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Experimental and numerical study of full-scale reinforced concrete beams with
3DCP permanent formwork

Abstract. The performance of a box-type permanent 3DCP formwork for full-scale reinforced concrete beams was assessed
through experimental testing and numerical analysis. Eight beams were tested under four-point bending to examine the
contribution of the printed shell to stiffness, crack development, and load-bearing capacity. The specimens exhibited a flexural-
shear failure mechanism, while no delamination between the printed shell and the cast-in-place core was observed. A nonlinear
finite element model was calibrated against the experimental load-deflection responses and then used for comparative
simulations. The predicted ultimate load was 81.9 kN for beams with 3DCP formwork and 77.1 kN for a numerically simulated
reference beam without formwork. An energy-based assessment showed that the total strain energy decreased to 49.64 % at the
same load level, indicating increased stiffness and improved efficiency of the composite cross-section.
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Introduction.

Additive technologies in construction, particularly
3D printing with cementitious composites, are
gradually evolving from demonstration projects toward
engineering-based solutions for load-bearing elements.
In the “roadmap” proposed by Buswell [1], the key
scientific and technological challenges of extrusion-
based 3D concrete printing are identified: control of
rheology and buildability, ensuring repeatability of
material properties, managing interlayer bonding, and
integrating the technology with structural analysis and
standardization. The review by Jipa and Dillenburger
[2] highlights that one of the most practical
implementation paths is the use of 3D printing for
producing formwork of complex geometry, followed
by conventional concreting and reinforcement. At the
same time, a synthesis of reinforcement methods for
3D-printed concrete confirms that reinforcement

integration, interface reliability, and construction
tolerances remain decisive factors for scaling up to real
structures [3].

One promising direction is 3D-printed permanent
formwork which, after concreting, not only shapes the
cross-section but can also contribute structurally to load
transfer. The feasibility of this concept has been
experimentally demonstrated for columns, where force
transmission through the “shell-core” contact interface
is critical [4]. For slabs and slab systems, digital form-
generation enables the realization of efficient thin-
walled shells, including topology-optimized and
mineral-printed forms [5,6]. Composite slabs with an
active structural role of the printed formwork have been
developed, including prestressed systems [7], as well as
a series of studies on ribbed slabs where load transfer,
flexural performance, and the influence of rib and void
geometry on strength and cracking resistance were
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examined [8-10]. Alternative material solutions for
permanent formwork, such as textile-reinforced
concrete for composite slabs [11], further emphasize
the overall trend: the shell is increasingly treated as a
structural component rather than merely as form. For
thin-walled elements, serviceability aspects such as fire
resistance of high-strength printed panels also become
relevant [12]. A major limitation remains the layered
nature of 3D-printed materials and the resulting
anisotropy of properties, which directly affects shell
cracking and interface behavior [3,13].

The most relevant studies for transition toward
frame systems concern reinforced concrete beams with
3D-printed  permanent  formwork.  Full-scale
experiments confirm that the shell can enhance
stiffness, crack resistance, and energy absorption at
failure; however, the outcome strongly depends on
structural detailing and compatibility conditions
between materials [14]. It has also been shown that for
such elements, the interaction between bending and
shear behavior and the control of local damage zones is
critical [15]. The concept of off-site fabrication
followed by concreting is of practical importance for
improving repeatability and process control [16], as is
the comparison of reinforcement strategies and their
effect on failure mechanisms [17]. Additional
technological approaches address the integration of
longitudinal reinforcement during printing [18] and the
coordination of printing and reinforcement trajectories
for manufacturing reinforced elements [19]. For the
hybrid scheme “3D-printed permanent formwork +
conventional concrete core,” both structural efficiency
and technological feasibility have been experimentally
validated [20]. Improvements in crack resistance and
deformability may also be achieved through the shell
material itself, including deformable geopolymer-
based composites [21] and high-strength shells with
controlled (including graded) fiber reinforcement [22].
For shear performance and interface behavior,
important findings have been obtained for beams with
textile permanent formwork [23], numerical studies of
shear response of beams with 3D-printed formwork
[24], and solutions where the printed shell functions as
transverse reinforcement or shear control [25,26]. In
the Ukrainian context, recent studies confirm the
applicability of 3D printing for spatial structural
models [27] and explore printed formwork for
monolithic beams with integrated reinforcement
channels [28], which is essential for the development of
a local technological base.

Despite significant progress at the level of
individual elements, there remains a lack of research
directly focused on the development of integrated
frame systems with repeatable joints and reliable load
transfer between components. In this regard, structural
continuity — particularly the uninterrupted passage of
longitudinal reinforcement through “column—beam”
joints — is essential for composite frame action. For
such systems, it is necessary to combine experimental
results with validated numerical models of the
composite cross-section and interface, as previously
substantiated in numerical investigations of 3D-printed

permanent formwork for reinforced concrete [29],
taking into account the established anisotropy of 3D-
printed concrete [13]. To compare alternatives and
generalize results, an energy-based approach
employing the distribution of deformation potential
energy as an integral assessment criterion is
recommended [30,31]. Its relevance for optimization
problems has been demonstrated for topology-
optimized reinforced concrete slabs [32] and for
improving the parameters of hybrid “shell-core”
structural systems [33]. The significance of permanent
formwork as an active structural layer is confirmed not
only for 3D-printed systems: recent studies have shown
that prefabricated UHPC permanent formwork panels
with embedded steel meshes and specially configured
contact surfaces (ribs, shear keys) can substantially
enhance the flexural behavior of reinforced concrete
beams — doubling the cracking load, increasing
stiffness, and improving ultimate load capacity by
approximately 30%, with the effect largely governed by
interface bond quality and detailing [34].

Therefore, the experimental investigation of full-
scale reinforced concrete beams with 3D-printed box-
type permanent formwork is considered a necessary
step toward substantiating a frame-based structural
solution in  which interface phenomena, shell
anisotropy, reinforcement detailing, and energy-based
performance criteria are integrated within a unified
methodology suitable for further numerical validation
and for application to repeatable structural joints and
elements.

Problem statement.

The aim of this research is the experimental
investigation of the influence of box-type permanent
formwork manufactured by 3DCP technology on the
stiffness, crack resistance, and ultimate load-bearing
capacity of full-scale reinforced concrete beams
subjected to four-point bending.

Object of the study is full-scale reinforced concrete
beams with box-type 3D-printed permanent concrete
formwork.

Subject of the study — the stress-strain state of full-
scale reinforced concrete beams under four-point
bending and its evolution during the stages of cracking
and failure, including deflections, concrete and
reinforcement strains, and the fields of normal and
shear stresses in critical regions. Additionally, the study
examines the influence of the 3D-printed permanent
formwork, transverse reinforcement, and local
technological defects on the distribution of these SSS
components, as well as on stiffness, crack resistance,
and ultimate load capacity.

Research objectives can be defined as follows:

- To perform experimental testing of a series of
full-scale beams with 3D-printed permanent formwork
under a four-point bending scheme and to obtain load—
deflection curves, as well as cracking and strain data
from strain gauges.

- To compare the performance of beams with and
without transverse reinforcement and to assess the
effect of a local formwork defect.
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- To compare the experimental results with the
code-based load-bearing capacity evaluation according
to DSTU B V.2.6-156:2010 [35].

- To conduct numerical verification in ANSYS
and to compare calculated and experimental stress—
strain and load capacity parameters.

- To perform an energy-based interpretation of
beam behavior in LIRA 10.16 using the strain energy
criterion for cases with and without the printed
formwork.

Main material and results.

The investigated structural element is a composite
shell-core system in which the 3D-printed concrete
shell ~serves as permanent formwork and
simultaneously participates in the structural behavior of
the cross-section, while the core is formed by casting
conventional concrete inside the shell. The overall
beam geometry is as follows: length L = 3220 mm,
width b = 200 mm, and height h = 320 mm. The
thickness of the 3DCP formwork is 60 mm at the
bottom and 40 mm at each side wall; the core
dimensions are 120 mm in width and 260 mm in height.
General view for experimental specimens is shown in
Fig. 1.

Compressive strength was direction-dependent due
to the layered 3DCP fabric. The highest value,
17.3 MPa, was obtained under loading perpendicular to
the printed layers (vertical compression), whereas 12.3-
12.4 MPa was measured under loading parallel to the
layers, both along and across the extrusion paths; the
material performance corresponds approximately to
concrete class C16/20. The beam core was produced
from conventional concrete of class C20/25.

The experimental program included eight full-scale
beams of identical geometry and longitudinal
reinforcement layout. To ensure reliable comparison of
structural parameters, all specimens were fabricated
using a unified fabrication/technological procedure
with consistent conditions for shell printing,
reinforcement placement, and core casting. The
primary controlled variables were the presence of
transverse reinforcement and the integrity of the 3DCP
shell prior to testing.

Longitudinal reinforcement for all beams consisted
of 4010 AS500C bars in the tensile zone and 2010
A500C bars in the compression zone.

Based on the presence of transverse reinforcement
and the condition of the shell, the beams were divided
into three groups.

The first group (specimens BI1-BS5, Fig. 1, a)
comprised beams with transverse reinforcement in the
form of @6 A500C stirrups spaced at 200 mm, with no
observed local shell damage.

The second group (specimens B6-B7, Fig. 1, b)
included beams without transverse reinforcement,
containing only minimum (nominal) reinforcement
formed by several @6 AS500C bars; no local shell
defects were detected.

The third group (specimen B8) was a beam with
@6 A500C stirrups at 200 mm spacing and with local
defects of the 3DCP shell that existed before testing.
These defects appeared as localized shell
damage/failure in the midspan region and in the near-
support zones.
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Figure 2 — Test series: a) — with transverse
reinforcement, b) — without transverse reinforcement,
c) — transverse reinforcement and local destruction

Beam tests were carried out using a four-point
bending scheme (see Fig. 3), creating a constant-
moment region between the load application points.
The beam was supported on two hinged supports (a
pinned support and a roller support), while the load was
applied through a distribution beam that ensured force
transfer to two loading points.

~— Distribution beam
Test specimen

Applied loading —. J
Pinned support -

Roller support < X
2 J - =
o % =
R =
N
260 900 900 900 260

3220
7 /

Figure 3 — Loading scheme with a distribution beam

The load was generated by a hydraulic jack with a
capacity of 500 kN, installed in a reaction portal frame
anchored to the strong floor using anchor elements. The
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structural configuration of the loading frame is shown
in Fig. 4.

Figure 4 — Testing reaction portal frame

Vertical displacements of the beam were measured
using dial gauges with a resolution of 0.01 mm. The
gauges were installed at three characteristic locations;
at midspan and beneath the two load application points,
allowing both global deflection and local displacements
in the loading zones to be monitored. Strain gauges
were placed in the region of maximum bending
moment (midspan), specifically on the top surface to
record compressive strains and on the bottom surface to
record tensile strains. This arrangement provided direct
monitoring of the evolution of the stress—strain state
during loading.

During the experiment, visual crack monitoring was
performed on the outer surface of the 3DCP shell;
therefore, the observed crack pattern reflects the
behavior of the shell as part of the composite shell-core
system. Crack height development was evaluated based
on the number of 3D printing extrusion layers, where
one extrusion corresponds to one layer with a thickness
of approximately 20 mm. Crack width was not
measured instrumentally because the layered surface
relief and local anisotropy of the 3DCP shell make
reliable microscope-based readings impractical and
non-repeatable under the given test conditions.
Therefore, crack development was assessed by visual
monitoring and by crack height quantified in terms of
the number of crossed printed layers.

Experimental tests.

For all specimen series, a flexural-shear failure
mechanism was observed, characterized by the
formation of a dominant inclined crack in the near-
support region. This crack propagated from the load
application zone toward the support and governed the
ultimate limit state.

Photographic ~ documentation  of  cracking
demonstrated that the 3D-printed permanent shell acted
as an integral part of the composite shell-core cross-
section rather than as an unanchored cladding. During
loading and after reaching the ultimate state, no
extensive delamination of the shell from the concrete
core was observed, indicating effective transfer of shear
forces across the interface and compatibility of
deformations between the components. Since cracks
were recorded on the external surface of the shell, the
resulting crack pattern represents the stress—strain state
of the shell within the composite element and can be

directly correlated with strain gauge data and measured
deflections. The characteristic stages of structural
behavior are shown in Fig. 5 and can be described as
follows: 1. pre-cracking stage (<24 kN); 2. onset of
flexural cracking (24—40 kN); 3. transition to flexural—
shear behavior (inclined cracks with a development
height of approximately 3-11 extrusion layers); 4.
ultimate limit state and failure.

Figure 5 — Characteristic stages of structural behavior of
test specimen

The experimental ultimate values of internal forces
in most specimens exceed the code-based flexural
capacity estimated using the deformation-based
procedures of DSTU [35]. The calculated flexural
capacity for the beam with 3DCP formwork is
M = 34.2 kNm, whereas for the conventional beam it is
M =32.7 kNm. The graph in Fig. 6 shows that all
specimens, except B6, exhibit ultimate moments that
are above or close to 34.2 kNm, while the value for B6
is at the level of the calculated moment for the
conventional cross-section. Overall, this confirms that
the actual flexural load-bearing capacity of the tested
elements is not lower than the code-predicted value,
and that the DSTU-based calculation provides a
conservative baseline estimate.

45
42
39
36
33
30
27

3DCP+Core M = 34.22 KNm

Core M = 32.75 KNm

Bending moment M, KNm
N
[

B1 B2 B3 B4 B5 B6 B7 B8
Specimen

Figure 6 — Comparison of ultimate bending moments
M. for specimens B1-B8 determined from experimental
results with the code-based value according to [35]

The comparison in terms of shear force shows a
clearer differentiation between the specimen series. For
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specimens with transverse reinforcement, the code-
based evaluation yields V = 49.1 kN for the system
with 3DCP formwork and V = 39.7 kN for the
conventional beam. For the series without transverse
reinforcement, the calculated values are lower: V =
34.6 kN for the 3DCP system and V = 22.5 kN for the
conventional cross-section. The experimental shear
force values for specimens B1-B5 are close to or
exceed 49 kN, which is consistent with the contribution
of transverse reinforcement at the final stage and the
development of a flexural-shear failure mechanism.
For specimens without transverse reinforcement, B6—
B7, a reduction of the ultimate shear force to
approximately 39-40 kN was recorded; however, these
values still significantly exceed the code-based
estimate for a conventional cross-section without
stirrups, confirming the contribution of composite
shell—core action to shear resistance.

The defective specimen B8 exhibits high ultimate
values for both bending moment M and shear force V,

Loading, kN
ul
o

o o1 02 03 04 05 06 07 08 09 1

comparable to the best results within the series. This is
consistent with the fact that local shell damage affects
the local crack pattern but does not necessarily reduce
the ultimate internal forces, provided that shear transfer
across the interface is not disrupted and the overall
structural integrity of the element is maintained up to
the failure stage.

For each specimen, load-strain relationships ¢ in the
compressed zone were constructed (see Fig.7). The
curves exhibit a monotonic character with a more
pronounced increase in strains at the final stages,
corresponding to stiffness degradation after cracking
and redistribution of internal forces within the cross-
section. The obtained relationships are used as
instrumental confirmation of the behavior of the
compressed zone and for comparison with
deformability  derived from load-displacement

diagrams, as well as for verification of numerical
models.

+Bl B2 B3

B4

+B5 <+B6 --B7 B8

11 12 13 14 15 16

Strain &, %o

Figure 7 — Load-strain ¢ relation in the concrete core in the compressed zone near the top fiber based on strain
gauge measurements

Numerical analysis.

Since the experimental tests were performed on
beams with permanent 3D-printed formwork,
numerical verification at the first stage was carried out
for the same structural configuration, reproducing the
geometry, boundary conditions, and loading scheme.
After achieving agreement between the numerical
results and the experimental data within the adopted
assumptions, a second stage of analysis was performed
in which analogous beams without permanent
formwork were modeled, enabling a consistent
comparison of the influence of the formwork on the
integral performance parameters of the element.

Numerical verification was conducted in ANSYS
Workbench (Static Structural) using a nonlinear
formulation with consideration of large displacements
(see FE model in Fig. 8). The geometry was created in
Autodesk Revit, exported in SAT format, and imported
into ANSYS SpaceClaim; simplification was
performed by removing local irregularities associated
with the layered 3D printing process, and smooth

contact surfaces were prepared to allow proper finite
element meshing and accurate contact interaction
modeling.

Figure 8 — Finite element model in ANSYS

Both the 3DCP shell and the cast-in-place core were
modeled as a shell-core system and assigned concrete
classes C16/20 and C20/25, respectively (E = 29 GPa
and 30 GPa, v = 0.20). Concrete nonlinearity was
represented using a Microplane constitutive model
implemented via APDL for a 3D microplane solid, with
strength parameters consistent with the selected
concrete classes.
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Longitudinal rebars @10 and stirrups @6 were
included by their cross-sectional areas; steel was
modeled as linear elastic (E = 200 GPa, v = 0.30) with
a perfect-bond assumption (no slip).

Composite action between the shell and the core
was enforced by an ideal tied connection using shared
nodes along the interface. The load introduction region
was defined as bonded contact, while the supports were
reproduced using no-separation contact on one side and
frictional contact on the other (u = 0.7). The analysis
was performed under displacement control up to
1.5 mm, and the reaction force was used to build the
load—displacement curve; nonlinear equilibrium was
solved using automatic substepping with the Newton—
Raphson scheme.

The load-displacement curve (see Fig. 9) obtained
in ANSY'S for the specimen with permanent formwork
falls within the experimental scatter and accurately
reproduces the response envelope over the main
loading range and the final failure stage. This
agreement confirms the adequacy of the adopted
boundary conditions, contact formulation, and stiffness
parameters of the numerical model.

Load, kN

25 Bl

: o 2

10 --B5 —+with 3DCP
—+without 3DCP

0123 456 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28
Displacement, mm
Figure 9 — Load-displacement curves for specimens
B1-B5 and numerical simulation results obtained in
ANSYS for beams with and without 3DCP permanent
formwork

A similar level of correlation for 3DCP elements
has been reported by other researchers using nonlinear

concrete constitutive models and properly defined
contact interfaces [24], [29]. The moderate increase in
ultimate load observed in the stirrup-reinforced series
is therefore expected. In studies involving permanent
formwork, the contribution is often more pronounced
in terms of stiffness and crack resistance, whereas the
gain in peak load may remain limited, even for higher-
strength UHPC panels [34].

The distribution and magnitude of deflections are
consistent with the shape of the experimental load—
displacement curves and explain the lower deformation
energy capacity observed for the specimen with
permanent formwork. In the configuration without
formwork, larger maximum displacements are recorded
at a lower ultimate load, which corresponds to the
reduced flexural stiffness of the cross-section.

For the beam with 3DCP permanent formwork, the
maximum displacements are smaller, while the
corresponding load level is higher. This behavior is
consistent with the expected increase in the second
moment of area and the composite action between the
shell and the core. A similar response has been reported
in studies where a composite section with a permanent
layer reduces deformability under the same external
actions [34].

Deformations (see Fig. 10) localize in regions
where cracking is expected, particularly within the pure
bending zone and the shear spans. In the specimen
without permanent formwork, strain localization occurs
earlier and is more pronounced, which is consistent
with the lower stiffness and the faster transition to the
cracked stage.

In contrast, for the specimen with 3DCP permanent
formwork, the strain field is more uniformly distributed
at higher load levels. This behavior is attributed to a
more efficient redistribution of deformations within the
composite cross-section.

The maximum principal elastic strains & recorded
under loading were as follows (see Fig. 11): for the
beam without 3D-printed concrete formwork, € ranged
from 1.60 x 10*to 3.97 x 107% at a load of 77.138 kN;
for the beam with 3D-printed concrete permanent
formwork, € ranged from 1.72 x 10#to —1.33 x 1077 at
a load of 81.912 kN.

0.00013436

0.00016044 0.00010828

8.2204e-5
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5.6125e-5 3.9674e-6
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0.00017153 0.00011431

8.5699e-5

2.8478e-5

5.7088e-5 -1.3253e-7
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Figure 10 - Maximum principal elastic strains £ under loading in the beams: a) — without permanent formwork;
b) — with permanent formwork
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The maximum shear stresses develop within the
shear spans and in the contact zones at the supports and
load application points. This behavior is consistent with
the formation of inclined cracks.

The shear stresses 1 recorded under loading were as
follows (see Fig. 11): for the beam without 3D-printed
concrete formwork, T ranged from 2.53 to —2.53 MPa
at a load of 77.138 kN; for the beam with 3D-printed
concrete permanent formwork, t ranged from 1.94 to
—1.96 MPa at a load of 81.912 kN.

For the specimen with permanent formwork, shear
stresses of approximately T = 1.94 to —1.96 MPa are
reached at a higher load level, while the stress field
remains symmetric. In the specimen without formwork,
the shape of the shear stress field is similar, but the
ultimate load is lower.

The difference between the two configurations can
be attributed to the influence of the composite cross-
section on shear stiffness and on the transfer of shear
stresses at the shell-core interface. This mechanism has

also been highlighted in studies that consider
permanent formwork as an active structural layer [34].

The principal stress field reveals tensile and
compressive zones that govern crack initiation. The
maximum tensile stresses, on the order of 1 MPa, are
physically consistent with the tensile strength of
concrete for the adopted material classes.

In both models, the topology of the tensile zones is
similar, confirming the adequacy of the applied loading
and support scheme. For the specimen with permanent
formwork, the region of elevated o develops at a higher
load level without signs of unstable asymmetry, which
is consistent with the stiffer response and improved
shear transfer in the composite cross-section.

The maximum principal stresses ¢ (see Fig. 12)
recorded in the beams under loading were as follows:
for the beam without 3D-printed concrete formwork,
o =0.98 MPa at a load of 77.138 kN; for the beam with
3D-printed concrete permanent formwork,
o =1.00 MPa at a load of 81.912 kN.

I [
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19672 084309
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0.28103
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Figure 11 — Shear stresses (t) in the beams under loading: (a) without permanent formwork; (b) with permanent
formwork
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Figure 12 — Maximum principal stresses ¢ in the beams under loading: (a) without permanent formwork; (b) with
permanent formwork

The numerical verification performed in ANSYS
confirms good agreement with the experimental results
in terms of the key response features, including the
deflection shape, localization of compression in the
upper zone, concentration of shear stresses in the shear
spans, and the correspondence between critical regions

and the strain fields. This is consistent with the
approaches adopted in international studies on 3DCP
elements and systems with permanent formwork [24],
[29], [34].

The comparative results for the model without
formwork are physically consistent and demonstrate
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the expected reduction in stiffness and ultimate load.
The advantage of the 3DCP permanent formwork in the
present series is primarily manifested in the increased
stiffness and the more favorable shear response of the
composite cross-section, whereas the gain in peak load
in the presence of transverse reinforcement remains
moderate and follows the general trend reported for
permanent formwork systems, including UHPC
solutions [34].

To provide an integral assessment of the effect of
3DCP permanent formwork, additional analyses were
performed in LIRA 10.16 using the Vasilkov—
Shmukler energy criterion for beams with and without
formwork. For both configurations, identical boundary
conditions and loading schemes were adopted. The
evaluation was based on the fields of strain energy
density as well as on the total strain energy of the
system.

The distributions of strain energy density (see
Fig. 13) revealed its localization in the regions of
normal crack formation within the pure bending zone
and in the near-support regions where inclined cracks
develop. Maximum values were also observed in the
contact areas at the load application points and
supports, which corresponds to stress concentration in
these zones. The identified regions of increased strain
energy density are consistent with the experimentally
observed crack patterns and the flexural-shear failure
mechanism recorded during testing. Therefore, strain
energy density can be regarded as an informative
integral damage indicator for the composite shell-core
system.

A

Figure’13 - Strain energy density field

A comparison of the total strain energy for the two
configurations showed a substantial difference. For the
RC+3DCP variant, the total strain energy was reduced
to 49.64% of that of the RC beam under the same
loading regime. The total strain energy was compared
at the same external load level, while the resulting
displacements and stress fields differed due to the
stiffness contrast of the analyzed cross-sections. This
result can be interpreted as an increase in structural
stiffness associated with the use of 3DCP permanent

formwork, which is attributed to the enhanced cross-
sectional stiffness and the composite action between
the shell and the core.

This behavior is also consistent with the improved
ability of the composite system to transfer shear
stresses, which govern the development of inclined
cracks and the shear-dominated failure mechanism.
Hence, provided that sufficient interaction is ensured at
the shell-core interface, the use of 3DCP permanent
formwork results in a stiffer structural response and a
reduced deformation energy capacity, which is critical
for assessing the reserve prior to the formation of a
dominant inclined crack.

Conclusions.

The experimental testing of full-scale beams under
a four-point bending scheme confirmed that all
specimens failed according to a flexural-shear
mechanism governed by the formation of a dominant
inclined crack in the shear span. The first normal cracks
were observed at loads of 24-40 kN, inclined cracks
developed mainly within 76-100 kN, and failure
occurred in the range of 92-128 kKN. No continuous
delamination between the 3D-printed permanent
formwork and the concrete core was observed, which
confirms their composite action up to the ultimate state.
The comparison of specimens with and without
transverse reinforcement demonstrated its governing
role in stabilizing the shear response: the transition to
the flexural-shear stage occurred earlier and more
abruptly in beams without stirrups. The specimen with
a local formwork defect exhibited only minor
deviations in the initial cracking stage, while the overall
failure mechanism remained unchanged. The code-
based evaluation according to DSTU B V.2.6-156:2010
[35] predicted a small difference in flexural capacity
(34.2 kKNm vs. 32.7 kNm) but a much larger difference
in shear capacity (34.6 KN vs. 22.5 kN), which was
confirmed experimentally, indicating that shear
governs the structural behavior of the tested series.

The numerical verification in ANSYS reproduced
the key experimental features in terms of load-
deflection  response,  stress—strain  fields, and
localization of critical zones. The calculated ultimate
loads were 81.9 kN for the beam with 3DCP formwork
and 77.1 kN for the reference beam, corresponding to a
difference of about 6%. The beam with permanent
formwork exhibited smaller deflections and higher
stiffness, while the increase in peak load remained
moderate due to the stabilizing effect of transverse
reinforcement. The energy-based analysis performed in
LIRA 10.16 wusing the strain energy criterion
demonstrated a substantial reduction in total
deformation energy for the RC+3DCP configuration,
which reached only 49.64% of the value obtained for
the conventional RC beam under the same loading
scheme. These results confirm that the primary
structural benefit of the 3D-printed permanent
formwork lies in the enhancement of stiffness,
improved shear transfer at the shell-core interface, and
reduced deformation energy prior to the formation of
the governing inclined crack.
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The study is limited to one geometry and one shell
thickness; therefore, the reported trends should be
generalized with caution. Further work should address

interface characterization (bond/shear transfer) and
parametric variations of shell geometry and
reinforcement.
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EkcnepvMeHTanbHo-uMcenbHe JOCHiIKEeHHS1 MOBHOMACLUTABHMX 3a51i306e TOHHUX
6anok i3 3D-apyKoBaHO HE3HIMHOO OrasybKoHo

AnHoTaujs. Y cTaTTi HaBefeHo OLiHKY eheKTUBHOCTI KOpo64acToi He3HIMHOI onanybku, BUroToBneHoi 3a TexHororieto 3D-apyky
6eToHy, )15 NoBHOMACLLTabHWX 3ani306eTOHHWX BasoK LWSXOM ii eKcriepyMeHTanbHO-TEOPeTUYHOr0 aHani3y. B poboTi BcTaHoBnEHO
Brinve 3D-ApyKoBaHol 060MOHKM Ha YKOPCTKICTb, TPILUMHOCTIMKICTb i rpaHUUHy Hecydy 30aTHICTb MPU YOTUPUTOUKOBOMY 3TUHI, a
TaKOXX BUKOHAHO 4ucenbHy BepudikaLjio pesynbTaTiB Ta OLJHKY 33 eHepreTMYHUM KputepieM. [lpoBepeHo rnoBHOMacLUTabHe
BuNpo6yBaHHs 8 6anok ogHakoeoi reomeTpil (L=3220 MM, b=200 MM, h=320 MM) i3 6eToHHWM sippoM knacy C20/25 Ta 3D-apyKoBaHoOK
060s10HKO0, MaTepiasnbHi XapaKTepUCTUKU SKOI MPUIMHATO 3a MomepefHiM eKcnepUMeHTanbHUM JOCTimKeHHSM i HabrkeHo Ao
knacy C16/20. PosrnsiHyTo 3pasku 3 ManuM rorepeyHM apMyBaHHsM, 6e3 MorepeyHoro apMyBaHHS, @ TaKoX 3 MorepeyumM
apMyBaHHSM Ta JIOKaNbHUMM MOLKOMKEHHAMU 060MoHKM. BisyanbHi criocTepexkeHHs MiATBEpOMIM 3rMHHO-3CYBHUIA MeXaHisM
pyiiHYBaHHS! 3 JOMiHYHOUOK MOXWIIOKD TPILLMHOO B MPUOMOPHIi 30HI Ta BiACYTHICTb NMPOTSHKHOI AenaMiHaLii 060M0HKM Bif, Aapa.
MopiBHSIHHSI 3 HOPMaTUBHUMM MOKA3HUKaMM MILHOCTi MoKasano 61MsbKi po3paxyHKoBi piBHi 3a 3aruHoM (MRd 34.2 kHM gnst RC+3DCP
T1a 32.7 kHM pna RC) i cyTTeBy pisHWLEO 3a nonepeyHoko curoko. HeniHilHi Mogieni 3 MiKporoLMHHOK Mofiensio 6eToHy BiLTEOpMIM
OrMHaloYy eKCrepUMeHTaNbHUX KPUBUX; rpaHnyHa cvna ctaHoeuna 81.9 kH pns BapiaHta 3 onany6koto Ta 77.1 kH 6e3 onany6bku.
EHepreTUuHuiA aHani3 3a KpuTepieM BacunbkoBa-LLMykrepa nokasaB KOHLEHTPALYiHO LWIbHOCTI NOTEHLLiHOI eHepril pedopMaLyi y
30HaX TPILLWMHOYTBOPEHHS Ta 3MEHLLEHHS CyMapHOi eHeprii A1 6eToHHOro siApa 3 ApyKoBaHoto onanybkoto [0 49.64% B NOpiBHAHHI
3 YACTO 6ETOHHO KOHCTPYKLIiEH MPY OHAKOBUX 30BHILLHIX AjSiX, LD iHTEPrpeTYETLCA AK MiJBULLIEHHS XXOPCTKOCTI | etheKTUBHILLA
3cyBHa poboTa KOMMo3uTHOro nepepisy. PesynbTatv 06rpyHTOBYHOTb [OLLMBHICTL 3acTocyBaHHs 3D-ppykoBaHoi oranybku Ta
OKPEeCHol0Tb KPOKW [0 MacLLTabyBaHHS pillieHHs! Ha MOBTOPOBaHI €/IeMEHTY | BY3/IX KapKaCHUX CUCTEM.

Kntouosi crioBa: 3D-gpyk GeToHy, HesHiMHa onanybka, 3ani3obeToHHa Basnka, MeToL, CKiHYEHHWX erleMeHTIB, MoTeHLIMHa eHepria
BedopMaLil.
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