beam. For the overhangs
in the cross-section, an auxiliary steel structure with inclined struts was attached to the
U-shaped box beam to provide sufficient support for the partial-depth precast elements.
The static system for the precast elements thus consisted of four bearings with two support
strips each. Using this method, the lengths of the cantilevers in the cross-section are limited
due to the low effective depth d of the precast elements. Similar solutions with partial-depth
precast elements were also proposed by Badie et al. [13] and Lühr et al. [14].

Elastomeric strip
Upper chord of the steel structure

Precast partial-depth element
Shear studs

Shear pocket
Small cantilever

Figure 4. Cross-section of precast partial-depth element used in Wupper River valley bridge Oe-
hde [12].

A combination of thin partial-depth precast elements, which serve as a permanent
formwork system and a top CIP concrete layer, was developed at TU Wien [15]. The
production of the deck slab is based on the principle of the formwork carriage method
with CIP concrete. Instead of formwork made from multilayer wood panels, thin precast
elements are used. Under industrial conditions, slab elements with a thickness of 70 mm
are produced in a precasting plant. The top surface of the elements is roughened to enhance
the bond with the top concrete layer. Additionally, lattice girders can be installed, which
serve as a composite reinforcement. At the assembly area, several elements are connected
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by a first concrete layer with a thickness of 70 mm. After the first concrete layer has
hardened, the elements are transported to their final position at the construction site using
an installation carriage (Figure 5). In the area of the transverse joints, reinforcement laying
work must be carried out to obtain a monolithic slab. After the top CIP concrete layer has
gained sufficient strength, the installation carriage can be moved to the assembly area to
provide new deck slab elements for the next section of construction. The method from
Gaßner [15] was initially developed for constructing the deck slabs of two bridges built in
Austria and designed by Kollegger et al. [16]. The slab was intended to be produced on
already-completed post-tensioned longitudinal girders erected using the balanced lowering
method developed at TU Wien [17]. However, the described slab building technique can
also be used for steel–concrete composite bridges.

Figure 5. Production of one slab section with an installation carriage and thin precast plates [15].
Photo courtesy of Gaßner [15] and Doka GmbH, Austria.

2. Objectives and Scope

In this article an innovative approach for accelerated deck slab production for steel–
concrete composite bridges is presented. The key aspects of the construction regarding
the reinforcement, joints and the production process are shown (Section 3). Furthermore,
the advantages over other methods are discussed with application boundaries for the
suitable employment of the new method derived (Section 3.5). In addition, the feasibility
of the new construction method is demonstrated through experimental investigations and
proposals for the construction (Section 5).

3. New Modular Construction Method

The considerations of the new modular construction method are based on the devel-
opments of Gaßner [15]. To accelerate the construction process of the deck slab, a self-
supporting precast element was developed. It was designed to carry a top layer of CIP con-
crete without large deformations. This property eliminates the need for additional support
during the pouring and curing of the CIP concrete. Thus, time-consuming formwork
placing can be omitted.

3.1. Innovative Precast Deck Slab Element

To meet the requirements for the precast deck slab element mentioned above, thin
plates (80–100 mm) are connected with one, or preferably two, reinforced concrete (RC)
cross-beams (Figure 6). The cross-beams are responsible for transferring the loads, which
occur during the construction of the slab, in the transverse direction of the bridge structure.
Thus, they must carry the dead load of the precast element, the top layer of CIP concrete,
and a construction crew that can use the element as a working platform. Ideally, the length
of the deck slab corresponds to the width of the bridge in the final state. At the edges,
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upstands are arranged and create a lateral formwork for the top layer of CIP concrete. The
height of the upstands is equal to the height of the finished deck slab at the cantilever end.
For wide bridges with many lanes or several tracks, the deck slab element can also be split
longitudinally. Then, the element is subdivided into cantilever slab elements and span
slab elements.

Figure 6. Precast deck slab element (without visualization of reinforcements): example for a bridge
with two longitudinal girders.

The layer of concrete above the cross-beam should not exceed 100 mm, therewith
the cross-beams still have a sufficient effective depth d. This thickness of the layer of
concrete above the cross-beams comprises the space required for (a) sufficient concrete cover,
(b) upper longitudinal reinforcements, and (c) a height by which the top reinforcement
protrudes from the cross-beam. This detail of a protruding bending reinforcement is
presented in Section 3.2. In Section 5.1, experimental investigations regarding this detail
are shown.

To obtain a proper bond with the top layer of CIP concrete, the top surface of the plates
must be roughened. In addition, reinforcements projecting from the thin plates also serve
as shear reinforcement in the finished deck slab.

3.2. Reinforcement Layout

The reinforcement layout is similar to a deck slab made from CIP concrete. During the
conceptual design of the deck slab elements, the aim was that as much reinforcement as
possible should already be integrated in the precast element, to achieve the fastest possible
construction progress on-site, as can be seen in Figure 7. On-site placement of reinforcement
is thus limited.

The reinforcement that is already present in the elements includes (a) the bottom
transverse reinforcement, (b) the top transverse reinforcement, (c) the bottom longitudinal
reinforcement and (d) the shear reinforcement (Figure 7). Only the splice reinforcements
for the bottom longitudinal reinforcement, which run over the transverse joints, and the
top longitudinal reinforcements must be placed on-site (Figure 8). Since it is helpful to
place only the upper longitudinal reinforcements at the construction site, as they reach
over several elements, the sequence of the upper longitudinal reinforcement and the upper
transverse reinforcement is reversed in comparison to the reinforcement layout of usual
CIP slabs.
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(a)

(b)
Figure 7. Precast deck slab element. (a) Reinforced precast deck slab element: example for a bridge
with one longitudinal girder (e.g., box girder). (b) Deck slab element in precast plant [18].

To minimize the reinforcement placement at the construction site, the top transverse
reinforcement is already installed in the precast deck slab element. Therefore, only the top
longitudinal reinforcement must be placed on top of the transverse reinforcement. This
new reinforcement layout leads to swift construction progress. Nevertheless, the swapping
of the top two layers of the reinforcement has a small negative effect on the inner lever
arm d for transverse bending.

The reinforcement of the cross-beams should be designed in such a way that the
cross-beams are capable of carrying the dead load of the precast deck slab element and
a top layer of CIP concrete. To maximize the effective depth d for transverse bending,
the reinforcement protrudes from the beam by half its diameter. This protruding rein-
forcement is anchored into the concrete using additional loops. Another advantage is that
the protruding reinforcement serves as a spacer and support for the upper longitudinal
reinforcement that is placed on-site. Moreover, the reinforcement layout of the cross-beams
forms a rough surface, which is advantageous for the bond between the precast element
and the CIP concrete.
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Figure 8. Reinforcement placement on-site: splice reinforcement (yellow) and top longitudinal reinforce-
ment (red). Protruding stirrups (blue) and the transverse reinforcement (black) are pre-installed.

3.3. Longitudinal and Transverse Joint Details

Several implementation options have been developed for the bearing and sealing detail
of the precast elements [19]. It is important that precast deck slab elements rest evenly
on all bearing points and that a seal is created between the longitudinal steel structure
and the precast deck slab elements. Sealing is important to prevent the top layer of fresh
CIP concrete from leaking through (a) the longitudinal joint between the steel structure
and the precast deck slab elements, and (b) the transverse joint between two precast deck
slab elements.

The preferred option for implementation of the longitudinal joint is drawn on the left
side in Figure 9. For more clarity, the shear studs and the reinforcement protruding from the
deck slab element are not shown. The figure shows a cross-section through the longitudinal
steel girder and the deck slab element in the area of a cross-beam. The cross-beams of
the deck slab element are slightly lower in the area of the steel girders and are placed
on mounting bearings with the same width as the cross-beams. Sealing is achieved by
means of concrete sealing elements that are added into place after the deck slab elements
have been placed. Due to the sealing component, which preferably has the same strength
properties as the cured top layer of CIP concrete, the effective depth d in the final state of
the bridge is not reduced for transverse bending. If the bridge has a transverse slope, this
can be adjusted with mounting bearings of different heights or setting screws installed
in the cross-beams. The longitudinal steel girders are then installed at different heights if
there is more than one steel girder.

On the right side of Figure 9, a longitudinal section is shown in the area where two
deck slab elements meet. To create a horizontal bottom seal, an angle made of plastic or
other durable material is inserted into the joint.
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Steel structure
(box girder)

Mounting 
bearing

Cross-beam

Bottom plate

Longitudinal joint

Upper edge of finished concrete deck slab

CIP concrete

Steel structure
Precast concrete
Sealing component

Mounting bearing
Plastic angle

Deck 
slab 

element

Cross-section Longitudinal section
A-A

A

A

Plastic angle

Bottom plate
Transverse joint

Sealing 
component

Upper edge of finished concrete deck slab

Figure 9. Longitudinal and transverse joint details.

3.4. Transportation Carriage

A transportation carriage (Figure 10) for the placement of the precast deck slab ele-
ments will be useful in cases when crane assembly of the elements is not possible, e.g., for
topographical reasons.

Figure 10. Transportation carriage for the placement of a defined section of precast deck slab elements
on an already installed steel structure.

Instead of a direct support of the cantilevers in transverse direction by a formwork
carriage (Figure 1b), the load transfer is carried out via the transportation carriage in the
longitudinal direction. The reversal of the load transfer direction is based on the fact that
the slab elements protrude outwards in the transverse direction and, causing collisions with
transverse frames of common solutions. Therefore, the transportation carriage consists of
two longitudinal trusses (shown in blue in Figure 10), which are connected to each other by
a wind brace (shown in gray in Figure 10). The rails, frame columns, and cross frames for
bearing the loads of the deck slab elements are shown in black in Figure 10. In comparison
to a formwork carriage, the transportation carriage has to bear only the dead weight of the
precast elements and not all of the CIP concrete for the construction section. Therefore, it is
assumed that less steel needs to be used for the construction of the transportation carriage.

A total of eight hydraulic cylinders with long stroke lengths synchronized to each
other are mounted on the cross frames. They are responsible for lifting and lowering the
deck slab elements. To avoid the deck slab elements from being on the oil circuit during
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the transport process, they are mounted with bolts at the cross frames. A recoverable roller
support system (shown in yellow in Figure 10) is attached to the upper chord of the steel
structure, upon which the transportation carriage can be moved.

In order to assemble the deck slab elements on the transportation carriage, the already
completed steel structure is connected to an assembly area behind one of the two abutments.
At the assembly area, the deck slab elements are prepared so that the transportation carriage
can be moved over them and pick them up.

3.5. Proposals for the Construction

Since, in bridge construction, the distribution of internal stresses due to dead weight
in the state directly before opening the bridge for traffic is significantly related to the
construction method [20], a well-thought-out construction schedule is essential for an
economical and durable design. In addition, the time factor is largely determined by the
construction method.

In most cases, the entire steel superstructure is built first (e.g., incremental launching,
erection with cranes, or cantilever erection). After completion of the steel superstructure,
the concrete deck slab can be built. For multi-span bridges, the concrete slab is exposed not
only to compressive stresses but also to tensile stresses. Since the entire slab can rarely be
cast in one working step, concreting sections must be defined. The concreting sections are
usually defined so that the areas that are concreted first are those where sagging moments
occur due to the dead weight [21]. After the CIP concrete of these construction sections is
cured, the areas over the supports are cast. This defined sequence prevents the slab from
cracking in the areas over the supports due to the dead weight. This so called “step-back
method” is also applicable to the construction method presented in this paper.

After placing the precast deck slab elements on the steel structure, either with a trans-
portation carriage or cranes, the application of the CIP concrete controls which areas are
first bonded to the steel structure. It is also possible to first apply a thin layer, as thick as
the bottom plates of the deck slab elements (t = 80–100 mm), to create a partial bond with
the precast elements and the steel structure. This method of construction requires double-
headed shear studs or shear studs of different heights. Due to the partial bond, the concrete
contributes to the load transfer and absorbs stresses in the longitudinal direction of the
bridge, when the second CIP concrete layer is applied. Saving opportunities of the sheet
thicknesses of the upper chord of the steel girder considering a partial bond have already
been described in [10,22].

4. Discussion
4.1. Comparison of the New Construction Method with Conventional Variants

Compared with conventional variants, presented in Section 1.1, the use of deck slab
elements (Figure 6) enables a significant acceleration of the construction process on-site.
Figure 11 shows a simplified construction process of building the deck slab using (a) a form-
work carriage and (b) the new modular construction method presented. Since there are
different general conditions for each bridge project, the individual work steps are not
provided with a time component.

Instead of casting one slab section (15–25 m) in a week by using a formwork carriage
(according to the benchmark values in [23]), it is estimated that up to two slab sections
can be produced in one day using the new construction method. For the transportation
carriage specially designed for the transport of the precast elements, there is no need to
wait until the concrete of the construction section reaches a sufficient compressive strength.
After a construction section has been installed, the transportation carriage can be moved
back to the assembly area to pick up the next precast elements. The elements are able to
carry their own weight and an additional concrete layer without any temporary supporting
structure. Therefore, the placing of the additional reinforcement at the joints between the
sections and casting the top layer of concrete is independent of the installation of the deck
slab elements as can be seen in Figure 11. Work steps can thus run in parallel.



Appl. Sci. 2023, 13, 7825 11 of 25

(a)

(b)
Figure 11. Simplified construction process of the deck slab of steel-concrete composite bridges using
(a) a formwork carriage [2] and (b) the new modular construction method presented.

Since the deck slab elements serve as formwork for the top layer of CIP concrete, no
time-consuming application of formworks needs to be carried out for the deck slab. The
thin concrete plates, which are stiffened by cross-beams serve as a formwork and can be
fully taken into account in the structural analysis.

As the majority of the reinforcement required for the deck slab is already placed in
the precast element, there is no need to carry out laborious reinforcement placing work
on the construction site. Only the splice and the top longitudinal reinforcement have to
placed on-site. In case of ordinary construction methods, all reinforcement works have to
be carried out on-site.

Compared with the production time for conventional methods (approximately one
construction section per week), the new construction method presented here is significantly
faster and meets the requirements of all parties involved in the project.

4.2. Application Boundaries

The dimensions of the precast deck slab elements are primarily restricted by the
maximum transport dimensions and transport weights in the respective country. For
regular transport in most countries of the European Union, the maximum width is 2.55 m,
the maximum height is 4.0 m, and the maximum length of the semitrailer is 16.5 m [11].
The permissible transport weight per semitrailer is approx. 24 t. If special transport is
authorized, these dimensions and the weight can be exceeded.

For most new road bridge constructions, the owner requires that a separate superstruc-
ture has to be built for each directional carriageway for maintenance reasons. In case of
major repair works, one bridge superstructure can be closed and all traffic can be diverted
to the other superstructure (4 + 0 traffic routing) [2]. Applying the outlined maintenance
strategy results in maximum widths of bridge decks of approx. 15 m for highways. In the
case of railway bridges with two tracks, the value of approx. 15 m is also not exceeded.
Such a bridge width can very well be constructed with a sufficient steel structure according
to the span length and deck slab elements, as shown in Figure 6.

Further attention must be paid to the deformation of the deck slab elements after
placing of the CIP concrete and the additional dead load. Therefore, the length of the
cantilevers (cross-beams) should not exceed the value of 3.5 m. Elevations of the deck slab
element can be produced in the precast plant up to a certain limit.

5. Experimental Investigations

In this section, experimental investigations regarding the innovative deck slab element
are shown. Figure 12 shows a deck slab element with different-colored parts representing
the investigated regions. In a first test series, experiments on the transverse load-bearing
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behavior were performed on specimens of cross-beams (red in Figure 12) produced without
a top concrete layer (construction state). For the longitudinal behavior of the finished deck
slab, in a second test series, experimental investigations were conducted on imaginarily cut
out parts of the finished deck slab (blue in Figure 12).

Figure 12. Experimental investigations: Transverse load bearing-behavior of cross-beams for con-
struction state (red); Longitudinal load-bearing behavior of beams cast in several steps (blue).

5.1. Transverse Load-Bearing Behavior of Cross-Beams for Construction State

In order to verify the operation principle of the introduced reinforcement layout of the
cross-beams from the precast deck slab elements in the construction phase, experimental
investigations were conducted. A total of four tests were performed on cantilevers. The
parameters investigated were (a) the spacing s of the additional loops, which project from
the upper surface of the cross-beam, and (b) their anchorage length lb. The additional loops
form a substitution for the concrete cover, which is, among other things, responsible for the
transfer of bond stresses.

The effects of reduced or no concrete cover on the bond strength have already been
investigated in a number of pull-out and bending tests with and without a confining rein-
forcement [24,25]. Due to the reduction in the concrete cover, the longitudinal reinforcement
can no longer be brought to a state of yielding, as premature splitting failure occurs before.
Pull-out tests on eccentric half-joint cantilever specimens were conducted by Mak and
Lees [26] to investigate how bond conditions are affected by reductions in concrete cover.
Several tests have been carried out in which the concrete cover was gradually reduced until
the rebar was only half-embedded in the concrete. Transverse reinforcement in the form of
links was present in all specimens. All tests with half-embedded rebars resulted in a low
pull-out resistance compared to the tests with appropriate concrete cover. No additional
loops above the protruding reinforcement were provided.

5.1.1. Specimens and Test Set-Up

Two beams were produced by Alfred Trepka GmbH (Ober-Grafendorf, Austria), each
of which was tested at both ends, resulting in a total of four bending tests. The height h
and width b of the members were 430 and 220 mm, respectively. The length l of each
beam was 8000 mm. Each of the four tests was labeled with an identifying code. The first
four characters describe the loop spacing in mm, either 100 or 200 mm (S100/S200). The
following four to five characters correspond to the anchorage length of the loops, either 95
or 295 mm (AL95/AL295). The test set-up is shown in Figure 13. The distance between
the support and the loading point of the cantilever was av = 3000 mm. Uplifting was
prevented by two tension rods at the opposite support.
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Figure 13. Test set-up for experimental investigations on cross-beams (all dimensions in mm).

An illustration of the cross-section above the support is shown in Figure 14. The
longitudinal reinforcement and the stirrups were identical in both beams. The top longi-
tudinal reinforcement consisted of four continuous bars of Ø26 mm. The four bars were
combined into two-bar bundles. The lower bar was fully embedded in concrete, and half of
the diameter of the second bar directly above protruded from the upper edge of the mem-
ber. The bottom longitudinal reinforcement consisted of four continuous bars of Ø20 mm.
These bottom bars were enclosed by the shear reinforcement Ø10 mm, which consisted
of two-legged stirrups, equally spaced at a distance of 100 mm. The shear reinforcement
of Ø10 mm was installed at a distance of 100 mm and consisted of two-legged stirrups.
The stirrups were led out of the beam at the top and bent around the upper longitudinal
reinforcement, resulting in two overlapping legs at the top of the bar. The overlapping
distance was 60 mm. In order to exert as little influence as possible on the additional loops,
the legs of the stirrups were not closed.
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Figure 14. Cross-section above the support (all dimensions in mm). (a) Drawing of the cross-section;
(b) Photo of the top of the beam.

The reinforcement was designed in such a way that a flexural failure in the region of
the support is ensured. In this way, it was possible to investigate whether the protruding
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reinforcement can be loaded to the yield stress. Therefore, sufficient shear reinforcement
was provided and a high shear-to-span ratio λ = 7.19 was chosen. A high shear-to-span
ratio λ is equivalent to an increase in the acting bending moment with a constant shear
force and avoids direct compression struts leading into the support.

According to Kani [27], this ratio has a remarkable influence on the shear capacity. It
can also be considered as a bending-moment-to-shear force ratio. Through experimental
studies [27], the range between 2.0 ≤ λ ≤ 4.0 was found to be particularly at risk for shear
failure for beams without sufficient shear reinforcement.

5.1.2. Theoretical Considerations Regarding the Mechanical Operating Principle of the
Additional Loops

The mechanical background of bonding between concrete and reinforcement has
already been described in great detail [28,29]. The mechanical model consists of three-
dimensional tension rings and compression struts, which are in equilibrium. The com-
pression struts, emanating radially from the ribs of the rebar, form a tension ring running
radially around the reinforcing bar. In the instance of unconfined concrete, these tensile
stresses must be absorbed by the concrete alone. If the ultimate tensile stress resistance of
the plain concrete is exceeded, this leads to sudden and brittle premature splitting failure
with associated spalling of the concrete cover, if any. The main parameters that have an
influence on the bond failure mechanism are (a) the bond conditions, (b) the compressive
strength of the concrete, (c) the diameter of the rebar, (d) the concrete cover, and (e) the
confining reinforcement [30].

The mechanical operating principle of half- and full-embedded rebars is drawn in
Figure 15. Assuming that only one layer of the rebar is half-embedded in concrete, only
half a tension ring can be formed, which is in equilibrium with the compression struts. As
a result, only half of the surface is available for transmitting bond stresses. To utilize the
tensile strength of the rebar, higher bond stresses must be transferred due to the smaller
contact surface between the rebar and the concrete. The higher bond stresses result in
higher principal tensile stresses that must be absorbed by the concrete. The additional loops
placed around the half-embedded rebar act as a confining reinforcement and can absorb
these higher principal tensile stresses. Moreover, the additional loops are responsible for
securing the position of the half-embedded rebar due to friction.

Figure 15. Spatial strut and tie model for half- (left) and full-embedded (right) rebar (illustrated
without additional loops). Adapted from [29].
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5.1.3. Material Properties

The concrete with a maximum aggregate size of 22 mm was designed to have a target
compressive strength fcm of 48 N/mm2 (C40/50 acc. to Eurocode 2 [31]). The resulting
water–cement ratio w/c was 0.48, and class CEM I cement was used. The detailed com-
position of the concrete is shown in Table 1. The material properties are described in
Table 2. Compression tests on three cubes (a = 150 mm) were used to determine the mean
cube compressive strength fcm,cube. Based on fcm,cube, the average cylindrical compressive
strength fcm,cyl (acc. to Goller [32]), the average tensile strength fctm (acc. to Eurocode 2 [31])
and the average modulus of elasticity Ecm (acc. to Eurocode 2 [31]) were calculated.

Table 1. Composition of normal-strength concrete for 1 m3 (amounts in kg/m3).

Component m

Sand 0/4 858
Fine gravel 4/16 828

CEM I 52.5R 374
Limestone powder 178

Water 182
Superplasticizer 7

Σ 2427

Table 2. Material properties of concrete.

Specimen
f∗cm,cyl fcm,cube f∗∗ctm E∗∗

cm

in N/mm2 in N/mm2 in N/mm2 in N/mm2

S100AL95/S100AL295 67.0 ± 1.76% 81.7 ± 1.76% 5.28 ± 1.76% 41,360 ± 1.76%
S200AL95/S200AL295 63.7 ± 2.05% 77.6 ± 2.05% 5.04 ± 2.05% 40,571 ± 2.05%

* calculated based on fcm,cube acc. to [32]/** calculated based on fcm,cyl acc. to Eurocode 2 [31].

In total, two tensile tests were performed on Ø26 mm reinforcing bars that were
installed in the specimens. The mean values of the results are shown in Table 3.

Table 3. Material properties of protruding bending reinforcements of Ø26 mm.

Type As fym ftm Agtm Esm
in mm2 in N/mm2 in N/mm2 in % in N/mm2

Ø26-B550B 535.10 574.00 ±
0.62%

677.00 ±
0.10% 9.30 ± 12.37% 204,600 ±

3.68%

5.1.4. Measurements

The applied loads were simultaneously measured via load cells mounted at the hollow
piston jacks (Eberspächer GmbH, Esslingen, Germany) and load cells (HBM GmbH, Telgte,
Germany) at each support. The uplift forces were calculated based on strain gauge measure-
ments on the tension rods. To quantify the contribution of the protruding reinforcement
during the tests, two strain gauges (HBM GmbH) at each protruding bar, right above the
supporting area, were applied. Surface deformations during testing were measured using
digital image correlation (Aramis 4M, resolution 2352/1728 pixels, GOM, measurement
frequency 1/4 Hz). Linear variable differential transformers (LVDTs) were positioned
underneath the specimens to measure the deflections during the tests (Solartron BS50
100 mm (Solartron Metrology, West Sussex, UK), maximum relative error of indication <
±1%, measurement frequency 5 Hz). In addition, concrete strain gauges (HBM GmbH)
were applied in the compression zone above the support areas. These were located 50 mm
above the bottom edge of the beam.
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5.1.5. Test Results and Interpretation

Figure 16 shows two diagrams obtained from the experimental investigations. Figure 16a
shows the load–deflection relationships for all four tests. The applied load is plotted against
the relative deflection (LVDT 6-LVDT 2 in Figure 13) at the cantilever end. Figure 16b shows
the bending moment–curvature relationships. The curvature κ right above the support can
be calculated with the help of the strain gauges placed both on the protruding reinforcement
and the lateral surface in the compression zone of the beam.

(a) (b)

Figure 16. Test results obtained from experimental measurements. (a) Applied load Fexp (excl. dead
weight) and associated deflection w at cantilever end. (b) Bending moment Mexp (incl. dead weight)
and associated curvature κ above the support.

In each test, the force was increased in 20 kN increments until a yield plateau was
observed in the load deflection curve. After the bending reinforcement was in the state of
yielding for a short time, the tests were stopped. Only during the first test a) S100AL95,
the load application was prematurely terminated because of concerns damaging the other
side of the beam for the second test. This is why the associated load deflection path stops
abruptly. Since the second attempt was seen to have no destructive effect on the other side,
the first attempt was loaded to failure on the second beam.

In addition, in Figure 16b, the bending moment–curvature path is plotted, which
was generated using the interactive non-linear cross-section analysis software INCA2 Ver-
sion 3.0 [33]. That path was generated using the material properties shown in Section 5.1.3.
Comparing the generated moment–curvature path with the test results, it can be clearly
seen that in tests b)–d), the ultimate limit state for bending was reached. In test a) S100AL95,
the ultimate limit state for bending would also have been reached if the beam had been
further loaded.

In Figure 17, the stress in the protruding bending reinforcement σs is plotted against
the applied load Fexp. From the test results shown in Table 3, a bilinear material model was
derived to calculate the reinforcement stresses from the measured strains. The diagrams in
Figure 17a–d also confirm that the yielding point of the protruding reinforcement has been
reached during the tests.
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(a) (b)

(c) (d)

Figure 17. Applied load Fexp (excl. dead weight) and associated stress σs in Ø26 mm protruding
reinforcement bars. (a) S100AL95 ; (b) S100AL295; (c) S200AL95; (d) S200AL295.

Figure 18 shows the crack pattern of all four tests at maximum load Fmax above the
support. As can be seen, an ordinary bending crack pattern was obtained in each test.

From these results, it can be concluded that the transfer of bond stresses between the
protruding bending reinforcement and the concrete worked properly with the help of the
additional loop reinforcement. The influence of the selected parameters (a) the spacing s
and (b) the anchorage length lb of the additional loops did not have a significant effect on
the results, as can be seen in Figure 16. Even with the configuration that has the lowest
loop reinforcement ratio (s = 200 mm; lb = 95 mm), the flexural reinforcement could be
fully utilized.

A detailed structural analysis according to Eurocode 2 [31] for the construction stages
of the deck slab for a fictitious project is presented in [34]. In that analysis, the cross-beam
of the deck slab element must withstand a design bending moment of 120 kNm during
the erection of the deck slab including all safety factors. In this case, it is a 3.10 m long
cantilever on which the dead weight of the deck slab element, the top concrete layer and
construction traffic loads were applied. The mean bending moment resistance (S100AL95,
S200AL95 and S200AL295) was 465 kNm.

The prerequisite for this reinforcement concept to work is impeccable production in the
precast plant. The additional loops must be in contact with the protruding reinforcement
such that there is no gap between them. The dimensional accuracy of the reinforcement
cage and, in particular, the geometric position of the upper transverse reinforcement in the
formwork are of high importance. It is recommended that additional loops are placed at
each position of the shear reinforcement of the cross-beams. The additional loops should
be anchored into the cross beam with their full anchorage length, according to its diameter.
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Figure 18. Crack pattern at maximum load Fmax above the support (a) S100AL95 ; (b) S100AL295;
(c) S200AL95; (d) S200AL295 (crack opening in mm) [34].

5.2. Longitudinal Load-Bearing Behavior of Beams Cast in Several Steps

In order to investigate the effects on the flexural capacity of a beam cast in several
steps, experimental investigations were conducted. Further, the sufficient embedment
length of the shear reinforcement in the thin bottom plate (hBP = 70 mm) of the specimens
was investigated. A total of four tests were performed on cantilevers. The two tested beams
represent an imaginary part of the finished deck slab cut out lengthwise (Figure 12). The
parameters investigated were (a) the reinforcement layout and (b) the height hCB of the
cross-beam stubs. A common reinforcement layout was compared to the layout that was
introduced in Section 3.2, where the top longitudinal reinforcement of the cross-beam is
located in the first layer from the top.

5.2.1. Specimens and Test Set-Up

Two tests were simultaneously performed on one beam, as can be seen in Figure 19.
The beams were cast in a total of three working steps by Franz Oberndorfer GmbH & Co
KG (Gars am Kamp, Austria). First, the bottom plate with a thickness of 70 mm was cast.
In the second step, the cross-beam stubs were cast on top of the hardened bottom plate.
In the longitudinal direction of the beam, their length was 220 mm. The heights of the
cross-beam stubs were 350 mm (beam N) or 230 mm (beam C). In the final step, the top
concrete layer was cast. Between each of the casting steps, one day passed. Accordingly,
the height of the concrete layer above the cross-beam stubs was 80 mm (beam N) or 200 mm
(beam C). This results in a total height h of 500 mm of the two beams. The total width b was
600 mm. The length l of the beams was 8000 mm. In order to obtain a proper bond between
the cross-beam stubs and the top layer of concrete, the bottom slab and the top surface of
the cross-beam stubs were roughened by raking. In addition, an indented construction
joint was created between the lateral surface of the cross-beam stubs and the top layer of
concrete, by using trapezoidal strips inside the formwork, according to Eurocode 2 [31].
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Figure 19. Test set-up for experimental investigations for longitudinal behavior of beams cast in
several steps (all dimensions in mm).

The shear span-to-effective depth ratios λ = av/d for beam N and beam C were 3.36
and 3.39, respectively. These values were chosen so that bending–shear failure could occur.

5.2.2. Reinforcement

The different reinforcement layouts for beam N and beam C are shown in Figure 20.
The average spacing savg of the shear reinforcement measured along the longitudinal axis
of the member in the test area for beam N and beam C was 256 and 246 mm, respectively.
For beam N, the longitudinal bending reinforcement is located above the anchorage of
the shear reinforcement, while for beam C, the shear reinforcement was bent around
the longitudinal reinforcement bar as usual. In accordance with Eurocode 4 Part 2 [35],
the total acting shear force in the longitudinal direction of the composite bridge is usually
assigned to the steel cross-section with resistance Vpl,a,Rd. Therefore, the interchange of
the top two reinforcement layers is not of major importance in steel–concrete composite
bridges, as proper anchorage of the stirrups is not required in longitudinal direction. The
influence of the proposed reinforcement layout on the structural integrity was investigated
by comparison with beam C. Contrary to beam N, the top longitudinal reinforcement was
enclosed by the shear reinforcement in beam C.

5.2.3. Material Properties

The concrete with a maximum aggregate size of 22 mm was designed to have a target
compressive strength fcm of 48 N/mm2 (C40/50 acc. to Eurocode 2 [31]). The material
properties for the individual components of the beam are shown in Table 4. The mate-
rial tests described below were carried out for the individual components of the beams
(bottom plate, cross-beam stubs, and top layer of concrete). Compression tests on three
cubes (a = 150 mm) were used to determine the mean cube compressive strength fcm,cube.
Additionally, tests on three cylinders (Ø= 150 mm, h = 300 mm) were used to detect
the mean compressive cylinder strength fcm,cyl. Based on fcm,cyl, the average compressive
modulus of elasticity E∗

cm was calculated according to Eurocode 2 [31]. To determine the
mean tensile strength fctm of the concrete used, splitting tensile tests on three cylinders
(Ø= 150 mm, h = 300 mm) were carried out.
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Table 4. Material properties of concrete for beam N and beam C.

Components fcm,cyl fcm,cube fctm E∗
cm

of Beam in N/mm2 in N/mm2 in N/mm2 in N/mm2

Bottom plate 51.2 ± 5.64 61.7 ± 3.23 3.50 ± 1.62 35,913 ± 5.64
Cross-beam

stubs 41.2 ± 8.08 50.5 ± 3.97 3.18 ± 8.98 33,643 ± 8.08

Top layer 48.9 ± 2.28 60.4 ± 3.56 3.36 ± 3.55 35,426 ± 2.28
* acc. to Eurocode 2 [31].

5.2.4. Measurements

For testing the longitudinal load-bearing behavior of beams cast in several steps,
measurements similar to those described in Section 5.1.4 were performed (see Figure 13).
The applied loads were simultaneously measured via load cells directly at the hollow
piston jacks and load cells at each support. No special construction for the uplift forces was
needed, because two tests were simultaneously performed on one beam. The development
of the crack pattern was continuously recorded during the tests using DIC. LVDTs were
positioned underneath the specimens to measure the deflections during the tests.

5.2.5. Test Results and Interpretation

In Figure 21, the load–deflection paths for both tested beams N and C are shown. The
applied load at the cantlilever ends (left and right) are plotted against the associated relative
deflection (calculated from LVDT 3-LVDT 1 or LVDT 5-LVDT2 in Figure 19). The red line
shows the flexural capacity for bending [31], calculated with the average values of the
measured material properties. The average cylindrical concrete compressive strength fcm,cyl
used is composed of the average value of the three components of the beams (bottom plate,
cross-beam stubs, and top layer). In this test series, no material tests on the reinforcing steel
were performed. Therefore, the properties from Table 2 were assumed.
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(a) (b)

Figure 21. Applied load Fexp and associated deflection w at the cantilever end. (a) Beam N; (b) Beam C.

In both tests, the load at each cantilever end was increased in 50 kN increments until
a yield plateau was observed in the load–deflection paths. After no more load increase could
be achieved, the tests were terminated. According the pronounced yielding plateau visible
in load–deflection curves, flexural failure was attested as failure cause in all four tests.

Figure 22 shows the crack pattern at maximum load Fmax for beam N and beam C.
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The embedment length of the stirrups in the thin bottom plates (t = 70 mm) was
sufficient in all four tests. Due to the vertical force component of the compression strut,
tearing of the stirrups cannot occur.

6. Summary and Conclusions

Following advantages of the new construction method can be listed:

• A significant acceleration of the construction process on-site is achieved by using the
developed deck slab elements in combination with the newly designed transportation
carriage or crane assembly.

• Since the deck slab elements can carry their own weight and do not require support
during pouring and curing of the CIP concrete, the reinforcement work and concreting
of the CIP concrete layer are independent of the installation of the deck slab element.

• No laborious reinforcement laying operations have to be carried out at the construction
site, since the majority of the reinforcement is already placed in the precast deck
slab elements.

• The combination of the precast deck slab elements and a continuous top layer of
CIP concrete produces deck slabs with the same quality as slabs produced with
conventional methods. There is no joint that extends over the entire height of the
cross-section.

The feasibility of the approach was shown by experimental investigations on the struc-
tural integrity of newly developed reinforcement detailing necessary for the introduced
approach. The following conclusions can be drawn:

• Series 1 shows that a bar only half-embedded in a concrete beam can be loaded to its
yield strength by a bending load using suitable supplementary reinforcement. The
supplementary reinforcement consists of loops that are placed around the projecting
bar. The legs of the loops must be sufficiently anchored in the concrete and create an
overlap with the shear reinforcement. In addition, care must be taken during produc-
tion to ensure that there is no gap between the flexural reinforcement and the loop.
Even with the lowest reinforcement ratio, the beam could be loaded until its flexural
capacity was reached. Further investigations with a smaller loop reinforcement ratio
are desired.

• In Series 2 it was shown that a beam cast in several steps structurally behaves as a beam
cast in one step, under quasi-static loading in terms of bending. It was also shown
that the new reinforcement concept with flexural reinforcement in the first layer from
above with the selected shear reinforcement in the beam could be brought to yield.
Further investigations with a lower shear reinforcement ratio or stronger longitudinal
bending reinforcement are currently being carried out. In addition, dynamic tests
would be beneficial to investigate the fatigue behavior of beams cast in several steps.

Author Contributions: Conceptualization, methodology, F.U. and J.K.; Writing and original draft
preparation, F.U.; experimental work and evaluation, F.U., M.R. and T.H.; review and editing, F.U.,
M.R., K.G., T.H. and J.K.; supervision, J.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.



Appl. Sci. 2023, 13, 7825 23 of 25

Abbreviations and Variables

The following abbreviations are used in this manuscript:

CIP Cast in place
DIC Digital image correlation
FC Formwork carriage
LVDT Linear variable differential transformer
PDSE Precast deck slab elements
TC Transportation carriage
ULS Ultimate limit state
VFT® Verbund-Fertigteil-Träger (german)/Composite precast beam

The following variables are used in this manuscript:

t Thickness
h Height of member
b Width of member
l Length of member
av Distance between load and support
λ Shear-to-span ratio
fcm Mean value of compressive strength of concrete
a Side length cube
fcm,cube Mean value of cube compressive strength of concrete
fcm,cyl Mean value of cylindrical compressive strength of concrete
fctm Mean value of tensile strength of concrete
Ecm Mean value of modulus of elasticity of concrete
m Mass
As Area of reinforcement
fym Mean value of yield strength of reinforcing steel in tension
ftm Mean value of tensile strength of reinforcing steel
Agtm Mean uniform strain
Esm Mean value of modulus of elasticity of reinforcing steel
Fexp Applied load in experiments
Fmax Maximum applied load in experiments
w Deflection
Mexp Applied bending moment in experiments
Mmax Maximum applied bending moment in experiments
κ curvature of cross-section
σs Stress in reinforcing steel
s Spacing of additional loops
lb Embedment length of additional loops
hBP Height of bottom plate
hCB Height of cross-beam stubs
savg Average spacing of shear reinforcement

Vpl,a,Rd
Design value of the plastic resistance of the structural
steel section to vertical shear

FRm,bend,EC2 Load necessary to achieve the bending load capacity
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