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Abstract. Additive manufacturing (AM) is attracting increasing interest in the construction sec-
tor due to its potential for automation and its ability to produce complex components. The po-
tential of AM, particularly in the free-form design of concrete components such as beams, col-
umns and force flow-optimised nodes, depends largely on solutions for their reinforcement. As
a suitable solution for reinforcement integration, robot-assisted additive wire and arc manufac-
turing (WAAM) combines a high degree of automation and geometric freedom with a high
deposition rate and tensile strength.

In this study, the WAAM process is investigated using the example of welded connection
elements for reinforcing bars, accompanied by centric tensile tests on representative WAAM
specimens and pull-out tests on reinforcing bars bonded into different sockets with two different
injection mortars. In comparison to this novel approach of connecting steel components with
reinforcing bars by bonding sockets produced using WAAM, comparable connection methods
such as bolting and welding of the reinforcing bars are investigated.

The possible applications of the connection technology presented range from steel inserts
in connecting elements and brackets to the connection of segmented rebars in AM concrete
components.

Keywords: Additive Manufacturing Construction, WAAM, Concrete Components,
Reinforcement, Injection Mortar

1. Introduction

Additive manufacturing or 3D printing is a disruptive technology that is emerging as a viable
method of construction. Metal additive manufacturing is increasingly becoming the focus of
development in the construction industry as a supplement to traditional methods of manufac-
turing metal components [1]. Directed Energy Deposition-arc (DED-arc) AM or Wire Arc Addi-
tive Manufacturing (WAAM) in particular is expected to play a prominent role, as the process
combines high deposition rates with a comparatively simple and robust process [2,3,4]. Cou-
pling this process with the precision and geometric freedom of robots enables reproducible
and robust component manufacturing.

The most promising potential applications in practice are currently structural connections
between building components, component reinforcements, and repairs that utilize the geomet-
ric freedom offered by AM [5].

Nodes play a central role in the field of structural components, where they can demon-
strate the strengths of DED-arc processes, namely the rational production of complex, me-
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chanically highly resistant, and force flow-optimized components that often function as individ-
ually manufactured adapters [6,7,8]. In a metal-only structure, the nodes can be connected by
welding with predominantly linear components such as pipes or profiles. However, the con-
nection with reinforced concrete components requires a detailed design solution for connecting
the reinforcing bars in order to transfer the stresses through the node.

The approach presented here addresses the application of WAAM-printed steel sockets
directly onto steel components and the bonding of conventional reinforcing bars into these
sockets using injection mortar.

Two key questions arise: Can injection mortar—originally developed for anchoring bars in
concrete—also provide a reliable bond in steel sockets, and do WAAM-printed sockets outper-
form sockets made from off-the-shelf pipes?

In the authors' estimation, this technique is particularly suitable where conventional screw
connections or welded joints are not practical. Bolted joints often demand angled drilling and
lack adequate bearing surfaces for nuts or washers when bars are not orthogonal, and WAAM
parts frequently require additional milling to create flat contact areas. Welding, meanwhile, can
be hindered by crowded reinforcement layouts and the uneven surfaces inherent to WAAM
components, which destabilize the arc.

Where connection geometries are becoming increasingly complex and the number of re-
inforcement bars is increasing—especially in WAAM-printed steel elements—bonding bars
into printed bases could prove to be a practical and technically robust solution. This novel
approach is therefore currently being tested in initial trials for its feasibility and performance,
and the initial results are presented here.

2. State of the Art
2.1 WAAM-printed reinforcement

In the context of 3D concrete printing, dot-on-dot welding using the WAAM process is becom-
ing increasingly important, as it enables steel to be applied precisely and layer by layer. By
selectively interrupting the arc at defined points, heat input and distortion can be better con-
trolled and component accuracy significantly increased. This high process stability allows the
production of complex reinforcement geometries with variable angles and cross-sectional de-
signs, which can even be embedded directly during concrete printing. This can result in cus-
tomized steel structures that are both mechanically optimized and integrated into the digital
construction process.

Although point-to-point mode is interesting for small reinforcement structures, it also has
a very low melting rate, long cooling times, and extensive idle times. This significantly reduces
energy and material efficiency as well as the ecological and economic balance compared to
conventional reinforcing steel. Therefore, it may not be suitable for large reinforcement struc-
tures. In Germany in particular, there has been research activity on this topic in recent years:

In 2018, Mechtcherine et al. presented a dot-on-dot 3D-printed steel reinforcement for
digital concrete production and investigated its manufacture, mechanical properties, and com-
posite behavior in concrete [9]. A year later, Miller et al. conducted a systematic design and
parameter study on WAAM of steel bars and developed guidelines for the standardized pro-
duction of WAAM-printed reinforcement [10]. Building on this, Kloft et al. analyzed various re-
inforcement strategies in 3D concrete printing in 2020 and derived design principles for the
seamless integration of additively manufactured reinforcement [11]. Currently, Tischner et al.
(2023) compared the composite behavior of WAAM-printed reinforcement with conventional
steel bars and revealed advantages and disadvantages in terms of adhesion, failure mode,
and crack formation [12].
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2.2 Welded and bolted joints

Welded and bolted connections play a central role in steel construction in the building industry:
welded seams allow components to be joined monolithically and form-fittingly in order to safely
bear high loads, while bolted connections enable modular assembly and, if necessary, easy
disassembly. The same processes are also used in the production of steel components for
reinforced concrete structures, such as brackets, anchor plates, or built-in locks, which are
pre-positioned precisely before concreting and then integrated. Adhesive bonds with injection
mortars, on the other hand, are often used today for the subsequent anchoring of steel anchors
or reinforcing bars.

In today's building construction and civil engineering, welding reinforcing steel is essential
for making sure concrete structures are strong and last a long time. Resistance welding in
accordance with DIN EN ISO 17660:2007 is now established as standard practice, precisely
tailored to the requirements of reinforcing steel [13]. This standard specifies, among other
things, limit values for current, welding pressure, and electrode diameter, as well as test pro-
cedures for quality assurance. Despite increasing automation, the manual effort remains high:
welders must set the mechanical specifications precisely, change electrodes regularly, and
perform visual and functional tests before each welding process. Uneven electrode wear, fluc-
tuating material properties of the steel, or minimal deviations in the alignment of the reinforcing
bars require careful readjustment. The qualification of welders is therefore of crucial im-
portance. In accordance with the requirements of DIN EN ISO 9606 [14], they must not only
have flawless welding tests, but also undergo regular further training in accordance with DIN
EN ISO 14731 [15]. Only in this way can responsible tasks such as creating welding instruc-
tions, monitoring parameters, and documenting visual inspections be competently fulfilled. Of
course, these measures also involve a significant amount of time and high employee qualifi-
cation (Fig. 1, left).

Figure 1. Butt weld of reinforcing bars to a steel node (left), screw connection of reinforcing bars for
reversible connections of steel components (right)

Bolts —in contrast- enable fast, flexible, and highly resilient connections between compo-
nents. Eurocodes and the associated product standards must be observed above all when
designing and constructing. EN 1993-1-8 (Design and construction of connections) specifies
the rules for the design of steel connections [16], while EN 1090-2 (Execution of steel struc-
tures) specifies the requirements for manufacturing, quality control, and marking [17].

There are basically two possible methods for bolting reinforcing bars into steel nodes or
steel components: firstly, the bars can be threaded and pushed through a through hole in the
node or steel component and bolted in place. A lock nut on the opposite side prevents the
connection from loosening (Fig. 1, right). This method requires that sufficient space and ac-
cessibility be provided during the construction of the connection for assembly with wrenches
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or similar tools: Flange connections can be assembled from the outside and hollow compo-
nents with assembly openings can be assembled from the inside.

Alternatively, the bars with corresponding external threads can be bolted into threaded
holes arranged in the steel component. This method has the advantage that no nuts are re-
quired. However, for reasons of handling, only individual bars that are not part of reinforcement
cages can be bolted in, and it should be noted that the production of threads on reinforcing
bars requires a special method of thickening the ends by upsetting before the external threads
can be cut, so that the cross-section of the rebars is not reduced.

2.3 Injection mortar

Nowadays, injection mortars enable the retrofitting of reinforcing bars in existing concrete com-
ponents, ensuring a force-fit connection between old and new components and thus econom-
ical reinforcement or repair without costly demolition work. With this technique, drilled holes
are first cleaned of dust, then the two-component or single-component mortar is systematically
applied using a cartridge gun or pump, and immediately afterwards the reinforcing bar or
threaded rod is screwed in — this creates a form-fitting anchorage that reliably transfers loads
to the existing structure.

The most important standards for this are, on the one hand, the European Assessment
Document EAD 330499-00-0601 (formerly ETAG 001) for chemical composite mortars, which
specifies product properties, test methods, and application requirements [18], and DIN EN
1992-4 (Eurocode 2, Part 4), which defines the design and construction rules for retroactive
anchoring in concrete [19]. To date, typical applications have been in the renovation of load-
bearing structures, for example, to reinforce corrosion-damaged reinforced concrete ceilings
and columns and to install concrete-on-concrete connectors. In addition, injection mortars are
used in the preservation of historical monuments when historical load-bearing structures need
to be maintained under load requirements.

Research into retrofitted reinforcement bars focuses primarily on load-bearing and anchor-
ing mechanisms, design approaches, and durability aspects. Back in 2002, Spieth and Eli-
gehausen laid the foundation for practical design formulas and safety verifications with exten-
sive experimental and numerical investigations into load transfer [20]. Building on these find-
ings, Feistel conducted a detailed investigation of the failure patterns of various connection
variants in 2007 and derived recommendations for permissible embedment lengths in existing
concrete [21]. Fuchs provides a compact overview of installation techniques, application limits,
and current standardization approaches in his compilation published in 2023, in which he crit-
ically discusses optimization potential and design guidelines [22]. In parallel, Worle et al. 2020
address the specific challenge of moment-carrying steel-concrete connections according to
EOTA TR 069. The focus here is on bending moment transfer via post-installed stirrups and
the application-oriented arrangement of composite dowels to ensure sufficient stiffness and
load-bearing capacity [23]. A further addition to this topic is Blochwitz's dissertation from 2019,
which investigates the long-term behavior of bonded anchor systems under permanent load.
His work focuses on creep processes in the anchor bed, corrosive processes on the reinforcing
bar and their influence on the verification over the entire service life [24].

3. Methods and materials

3.1 Test-Setup

Note that the initial investigations presented here on WAAM-printed adhesive sockets for rein-
forcement connections are limited to a proof of concept.
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The forces for all tests were generated manually using a hydraulic jack and measured
using a pressure transducer connected to a measuring amplifier. The values were recorded
with a video camera and evaluated visually. Since these tests focused on the maximum force
at failure, no measurement technology was used to determine the deformation during the tests.
Further and more extensive investigations with qualified measuring tools are necessary in or-
der to be able to make valid statements about the composite behavior. These investigations
should include surface roughness, consideration of scattering, and validation of the transfera-
bility of the results to full-scale connection details.

3.2 WAAM-printed sockets

All WAAM-printed conical sockets for the examined pull-out tests were produced using a Fro-
nius TPSi-600 welding system and the CMT welding process (Cold Metal Transfer). The weld-
ing filler material used was SUPRAMIG® ULTRA by Lincoln Electronics, a copper-coated solid
wire electrode with increased manganese content (EN ISO 14341-A G46 3 C1 4Si1 / G50 5
M21 4Si1) with a specified yield strength of 500 MPa [25]. The shielding gas used was a mix-
ture of 18% CO2 and 82% argon (EN ISO 14175: M21-ArC-18) and had a flow rate of 16 I/min.
The travel speed of the torch was 4 m/min, the layer height was 1.1 mm, the average layer
width was 7.5 mm . Due to the cone angle of 5°, the lower diameter of a 70 mm high socket
was 32 mm at the base and 20 mm at the edge. Structural steel S355JR (thickness 15 mm)
was used as the substrate. The interlayer temperature was between 200 °C and 300 °C (Fig.
3, left).

3.3 Reference sockets

The reference sockets used in the pull-out tests were made of seamless precision steel tubing
(D=30 mm, wall thickness = 5 mm) made of S235JR with dimensions based on DIN-EN 10305-
1. The sockets of different lengths were also welded onto a plate made of S235 with a thickness
of 15 mm. The contact adhesive surfaces inside the sockets were radially ground with abrasive
fleece corresponding to a grain size of 280 and then degreased. The contact adhesive surfaces
inside the WAAM-printed sockets as well as those from seamless precision steel tubing were
radially ground with abrasive fleece corresponding to a grain size of 280 (Fig. 2, left).

Figure 2. Reference socket before the pull-out test (right), after the pull-out test (middle), reinforcing
bar bonded with UPAT UPM after the pull-out test from the reference socket (right)

3.4 Reinforcement bars

All reinforcement bars had a diameter of 16 mm and an M16 thread cut into one side by MAX
Frank GmbH [26]. A special sleeve nut, also from Max Frank GmbH, was screwed onto this
thread to absorb the tensile forces during the pull-out tests. The reinforcing steel was highly
ductile B500B, which complies with EN ISO 17660 (material number 1.0439) and Swiss SIA
262 with a stated yield strength of 500 MPa. All steel surfaces were degreased before bonding.
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3.5 Injection mortars

Two different injection mortars, A and B, were used in the experiments. The injection mortars
were supplied in double cartridges, which were applied using a cartridge gun and mixing noz-
Zles. The criteria for selecting the two mortars were ease of use and availability, comprehen-
sive approvals for use in conventional bonding of reinforcement in concrete, and selection of
two representatives of the two most important mortar systems. Both mortars are characterized
in their original area of application, the subsequent grouting of reinforcing bars in concrete, by
fairly short bond lengths of steel-mortar-concrete, which qualifies them for the steel-mortar-
steel application investigated here.

3.5.1 Fischer FIS EM Plus (injection mortar A)

FIS EM Plus is a two-component, styrene-free epoxy resin mortar that can be used in dry,
damp, or flooded drill holes. It has a very short curing time (from approx. 10 minutes at +20 °C)
and achieves high adhesion and shear values shortly after installation. Due to its thixotropic
consistency, it does not drip and enables clean working even in overhead installations. The
mortar is approved for cracked and uncracked concrete, in some cases even for seismic ap-
plications (C1/C2), and achieves characteristic load values in accordance with ETA when used
with suitable dowels [27, 28].

3.5.2 UPAT UPM 44 (injection mortar B)

UPM 44 is a viscous, two-component, styrene-free vinyl ester injection mortar that is charac-
terized by curing of typically 8—-12 minutes at +20 °C, thus allowing short construction pro-
cesses. It adheres in dry, damp, and even submerged drill holes and does not drip when used
for overhead or ceiling connections. It has European ETA approval for use in cracked and
uncracked concrete, often with seismic evaluation [29, 30].

3.6 Reference adheasive

In addition to the two injection mortars, a commercially available two-component construction
adhesive was tested in the centric tensile tests in order to better classify the results of the
injection mortars. The product used was UHU plus endfest [31].

4. Experimental investigations

The experimental investigations include pull-out tests of reinforcing bars from two types of
sockets, centric tensile tests, and tensile shear tests of the two injection mortars investigated
on different surfaces.

4.1 Pull-out tests

The aim of the pull-out tests was to determine the bond strength of conventional reinforcing
bars with a diameter of 16 mm in two different types of sockets: WAAM-printed sockets and
reference sockets, which were sawn from off-the-shelf pipes. Six socket lengths (30, 50, 70,
90, 110, and 130 mm) were varied and both injection mortars A and B were examined, resulting
in a total of 24 pull-out tests (Fig. 3, right).
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Figure 3. WAAM printing of conical sleeves (left), sockets with bonded reinforcing bars prior to pull-out
tests (right)

Since these were initial exploratory tests, a complex testing procedure in a testing ma-
chine was dispensed with and a simple test setup was chosen. Note that no statement can
be made about possible dispersion because only one pull-out test was performed per param-
eter combination.

The test setup essentially consisted of a manually operated hydraulic jack with a hollow
cylinder, a load cell, and rubber buffers, which served to extend the stroke and thus improve
dosing. The reinforcing bars were pulled out by the hydraulic jack, with the package consist-
ing of the jack and the load cell at the bottom edge of the socket and at the top on a nut
screwed onto the reinforcing bar. The reinforcing bars were pulled out by the hydraulic ram,
with the package consisting of the ram and the load cell pressing down on the bottom edge
of the socket and up on a nut screwed onto the reinforcing bar.

The results are shown in Figure 4. The dashed line at 180 kN tensile force represents
the yield point of the reinforcing bar with a diameter of 16 mm. It can thus be seen that

e bond strength of the UPAT UPM 44 and Fischer FIS EM Plus samples in the WAAM-
printed sockets is higher than the yield strength of the reinforcing bar from a bonding
length of 70 mm.

e bond strength of the UPAT UPM 44 injection mortar with the reference pipe, on the
other hand, was very low and the entire series did not show any plausible values (Fig.
2, middle, right).

e bond strength of the UPAT UMP 44 with the WAAM-printed socket was significantly
increased compared to the smooth reference socket. The reason for this is the irregu-
lar surface and conical shape of this socket, which achieves bond strength solely
through the form fit.

e bond strength of Fischer FIS EM is highest in the reference tube, and a bond length
of approx. 60 mm would already be sufficient to achieve a magnitude of 180 kN. Inter-
estingly, the bond strength is even higher than with the WAAM-printed socket, despite
its conical shape and irregular surface.
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Figure 4. Maximum tensile force of pulled-out reinforcing bars bonded with injection mortars in
WAAM-printed or reference sockets of different lengths

4.2 Centric tensile tests

To supplement the results of the pull-out tests described above, further investigations were
carried out on the composite behavior of the two injection mortars on relevant surfaces. Since
there are no standardized setups for these specific material combinations, a custom test spec-
imen geometry was designed and manufactured using FDM printing from PLA (Fig. 6, left).
This consisted of a rotationally symmetrical bell with an opening diameter of 11.5 mm. The
injection mortar was pressed through the opening with a slight protrusion. A M6 screw was
inserted through the bell, to the end of which an extension could be attached using a long nut
in order to pull the bell centrically from the different surfaces after the maximum adhesive bond
had been reached. These tensile tests were essentially carried out again using the combination
of a hydraulic cylinder, load cell, and rubber buffers (Fig. 5, left).

Figure 5. Test setup for the centric tensile tests (left) and tensile shear tests (right)

The results shown in Table 1 are basically consistent with the pull-out tests. Here too,
injection mortar A (Fischer FIS EM Plus) showed the highest bond strengths on ground and
degreased S235 steel sheet, closely followed by the WAAM-printed surface, which was also
ground and degreased (Fig. 6, middle, right). The bond of injection mortar B (UPAT UPM 44)
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was so low on both surfaces that no measurements could be taken. This confirmed the obser-
vations from the pull-out tests: The adhesion of injection mortar B is too low for the transfer of
tensile or shear forces. Force transfer can only be achieved through a form fit, such as an
irregular surface and, in particular, undercuts, which can be easily achieved with the WAAM
process.

In order to gain a better understanding of the bonding mechanisms of these mortars with
the materials for which they were developed, the adhesive forces were measured on two dif-
ferent types of concrete. The concretes regarded were a standard concrete C30/37 with a
maximum grain size of 16 mm and Nafufill KM 250 from MC Bauchemie. The latter is a fiber-
reinforced PCC/SPCC concrete substitute for repair work that can be used in the manufacture
of components using the 3D shotcrete process. Here, too, the two injection mortars exhibited
different types of failure: while the adhesive forces of mortar A were greater than the tensile
strength of the concrete, leading to material failure due to the cement paste and aggregate,
the test specimens filled with injection mortar B could be removed from the concrete surface
almost without residue and without tearing the concrete. This result provides an indication of
the bonding behavior of mortar B in the pull-out tests: Since this mortar exhibits very low ad-
hesive forces to both steel and concrete, forces can only be transferred through the form-fit of
the mortar joint.

Figure 6. Custom test specimen geometry (right), specimen bonded to a WAAM-printed surface be-
fore the centric tensile test (middle), and after the centric tensile test (right)

The two-component adhesive UHU plus endfest, which was also tested, was only slightly
above the tensile strength of injection mortar B in the tests on concrete surfaces and signifi-
cantly below the tensile strength of injection mortar A in the tests on metal surfaces, showing
comparatively poor performance in this regard.

Table 1. Average tensile strengths [MPa] determined in centric tensile tests from 6 samples each, test
speed 1 mm/min; round contact area (d=11.5 mm)

Surfaces Fischer FIS EM | UPAT UHU plus
Plus UPM 44 | endfest

concrete C 30/37 D16 gravel, sawn 8,52 3,83 5,73

MC Nafufill KM 250, SC3DP printed, sawn | 11,71 4,44 5,82

WAAM-printed plate, brushed, degreased 18,98 failed 6,23

S235 sheet, ground K280, degreased 20,13 failed 7,19

4.3 Tensile shear strength tests

In arecent test, the tensile shear test was performed based on DIN EN 1465 [32] on the Fischer
FIS EM Plus 390 S and UPAT UPM 44 injection mortars on S235 sheet metal and WAAM-
printed sheet metal (Fig. 7). The thickness of the adhesive layer was 2 mm, which corre-
sponded to the thickness from the pull-out tests, as the diameter of the reinforcing steel was
16 mm and the average inner diameter of the sleeves was 20 mm. The test setup consisted of
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the same core components as in the previous tests (Fig. 5, right). The results are shown in
Table 2.

Figure 7. Preparation (left, centre) and bonding (right) of a WAAM-printed specimen for the tensile
Shear test

The results of injection mortar B (UPAT UPM 44) confirm the observations from the pull-
out tests: The irregular surface resulted in a load-increasing form fit and thus an improved bond
compared to the weak bond with the slightly roughened sheet metal made of S235. Here,
simply mounting the samples in the test rig caused the bonds to tear. The results of injection
mortar A (Fischer FIS EM Plus) contrast in some ways with the results of the pull-out tests and
the centric tensile tests: While the trend in these two tests clearly showed better bonding of the
mortar on smooth surfaces, the results of these tensile shear tests indicate better bonding on
WAAM-printed surfaces. Possible causes for these inconsistent results could be inadequately
prepared surfaces, damage to the specimens after fabrication, or an inherently different be-
havior of the adhesive joints in pull-out tests compared with tensile-shear tests. The authors
intend to carry out further series of experiments to gain a deeper understanding of the bonding
behavior.

Table 2. Average tensile shear strengths [MPa] determined in tensile shear strength tests from six
samples each; test speed 1 mm/min; contact area 12,5 x 26 mm

Surfaces Fischer FIS EM Plus UPAT UPM 44
WAAM-printed plate, brushed, degreased 4,19 2,21
S235 sheet, ground K280, degreased 1,82 failed

5. Summary

This article examines a novel connection technique in which steel sleeves are applied directly
to steel components using robot-assisted wire electrode welding (WAAM) and conventional
reinforcing bars are bonded with injection mortar. The focus is on the bonding behavior of the
reinforcing bars in the sleeves, determined in pull-out tests with two different mortar systems
as well as centric tensile and tensile shear tests. In addition, established connection types—
bolt and welded connections—are used for comparison.

The results show that WAAM-printed sockets offer a comparable or, in some cases, better
bond to the reinforcing bars than conventional steel pipes, and their use is particularly suitable
when complex geometries or confined installation situations make the use of bolts or welds
difficult. The automated generation of the sleeves also allows a high degree of design freedom,
and the low surface quality requirements save on post-processing, as hardly any mechanical
processing steps are necessary. This opens up new fields of application for connecting con-
ventional reinforcing bars in additively manufactured steel components such as nodes and
steel inserts, but also for applications in the field of building renovation or modification.

10



Ledderose and Kloft | Open Conf Proc 7 (2025) "Visions and Strategies for Reinforcing Additively
Manufactured Constructions 2025"

6. Outlook

For further research, it is first recommended to systematically optimize the socket geometry—
in terms of wall thickness, inner diameter and cone angle—to better adapt the force-flow be-
havior to different bar diameters. Additionally, durability investigations under corrosion, fatigue
and temperature loads, as well as combined loading scenarios, should be carried out. In the
long term, this approach would enable the development of flexible, force-flow-optimized con-
nections that offer significant advantages over conventional connection types in both new-build
and repair projects. In addition, large-scale tests are being carried out to investigate the new
type of reinforcement connection on a real scale and in comparison with conventional rein-
forcement connections. Figure 8 shows a WAAM-printed node as an intermediate piece of a
beam-to-beam connection before bonding the longitudinal reinforcement with injection mortar
at the ITE of the TU Braunschweig.

Figure 8. Real-scale test specimen for investigating the performance of WAAM-printed adhesive sock-
ets for reinforcement connections
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