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Abstract. Additive manufacturing with cement-based materials has recently become increas-
ingly common on construction site. The high degree of freedom in individual geometric
shapes, the associated potential for resource-efficient designs, and the high degree of auto-
mation could make this technology a milestone in the history of construction industry. Many
of the existing additive manufacturing techniques are initially based on unreinforced con-
crete. However, for many structural elements, the use of reinforcement is indispensable and
therefore the reinforcement integration represents a prerequisite. One promising reinforce-
ment strategy is the use of interlayer reinforcement. This method specifically uses the lay-
ered characteristic of the additive manufacturing process by integrating reinforcement be-
tween the applied layers. In combination with an adaptive path planning, it is therefore possi-
ble to manufacture force-flow-compliant reinforced elements with a minimal increase in pro-
cess complexity compared to an unreinforced production. However, besides the integration
process itself, material-process interactions represent an important research topic. Especially
for Shotcrete-3D-Printing, the use of accelerators can significantly change the structural
build-up of the applied material and thus effect the bonding ability of the sprayed concrete to
the integrated reinforcement element. The present study investigates the effect of accelerator
dosage on the bond properties of integrated rebars. The resulting bond is analyzed non-
destructively via computer tomography and mechanically by pull-out tests according to
RILEM RC6. The results show that the material compaction caused by the sprayed applica-
tion leads to excellent bond properties. However, when high accelerator dosages are used,
bond deteriorations can be observed.

Keywords: Additive Manufacturing in Construction; 3D Concrete Printing; Shotcrete 3D
Printing, Interlayer Reinforcement Bars; Pull-out Tests; Micro Level Analysis.

Conference presentation video: https://doi.org/10.5446/56108

Introduction

Additive manufacturing techniques enable a resource-efficient and automated production of
components of almost any shape. Using cement-based materials numerous techniques have
been developed in recent years for the manufacturing of unreinforced concrete components
[1]. To fully exploit the potential of additive manufacturing in construction, the integration of
tensile strength materials represents a key challenge. Through the integration of reinforce-
ment, load-induced tensile stresses can be transferred and a ductile failure of load-bearing
concrete components can be ensured. However, the interaction between integrated rein-
forcement structure and concrete matrix can only work, if a good bond between these two
materials is achieved. In the traditional formwork-based concrete construction, concrete is
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compacted after it has been cast. Vibrating the concrete ensures that it is homogeneously
bonded with the reinforcement placed in the formwork.

Looking now at additive manufacturing without formwork, the challenges of reinforcement
integration become clear. The compaction of printed concretes does not seem to be a rea-
sonable strategy. Although most concrete mixtures used for additive manufacturing typically
have pronounced thixotropic properties [2], the vibration of printed layers would present a
risk. The absence of a supporting formwork would result in a deviation of the target compo-
nent geometry or even in a component failure. After leaving the nozzle, the applied concrete
has to show a rapid structural build-up in order to bear its own load due to gravitational forc-
es as well as the load of the layers applied on top of it [3]. Moreover, this must happen in a
dimensionally stable manner [4]. A very fast structural build-up, however, counteracts a good
flow of the deposited concrete around the reinforcement elements, i.e. a good form fit be-
tween concrete and reinforcement and thus a good bond.

Besides material-related challenges, there are also process-related integration challenges.
The overall goal is to integrate the reinforcement without reducing geometrical freedom and
without restricting the automation of the existing manufacturing methods [5]. In the current
research, a number of different approaches for reinforcement integration are investigated.
According to Kloft et. al [5], current approaches can be divided into the categories of (a) con-
crete supports reinforcement (CSR), (b) reinforcement supports concrete (RSC), and (c) in-
cremental (INC), see Figure 1. The CSR category includes the integration of reinforcement
bars [6], nails [7], screws [8], meshes [9], cables [10] or fibers into, between or on top of
printed concrete layers [11,12]. Here, the concrete matrix acts as a supporting structure. The
category RSC bundles reinforcement strategies in which the reinforcement structure is pre-
fabricated before the printing process and thus serves as a supporting structure. Examples
include the Mesh Mould process [13], the use of prefabricated reinforcement cages [14,15] or
the prefabrication of a fiber winding reinforcement structure [16]. Furthermore, free formed
reinforcement structures can also be prefabricated by additive gas metal arc welding, com-
monly known as wire-and-arc-additive-manufacturing (WAAM). These structures can then be
covered by concrete in a subsequent printing process [17,18]. If the WAAM process is car-
ried out simultaneously with the additive concrete printing process [19], it can be classified in
the third category "incremental”. In addition, a process-parallel joining of reinforcement ele-
ments by means of stud welding and the subsequent covering with concrete also represents
a possible incremental reinforcement strategy [20].

Combined Additive Manufacturing for Reinforced Concrete Elements
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Figure 1. Reinforcement integration methods for a combined additive manufacturing of rein-
forced concrete elements (from [16]).

The present study addresses the integration method of interlayer reinforcement with rein-
forcement bars in combination with Shotcrete-3D-Printing (SC3DP). SC3DP is an additive
manufacturing process that can be classified to the process sub-class “material jetting” ac-
cording to [1]. SC3DP uses an additive material application based on a wet-mix shotcrete
process [21].

Interlayer reinforcement in additively manufactured concrete com-
ponents

The integration of reinforcement into the interlayers of the deposited strands represents a
process-parallel reinforcement method. This integration method specifically uses the layered
characteristic of the additive manufacturing process to place reinforcement elements in a
targeted manner along with the layers' orientation. According to [5], the interlayer reinforce-
ment method can be categorized as "concrete supports reinforcement”, compare Figure 1.
Besides reinforcement bars, flexible meshes, continuous steel fibers or cables could be also
used as reinforcement materials [22—25].

By using adaptive path planning strategies, where the layers are not only deposited horizon-
tally but with varying layer orientation and thicknesses due to the variation of nozzle angle
and nozzle velocity, interlayer reinforcement can be used to implement force-flow-compliant
reinforcement layouts [5], see Figure 2. Here, the reinforcement can be placed in an opti-
mized arrangement along the tensile stress trajectories, while compression stresses are
mainly transferred perpendicular to the layer direction. Depending on the reinforcement lay-
out at hand, steel reinforcement bars may have to be pre-bent to match the shape of the
substrate layer.

Figure 2. Manufacturing of a beam element with a force-flow-compliant reinforcement layout
by using adaptive path planning in combination with interlayer reinforcement (red lines) (from

[5D.

Previous studies on interlayer reinforcement in combination with extrusion 3D concrete print-
ing demonstrated that the integration of rebars in the interlayer achieved good bond proper-
ties between the integrated bar and the surrounding concrete matrix [22,24]. However, the
resulting bond properties can be affected by several material and printing parameters. For
SC3DP, this can involve various parameters, such as the volume flow rates of concrete v,
accelerator v, or air v,;.. Furthermore, parameters of the path planning and robotic routing
can also have an effect on the resulting bond behavior, e.g. nozzle to strand distance d, oz1e,
gantry speed v, nozzle angle a,,,,Or the time interval At between printing the layers.
Therefore, it is required to systematically investigate the effect of these parameters in order
to know the possibilities and limitations of integrating interlayer reinforcement into SC3DP.
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Scope and concept of investigations

The presented investigations focus on the bond quality between concrete and reinforcement
bars that were integrated into interlayers simultaneously to the SC3DP-process. It is as-
sumed that both, material properties as well as process parameters affect the bond proper-
ties of the manufactured reinforced specimens. Previous investigations have shown that for
SC3DP, the use of accelerator has a significant effect on the structural build-up of the ap-
plied concrete and thus on the interlayer bond between the layers [26]. It is, therefore, rea-
sonable to expect that there is also an effect on the bonding quality of rebars integrated into
the interlayers. In order to systematically study the influencing factors mentioned, two main
questions are to be answered:

e Does the use of accelerator affect the bond behavior of reinforcement bars that are
integrated into the interlayer between two deposited layers? Therefore, interlayer-
reinforced specimens are produced with varying accelerator dosages (SC3DP)

o Does the manufacturing technique itself (conventional mould casting vs. SC3DP) has
an effect on the bond behavior of integrated reinforcement bars? Therefore, cast
specimens and specimens produced with SC3DP are compared.

Materials and mixture preparation

Within the scope of the presented investigation, a sprayable mortar with a maximum grain
size of 2 mm was used (MC Bauchemie-Miller GmbH & Co. KG). For each batch, four 25 kg
bags were mixed with water in a compulsory mixer (Mader WM Jetmix 125/180). The mixing
time was kept constant at 4 minutes. An overview of the mortar composition is given in Table
1.

Table 1. Mixture composition of SC3DP material.

Component Value | Unit
Ordinary Portland Cement (CEM | 52.5 R) 500 kg/m?
Pozzolan 160 kg/m?
Silica fume 25 kg/m?
Aggregate; d=0-2 mm 1180 | kg/m?®
Water 266 kg/m?
Pulverized additives and micro polypropylene fibers | 33 kg/m3
Alkali-free set accelerator 0, 2, | wt.% bwoc
4

As a reinforcement material for mechanical testing conventional rolled reinforcement bars
with diameters of 12 mm are used (ductile B500B steel according to DIN EN 1992-1). For
computer tomography analyses threaded carbon reinforcement bars (material: carbon fiber
reinforced polymer) with diameters of 12 mm are additionally integrated.

Specimen preparation and reinforcement integration

Within the scope of this study, specimens were manufactured at the Digital Building Fabrica-
tion Laboratory (DBFL) [27,28]. Pullout specimens were fabricated for 0 %, 2 %, and 4 %
accelerator dosage using the SC3DP-process. Furthermore, reference specimens were pre-
pared in molds for each accelerator dosage. The geometry and placement of the rebar used
in the cast pullout specimens is shown in Figure 3a. The specimens were then stored in a
climate-controlled environment at 20 °C and 65 % humidity for 28 days.

For additive manufacturing using the SC3DP method, a 120 cm long base consisting of

3 layers was applied on a specimen plate. Then, four rebars were placed perpendicular to
the printing direction, see Figure 3b. Three steel bars were placed for mechanical testing and
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one carbon bar for uyCT analysis (see section “Testing methods”). All rebars were placed on
top of the substrate layer and not pressed into it. Within the SC3DP-process, the mortar was
pumped to the nozzle with a concrete pump (Mader WM Variojet FU) through a 25 m long
hose (inner diameter: 35 mm). The SC3DP-process was done with a concrete pump dis-
charge rate of 0.8 m¥h, a volume air flow rate of 45 m?%h, a nozzle-to-strand-distance of 20
cm, and a gantry speed of 4.5 m/min. The bonding zone of the integrated steel rebars was
limited by a plastic sleeve to 6 cm (equal to 5 times the rebar diameter), see Figure 3b. The
position of the bonding zone was located in the center of the printed concrete layer. In order
to avoid tilting of the rebar after placement, a height-adjustable support structure was in-
stalled on the specimen plate. This support structure was adjusted to the height of the inter-
layer so that the rebar was supported horizontally after placing, see Figure 3c.

a) o b)

reinfercement bar

plastic sleeve 25 cm 20 cm 20cm 20cm 10cm 25¢cm

plugging

concrete

plastic sleeve

(e}
20cm

20cm

Figure 3. Specimen fabrication; a) Pull-out specimen geometry; b) Visualization of specimen
manufacturing using SC3DP; ¢) Manufacturing process using SC3DP at the DBFL.

All additively manufactured specimens were cut in fresh state with a steel ruler, as visualized
in Figure 3b. The SC3DP specimens were then left for 1 day covered with plastic foil in the
working space (approx. 20 °C room temperature). In order to provide uniform specimen
properties for the mechanical tests (surface for load introduction and specimen geometry), all
SC3DP specimens were concreted into cube molds (edge length = 20 cm) one day after fab-
rication, see Figure 3a. No additional bond was created since the reinforcement bars inte-
grated in the SC3DP process were decoupled by plastic sleeves that extended far out from
the specimen, see Figure 3c. For all specimens, the bonding zone was located at the bottom
of the cubes, following RILEM RC 6 [29]. The specimens were then stored in a climate-
controlled environment at 20 °C and 65 % humidity for further 27 days.

Testing methods
Investigations on fresh concrete properties

In order to quantify the effect of accelerator dosage on the yield stress of the applied fresh
concrete, a hand-held shotcrete penetrometer was used, see Figure 4. Measurements were
taken in the vicinity of the longitudinal axis of the 25 cm long end pieces of the sprayed spec-
imens, see Figure 3b. The penetration resistance was measured a few seconds after depos-
iting the last layer. For each measurement, ten repetitions are conducted. The penetrometer
needle used has a cylindrical height of 12.5 mm, a cone height of 2.5 mm, and a diameter of
3 mm. According to [30] the penetration resistance correlates to the yield stress of the mortar
when a sufficiently large needle is used. Thus, the yield stress is calculated according to [30].
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Figure 4. Testing of the printed specimen with a shotcrete penetrometer to obtain yield
stress information.

Micro Computer Tomography (uCT)

In order to obtain information on the bonding zone of the inserted rebars in a non-disturbed
state, yCT-images were taken for each accelerator dosage on specimens with integrated
carbon bars (GE phoenix, voltage 160 kV, current: 240 yA, number of images: 1000, filter:
0.1-0.5 mm Cu, voxel size 0.09-0.12 mm). The volumetric image of each specimen is creat-
ed by using a 3D reconstruction algorithm with the software phoenix datos|x2 (GE Sensing &
Inspection Technologies). VG studiomax 2.2 software (Volume Graphics) is used for further
analyses on the reconstructions. In addition to visual inspections of the bonding zone, the
void content VC around the reinforcement bar is determined. Therefore, a circular region of
interest (ROI) with a diameter of 32 mm is defined concentrically around the integrated rebar.
Within this ROI, voids are identified using a gray scale value analysis. The identified void
volume is then calculated over a length of 5*ds = 60 mm. The selected evaluation area was
located in the middle of the specimen. The void content VC is defined by the ratio of the ab-
solute void volume V,,¢s to the ROI volume Vg minus the rebar volume V. epar, S€€ formula 1.

VC [%] = —22eis . 100 1)

VrRor = Vrebar
Mechanical investigations

The bond strength between the integrated rebars and the surrounding concrete was deter-
mined 28 days after fabrication by using displacement-controlled pullout tests according to
RILEM RC6 [29]. A displacement rate of 0.02 mm/s was used. The mechanical tests were
performed on a hydraulic testing machine (Walter + Bai AG). A schematic drawing, as well as
a picture of the test setup, is shown in Figure 5.

a) b)
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Figure 5. Pullout tests according to RILEM RC 6; a) schematic drawing of the test setup, b)
test setup in the testing machine.
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Results and discussion

Investigations on fresh concrete properties

By testing the manufactured concrete strands with a shotcrete penetrometer, the effect of
accelerator dosage on the yield stress of the deposited concrete could be determined. All
values were measured a few seconds after the addition of the accelerator at the nozzle and
the subsequent deposition of the layer and thus correspond to both (a) the state of the mate-
rial on which the rebar was placed and (b) the state of the material that was sprayed onto the
inserted rebar. The results for 0 %, 2 %, and 4 % accelerator are shown in Figure 6.

90
80
70
80
50
40
30
20 %
10 | %

0

Yield stress [kPa]

0 2 <
Accelerator dosage [wt.% bwoc]

Figure 6. Yield stress values for 0 %, 2 %, and 4 % accelerator dosage measured a few
seconds after depositing in the SC3DP process.

For the specimens manufactured with 0 % and 2 % accelerator, the determined yield stress
is at a similar level. For 0% accelerator the yield stress was found to be 18.5 kPa (standard
deviation: 4.8 kPa) and for 2 % accelerator 12.9 kPa (standard deviation: 5.2 kPa). Even
though the values of 0 % and 2 % accelerator are very close to each other, it could be ob-
served during the spraying process that the spray jet of the 2 % accelerator material seemed
to be rougher. This could be due to the formation of larger agglomerates taking place already
in the nozzle. However, a significantly higher yield stress of 63.6 kPa (standard deviation:
22.3 kPa) was determined for the specimen with 4 % accelerator. With regard to the interlay-
er reinforcement, it can thus be stated that, especially for a 4 % accelerator dosage, the re-
bar is placed onto and subsequently covered by a significantly stiffer concrete compared to
an unaccelerated system.

Micro Computer Tomography (UCT)

Computer tomography scans are used to obtain an in-depth view of the undisturbed bonding
zones for each accelerator dosage. Using grey scale value analysis, the void content (VC)
could be determined for each specimen. Thus, VC provides a comparable indication for the
evaluation of voids as a function of the used accelerator dosage. The estimated VC is limited
to an area of 10 mm around the integrated rebar. Therefore, the focus is on the direct bond-
ing zone close to the rebar. Thus, any further porosities in the bulk matrix are not considered
in depth. Table 2 presents the values determined for VC as a function of accelerator dosage.

Table 2. Void content (VC) of reinforced specimens for 0 %, 2 % and 4 % accelerator.

Accelerator dosage Void content (VC)
0 wt.% bwoc 2.0 vol.%
2 wt.% bwoc 2.1 vol.%
4 wt.% bwoc 4.8 vol.%
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For 0 % and 2 % accelerator, VC is in a similar range at about 2 vol.%. However, looking at
the specimen manufactured with 4 % accelerator, a significant increase of VC can be ob-
served. At 4.8 vol.% VC is more than twice as high as for 0 % and 2 % accelerator. This pro-
nounced increase from 2 % to 4 % accelerator dosage is in line with the findings of the
measured fresh concrete properties, where a significant higher yield stress could be deter-
mined for an accelerator dosage of 4 % (compare section “Investigations on fresh concrete
properties”). Figure 7, therefore, visualizes the void content as a function of the yield stress
of the deposited shotcrete material. It can be seen that the void content tends to increase
with increasing yield stress.

5.0
4.5
4.0
3.5
3.0
25
2.0 R
1.5
1.0
0.5
0.0

x

Void content [vol.%]

0 10 20 30 40 50 60 7O 80 90 100
Yield stress [kPa]

Figure 7. Void content as a function of the yield stress of the deposited shotcrete material.

Due to the rapid reaction between accelerator and cement, the deposited shotcrete material
shows an increased yield stress almost instantly after leaving the nozzle. Thus, the increased
stiffness of the concrete leads to a larger number of air inclusions when it is applied to the
equally stiffer concrete of the previous layer [26,28]. The increased yield stress of the applied
material could also lead to the formation of spray shadows below the reinforcement bar since
it is more difficult for the material to flow into the shadow space below the cross-section cur-
vature of the rebar.

In order to identify the location of the existing voids, additional visual inspections of the bond-
ing zones were carried out, see Figure 8. Figure 8a shows a comparison of the area between
the bottom of the integrated rebar, i.e. which was placed on top of the existing layer, and the
rebar ribs on the top, i.e. where the subsequent layer was sprayed on. It becomes apparent
that the voids are not evenly distributed around the circumference of the integrated rebar, but
are increasingly identified on the bottom side. It can be clearly seen that the top side of the
rebar, which was facing the nozzle, has only a few small voids, while the bottom side is char-
acterized by a large number of imperfections. This indicates that the flowability of the
sprayed concrete at 4 % accelerator dosage was too low to completely fill the shadow spac-
es under the rebar. This type of imperfection is also visible in the cross-sectional view in Fig-
ure 8b - a large, approx. 3 mm void as well as a small flat void immediately below the rebar.
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Figure 8. Computer tomography images of a) the top and bottom side of an integrated rebar
with 4 % accelerator, b) voids below the integrated rebar (4 % accelerator), c) voids on the
side of rebar below and above ribs (2 % accelerator).

In addition to imperfections directly under the reinforcement bars, there are also visible voids
on the sides of the rebars, see Figure 8c. These are particularly found below or above ribs.
Figure 8c shows this type of defect on an example of an interlayer reinforcement bar manu-
factured with a 2 % accelerator dosage. This imperfection may be due to a spray shadow or
rebound caused by the ribs and thus the resulting inclusion of air.

Mechanical investigations

Based on pull-out tests according to RILEM RC 6, maximum pull-out forces were measured
for all integrated steel reinforcement bars. The estimated maximum forces F were converted
into a bond strength 1 using the existing bond length | = 60 mm and the bar diameter
drebar = 12 mm, see formula (2).

T=—02" (2)

Tdrebar-]

All bond strengths are shown in Figure 9. It can be seen that the additive manufactured spec-
imens consistently show higher bond strengths than the cast specimens (compare dark and
light grey columns). This could be due to the fact that the SC3DP process involves a material
application with high kinetic energy, which leads to high compaction of the applied concrete.
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Figure 9. Bond strength of shotcrete 3D printed and conventionally cast reinforced speci-
mens for 0 %, 2 %, and 4 % accelerator.
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However, with an increase of the accelerator dosage from 0 % to 4 %, SC3DP specimens
show a reduction of the bond strength by 13 % from 26.2 N/mm? to 22.8 N/mm?, whereas no
significant effect can be seen for the cast specimens. Assuming that all cast specimens have
a homogeneous bonding zone between rebar and concrete due to concrete vibration, it can
be assumed that the investigated accelerator dosages (0 — 4 wt.% bwoc) do not have a sig-
nificant effect on the hardened concrete properties after 28 days. This is consistent with find-
ings from the literature [31], where only small reductions in compressive strengths were ob-
served after 28 days due to the use of alkali-free accelerator (even with a higher accelerator
dosage).

The reduction in bond strength with increasing accelerator dosage for SC3DP specimens
can be related to the previously discussed increase in void content. Figure 10 shows that the
decrease in bond strength is tendentially related to an increasing void content. This can be
explained by the fact that the increase of voids in the vicinity of the bar leads to a reduction of
the bond area between the integrated bar and the surrounding concrete. When the bonding
zone is weakened by defects, i.e. voids, the applied forces must consequently be transferred
in a concentrated state over the remaining reduced bond area. This results in high local
stresses, which lead to an earlier failure and thus to an overall reduced bond strength.

30

25 3
=

20

Bond strength [N/mm?]

0 1 2 3 4 5 <]
Void content [vol.%]

Figure 10. Bond strength as a function of void content in the vicinity of the inserted rebar.

A further explanation for the decrease in bond strength between reinforcement and concrete
with increasing accelerator dosage could be a mechanical weakening of the concrete-
concrete interface between to layers resulting from the process interruption required for the
integration of the rebars. Especially for highly accelerated concrete, even short interruptions
between the application of the layers can lead to a weakening of the interlayer bond [26,28].
As the reinforcement is applied exactly in this interlayer, a weakening of the interlayer bond
automatically results in a weakening of the reinforcement bond.

Conclusion

Within the framework of this study, the integration of reinforcement bars in the interlayers of
concrete strands manufactured by the Shotcrete 3D Printing process was investigated. The
purpose of the investigations was to analyze the effect of increasing accelerator dosages on
the resulting bond behavior.

Rheological investigations of the deposited fresh concrete using a shotcrete penetrometer
showed that the yield stress for an accelerator dosage of 4 % was significantly higher than
for 0 % and 2 %. Based on computer tomography analysis of the bonding zones of rebars
that were integrated within the SC3DP process, the void content could be determined in the
vicinity of the rebar. It could be observed that the void content increases with an increasing
yield stress of the applied material. Especially for an accelerator dosage of 4 %, a higher
amount of voids could be identified below the inserted rebar. This indicates that the flowabil-
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ity of the sprayed concrete was too low at 4 % accelerator dosage to completely fill the shad-
ow spaces under the reinforcement bar. Mechanical investigations using pull-out tests
showed, that an increase in accelerator dosage from 0 % to 4 % leads to a reduction in rein-
forcement bond strength of 13 %. This supports the findings of the bonding zone analysis via
MCT. Thus, it can be noted that an increase of void content results in a reduction of bond
strength.

In general, this study has shown that the integration of reinforcement into interlayers repre-
sents a promising reinforcement method for SC3DP, as it can be easily integrated into the
existing printing process and can provide good bond properties between concrete and rein-
forcement bars. By using accelerator dosages of up to 2 %, homogeneous bonding zones
could be obtained. Regardless of the accelerator dosage, excellent bond strengths were
achieved by the SC3DP process, even higher values than for conventionally cast concrete
specimens. This phenomenon is attributed to the high compaction of the concrete in the
SC3DP process, as the material is applied with high kinetic energy.
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