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1 | INTRODUCTION

Noriyuki Kobayashi' | Tomoya Asakawa? |
| Yao Ding* | Ryo Egawa® | Kazunori Ohno® |
Abstract

3D Concrete Printing (3DCP) provides several advantages, including construc-
tion productivity and sustainability, although the presence of cold joints
reduces structural performance, particularly in zones subjected to tensile stres-
ses. In addition, it is difficult to reinforce 3DCP structures with conventional
steel rebars, generally used to reinforce concrete. To solve these problems,
reinforcements are automatically inserted by means of a new system, in which
pin-shaped reinforcement connects the concrete layers of traditional 3D print-
ing (herein called R3DCP). To analyze the behavior of R3IDCP beams, an
experimental campaign has been performed and described in this paper. It
includes material characterization, pullout tests to quantify the bond-slip
between pin reinforcement and printed material, and full-scale four-point
bending tests on 3DCP and R3DCP beams. Moreover, a new three-stage
modeling approach, in which the contribution of discrete pin reinforcements
is explicitly incorporated through a bond-slip equivalent constitutive relation-
ship, is proposed. The good agreement between experimental findings and
numerical results corroborates the effectiveness of the proposed reinforcing
system, supporting future design guidelines for R3DCP.

KEYWORDS

cold joints, concrete layers, four-point bending test, pin reinforcement, pullout test, three-
stage model

3DCP provides several advantages with respect to con-
ventional construction methods, such as labor savings,

In recent years, 3D Concrete Printing (3DCP) has
attracted a lot of attention due to the revolutionary tech-
nology introduced within the construction industry,
where robots can automatize construction.! Indeed,

improved productivity,® greater flexibility in building

shapes,” and reduction of materials and components.*®
The material extrusion method is one of the main

printing procedures, as proved by research activities
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devoted not only to the study of laminated
materials,”'® but also to the development of
standards''™"® and practical applications.'*'> On the
other hand, the extrusion and lamination process pro-
duces discontinuities (interlayer cold joints) between
the layers composing the final construction. As these
discontinuities trigger crack growth, 3DCP structures
inevitably exhibit lower structural integrity than tradi-
tional cast-in-situ components.”'® Due to the layer-
by-layer deposition process, 3D printed concrete also
shows anisotropic mechanical behavior, as strength
and stiffness depend on the printing direction and
layer orientation. This anisotropy is closely related to
interlayer behavior and the formation of cold joints."’
Moreover, in the zones where tensile stresses are
expected, it is difficult to place conventional steel
rebars before the lamination process, as in the case of
conventional cast-in-situ and precast reinforced con-
crete (RC) structures.'®

Several 3DCP structures were reinforced by laying
mesh'® or by inserting rebar directly between layers.”* >
However, in both these reinforcing methods, labor-
saving, and flexibility, which are the main advantages
deriving from 3DCP, are lost due to the manual proce-
dures needed to place the reinforcement.'”** Also,
although the addition of fibers to concrete mixtures can
improve the mechanical performance of the printed
material, they provide a limited structural contribution
across cold joints.** %

Accordingly, a new device, which automatically
inserts pin-shaped steel reinforcement (hereafter called
“pin”) orthogonally to the cold joints of concrete layers
(or interlayers), was added to a 3DCP system.*® In this
new reinforced 3D concrete printing (R3DCP), manual
labor can be completely eliminated*”** and strength and
toughness of printed structure increase with respect to
the traditional 3DCP.

Although the enhanced mechanical performances of
pin-type or discrete reinforcement systems have been
experimentally demonstrated in previous studies,*
modeling approaches that quantitatively incorporate
the contribution of inserted pins into the structural
response of 3DCP elements remain limited. Hence, a
study on 3DCP and R3DCP beams is described in the
following sections. More precisely, the results of an
experimental campaign performed on materials and
structures are illustrated in Sections 2 and 3. A mechan-
ical model is then introduced (Section 4) and finally val-
idated by comparing experimental data and numerical
predictions (Section 5). The findings of this investiga-
tion are expected to foster the use of R3DCP structural
members and support the introduction of design
guidelines.

2 | EXPERIMENTAL PROGRAMS

2.1 | R3DCP system and materials

The device capable of reinforcing 3D concrete elements is
shown in Figure 1. With respect to a traditional X-Y-Z
printer, composed of a 3DCP nozzle used to extrude con-
crete, an insertion system of steel pins similar to a staple
gun is added (see Figure 1a).

The insertion system includes a cartridge from which
the pins are pushed and inserted orthogonally into the
laminated concrete.*® The automatic R3DCP process con-
sists of alternating the extrusion of laminated material
and the insertion of pin reinforcements. The current
printer enables the fabrication of concrete elements with
the maximum volume of 0.36 m*® (maximum height of
900 mm—Z direction, maximum width of 1000 mm—X
direction, and maximum depth of 400 mm—Y
direction).*

Figure 2a shows the geometrical properties of the pins
used in the R3DCP system, and the results of tensile tests
performed on bare pin. According to the stress-strain
relationship of Figure 2b, the steel pins showed an elastic
modulus E; = 210 GPa, a yield strength measured with
the 0.3% offset method f;, = 700 MPa, and an ultimate
strength f, = 911 MPa.

A commercially available thixotropic mortar, specifi-
cally designed for 3D printing, was employed. The target
flow values, reached with the addition of water (14.75%
by mass), were 110 + 10 mm (0 stroke) and 140 + 10 mm
(15 strokes). The values of the main mechanical parame-
ters of this mortar, measured with compressive tests on
cylindrical specimens (diameter = 50 mm and
height = 100 mm), are listed in Table 1.

The 3D printing process was executed according to
the parameters listed in Table 2. These parameters were
determined through preliminary printing trials in order
to ensure stable extrusion, consistent layer formation,
and repeatable reinforcement insertion. After printing
one layer, the nozzle stopped extrusion, raised the posi-
tion by 13 mm (Z direction), and resumed extrusion to
laminate a new layer. In the presence of reinforcement,
extrusion of the cement-based material was paused
(at the end of a laminated layer) and the inserting mecha-
nism was moved to a specific position. After completing
the insertion of the pins, extrusion was resumed to print
a new layer.

2.2 | H-shaped laminated beams

As shown in Figure 3a, two series of beams (see Table 3),
with an H-shaped cross-section and composed of 69 layers
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FIGURE 1 The reinforced 3D concrete printing (R3DCP) system used in this project: (a) traditional nozzle and reinforcing device;

(b) the X-Y-Z movements of the printer.***°

FIGURE 2 Characterization of reinforcement: (a) geometrical properties of the pins and setup of the tensile test; (b) stress-strain

relationship of steel.

TABLE 1 Mechanical properties of the cement-based mortar
used in the reinforced 3D concrete printing system.

Age Jc = compressive E. = elastic

(days) strength (MPa) modulus (GPa)
28 49.4 (SD = 1.02) 42.6 (SD = 0.26)
91 54.6 (SD = 0.77) 46.3 (SD = 1.01)

Abbreviation: SD, standard deviation.

(having a thickness of 13 mm), were printed and tested
in four-point bending. The single beam of the H-N series
was unreinforced, whereas the two beams of the H-SP
series were reinforced with a total of 480 pins.

For a schematic visualization of reinforcement
(Figure 3b), five color-coded sets were attributed to the
pins. In the X-Y plane, each pin has eight distinct posi-
tions with respect to beam axis (y coordinate), whereas in

TABLE 2
of 3D printer.

Lamination conditions of the cement-based mortar

Conditions Set value
Pump rotation speed (rpm) 100
Printing speed (mm/s) 80
Lamination width (mm) 35
Thickness of one layer (mm) 13
Speed at reinforcement insertion (mm/s) 80

the Z direction each pin crosses five layers. The five
color-coded sets are shifted by one layer in the
Z direction, forming a staggered overlapping arrange-
ment, as summarized in Table 4. For instance, the blue
pins connect layers 5-9, 10-14, 15-19, and so on, whereas
the light-blue pins connect layers 6-10, 11-15, 16-20, and
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FIGURE 3 The beams printed in this research project: (a) illustration of the H-shaped beam; (b) arrangement of the pin reinforcements.

TABLE 3 The beams tested in this research project.

Series Number of pins Days of concrete curing
H-N-1 0 28
H-SP-1 480 28
H-SP-2 91

so on. Through this arrangement, the same number of
reinforcements penetrated each layer. As a result, the
reinforcement ratio (i.e., the ratio between the total
cross-sectional area of the pins and that of the laminated
material) was approximately 1% in each cross-section of
the beam.

More precisely, the R3DCP process for the H-SP series
consisted of the following steps, which describe how the

layer arrangement shown in Figure 3b and Table 4 was
achieved:

1. Start the extrusion and laminate the layers from 1 to
4, consecutively.

2. After laminating the k = 1 group of layers (i.e., from
5 to 9), insert the blue pins in 8 points of the X-Y
plane.

3. After laminating the 10th layer (layer 5k + 0, where
k = 2), insert the light-blue pins in 8 points of the X-Y
plane.

4. After laminating the 11th layer (layer 5k + 1, where
k = 2), insert green pins in 8 points of the X-Y plane.

5. After laminating the 12th layer (layer 5k + 2, where
k = 2), insert yellow pins in 8 points of the X-Y
plane.

85U8017 SUOWIWOD SAIERID 3dedl|dde au A peusenob s ssjolie YO ‘8sh JO SNl 1oy Akeid18uljuQ A1 UO (SUOHIPUOD-PUR-SULBYW0D" A8 | AReiql 1 U |Uo//:Sciy) SUORIPUOD pue swis | 8y} 88S *[9202/20/0€] Uo ARiqi7auliuo A8|im ‘outio L 1 Miod A 141g SIS 0uLo 1 1a 001u38}[0d Aq 9020L'09NS/Z00T OT/I0P/LI0Y" A8 im ARe.d jou{U0//:Sdny Wiol) pepeoiumod ‘0 ‘89 TS.LT



TASAKI ET AL.

TABLE 4 Positions of pins within printed beams.
Color-
coded Number of pins Layers of insertion in the Z
set in the X-Y plane direction
o 8 5-9, 10-14, 15-19, 20-24, 25~

Blue 29, 30-34, 35-39, 40-44, 45-49,
50-54, 55-59, 60-64

) 8 6-10, 11-15, 16-20, 21-25, 26—

Light 30, 31-35, 36-40, 41-45, 46-50,

blue 51-55, 56-60 (5k + 1)

o 8 7-11, 12-16, 17-21, 22-26, 27~

Green 31, 32-36, 37-41, 42-46, 47-51,
52-56, 57-61 (5k + 2)

8 8-12, 13-17, 18-22,23-27, 28—

32, 33-37, 38-42, 43-47, 48-52,
53-57, 58-62 (5k + 3)

@Red 8 9-13, 14-18, 19-23, 24-28, 29-

33, 34-38, 39-43, 44-48, 49-53,
54-58, 59-63 (5k + 4)

6. After laminating the 13th layer (layer 5k + 3, where
k = 2), insert red pins in 8 points of the X-Y plane.

7. Repeat the steps from 2 to 6 by increasing k (up to
k = 12) and reach the 64th layer. As the beams were
cast vertically, to prevent the deformation of the lami-
nated mortar of the first layers, the printing process is
stopped for 30 min when the lamination height
reached approximately 1/3 (when k=4) and 2/3
(when k = 8) of the total height.

8. Finish the extrusion by laminating the layers from
65 to 69 without any reinforcement.

After printing, the beams remained within the printer
for 1 day. Subsequently, they were wrapped with a plastic
sheet to prevent moisture evaporation and cured for at
least 28 days (see Table 3) at the laboratory condition
(temperature = 20°C and RH = 50%).

2.3 | Tests setup
In the tensile zones of RC beams, the stiffness of
uncracked concrete between two consecutive cracks
(a phenomenon known as tension-stiffening) governs the
mechanical response of RC structures, especially in
the serviceability stage.”® To model this mechanism in
the proposed R3DCP beams, the pullout test illustrated
in Figure 4 was carried out to measure the bond between
the reinforcement and the laminated material.

Three specimens were prepared by inserting a pin
within a cube (with a size of 40 mm) made with the
cementitious mortar described in the previous section.

JibL—

One end of the pin was embedded into the concrete cube
for a length of 30 mm (see Figure 4a). The unembedded
part was clamped by the loading machine (Figure 4b).
The pullout test was conducted at a displacement rate of
2.0 mm/min, with the upper side of the specimen
restrained by a rigid steel plate. During the test, the
applied force F and the apparent displacement between
the pin and the cube (i.e., slip) were measured from the
crosshead displacement of the testing machine and con-
tinuously recorded.

The beams illustrated in Figure 3, with and without
steel pins, were tested in four-point bending 28 days
(specimens H-N-1 and H-SP-1) and 91 days (specimen
H-SP-2) after printing. Figure 5 shows the overview of
the bending test performed by applying a displacement-
controlled loading (with a rate of 0.3 mm/min to ensure
quasi-static loading conditions) on a span of 750 mm (the
third point length is 250 mm).

A load cell measured the total applied load P, whereas
a linear variable differential transformer (LVDT) was also
installed to independently measure the midspan deflec-
tions. In addition, eight strain gages (60 mm gage length)
were glued to measure strains at different depths of the
constant moment zones: two on the upper flange (edge in
compression), three along the web sides, and three on the
lower flange (edge in tension).

3 | EXPERIMENTAL RESULTS

The results of three pullout tests are reported in Figure 6
in terms of applied load F versus slip.

After an initial linear increment of the pullout load
F with the slip (up to about 1660 N), a gradual decrement
of F can be observed. It vanishes at slip = 30 mm, when
it is equal to the initial embedded length. Nevertheless,
just before the complete slippage of the pin, the pullout
load increases due to the slight inclination of the pins. A
similar phenomenon was observed and modeled by Fan-
tilli et al.>' in the case of inclined fibers within a cement-
based matrix.

Figure 7a shows the load-deflection (P-#) curves of
the four-point bending tests carried out on the three
beams reported in Figure 3. In the absence of reinforce-
ment (i.e., in the H-N-1 beam), the post-peak behavior is
brittle, with a sudden decrement of the applied load
immediately after the formation of the first crack. This
crack initiated at an interlayer (the cold joint) within the
constant moment zone, as shown in Figure 7b.

As illustrated in the same figure, failure of the rein-
forced H-SP-1 and H-SP-2 beams also seems to be domi-
nated by a single flexural crack, although the softening
branch of the P-# curves reveals a more ductile behavior
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FIGURE 6
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Results of the pullout tests.

FIGURE 4 Pullout test on
pin embedded into a cube
specimen: (a) geometry of the
samples; (b) pullout device used
to perform the tests.

FIGURE 5 Four-point bending
test on H-N and H-SP beams. LVDT,
linear variable differential
transformer.

than that of the H-N-1 beam. Indeed, steel pins tend to
bridge the cracks as soon as they start to grow in the
cold joints, which can be considered as preferential
crack planes. As the pin is only a few times longer than
the spacing between cold joints, they do not behave as
continuous reinforcement over multiple cracks. There-
fore, at large deflections, slippage of the pins tends to
localize in one of the cold joints, and crack surfaces sep-
arate along one dominant crack in the H-SP-1 and
H-SP-2 beams. Position and number of cracks may be
influenced by geometrical properties, boundary condi-
tions, and printing/casting procedure of the beams. Nev-
ertheless, the dominant cracks appeared within the
constant moment zone of all the beams, suggesting rea-
sonably uniform structural behavior within the tested
configuration.
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FIGURE 7

FIGURE 8
measured through the strain gages located in the constant moment
zone of the printed beams.

Moment-curvature diagrams experimentally

Focusing on the initial elastic phase of bending
test, the moment-curvature (M-y) diagrams depicted
in Figure 8 were also obtained from the strains

Jib1—

Results of four-point bending tests: (a) load—deflection curves; (b) pictures taken after the failure of the printed beams.

measured by the gages within the constant moment
zone. All the beams exhibited an initial linear-elastic
response, followed by a nonlinear stage after cracking.
However, the whole post-peak behavior cannot be
represented in terms of M-y curves because strain
gages progressively detached when strain localization
began. Therefore, the post-peak branch cannot be
observed in moment-curvature diagrams of Figure 8,
which terminate when the last reliable curvature was
measured.

The initial flexural stiffness of the reinforced
beams (H-SP-1 and H-SP-2) was higher than that of
the non-reinforced beam (H-N-1). This may be
attributed to the presence of pins, which bridge
the microcracks at the interlayers during the
loading stage. However, the initial stiffness of H-SP-2
(tested after 91 days) is visibly higher than that of
H-SP-1 (tested after 28 days), which is consistent
with the increment of both compressive strength and
elastic modulus of concrete with the time (see
Table 1).
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FIGURE 9 The bridging effect of reinforcement in concrete beams: (a) steel pins in the proposed reinforced 3D concrete printing;

(b) traditional steel rebar in reinforced concrete; (c) steel fibers in fiber-reinforced concrete.

4 | MODELING 3D CONCRETE
BEAMS WITH
DISCONTINUOUS PINS

In the proposed R3DCP, the reinforcement with steel
pins (Figure 9a) shows differences from and similarities
to both traditional rebar in RC beams (Figure 9b) and
fibers in fiber-reinforced concrete (FRC) beams
(Figure 9c). Specifically, pins, rebar, and fibers tend to
bridge the crack surfaces by transferring tensile stresses.
In R3DCP beams, cracks typically initiate at the cold
joints of the laminated layers and are restrained by the
pins orthogonally to crack surfaces, similar to rebar in
RC beams. However, pins are neither continuous (unlike
rebar) nor randomly oriented (unlike fibers) within struc-
tural elements. Unlike traditional rebar, the length of the
pins is comparable with the distance between cracks
(or cold joints), similar to the fibers in FRC beams. Fur-
thermore, the diameter of the pins (5 mm) is remarkably
larger than that of fibers (typically less than 2 mm) and is
comparable with the size of the standard reinforcing steel
rebar. Consequently, neither the traditional theory of RC
structures nor the approaches used for FRC,** can thor-
oughly model the R3DCP beams investigated herein.
More precisely, the constitutive laws of materials and
tension-stiffening models are typically used to simulate
RC beams in bending, where conventional steel rebar is
significantly longer than crack spacing. This is not the
case of the R3DCP beams analyzed herein because
the length of the pins was only three to four times the

distance between cold joints, where cracks localize. Since
only a limited number of pins cross cold joints and
cracks, it is not possible to include the bond between
reinforcement and cementitious matrix within the stress-
strain relationship of 3D printed concrete. Such an
approach is only reasonable in FRC elements, where a
vast number of fibers bridge the crack surfaces.

Hence, to effectively model the mechanical response
of R3DCP beams in bending, the three-stage model pro-
posed by Fantilli et al.>® for RC beams has to be
profoundly modified to consider the pullout response of
the pins, in addition to the stress-strain relationships of
concrete and steel. Based on these relationships, a new
structural model, consisting of the sequential stages
described in the following sections, is introduced for
R3DCP beams.

4.1 | Stage I: The equivalent constitutive
relationship of steel pins

To model the reinforcing pins, two different situations
must be considered. In the uncracked stage (Figure 10a),
the behavior of steel pins can be solely reproduced by the
stress—strain relationship of steel (Figure 2b), as the per-
fect bond condition is assumed across the interlayers (full
embedded stage). This assumption should be regarded as
a model simplification for the initial uncracked stage.
Similar idealizations are commonly used in tension-
stiffening models, where crack width is related to the slip
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FIGURE 10
pin reinforcements before

Behavior of

(a) and after (b) cracking.

FIGURE 11 The equivalent
constitutive relationship of the
pin: (a) stress-equivalent strain
from the pullout test; (b) ideal
si—¢* relationship.

between steel and concrete.’>** In the present model,
before the growth of a crack, no explicit slip is introduced
between the pins and the surrounding mortar. Thus, pins
are assumed to deform compatibly with the printed
material.

However, as soon as a crack develops at an interlayer
(Figure 10b), and the crack width w becomes larger than
zero, a partial interaction between pins and laminated
concrete initiates. This interaction, characterized by the
slip between pin and the surrounding matrix, is governed
by the pullout response depicted in Figure 6.

In the proposed model for R3DCP, a stress o, versus
equivalent strain &* is introduced (Figure 11). The stress
is computed as follows:

F
Oof=—", (1)
AP

where F = applied load in the pullout test; and
A, = cross-sectional area of the pin.

Jibl—

The equivalent strain £* includes the contribution of
the elastic deformation of the steel and the relative dis-
placement between the pin and the surrounding con-
crete. It is worth noting that, due to the limited length of
the pins, steel pins do not reach plastic strains before the
complete slippage occurs. As both these contributions are
included in the slip measured during the pullout tests of
Figure 6, the equivalent strain &* can be computed as
follows:

¢ ==P 2)

where [, = embedded length of the pin (it is equal to
30 mm in Figure 4). By means of Equations (1 and 2), it
is possible obtain the o—€* curves depicted in Figure 11a,
starting from F-slip diagram reported in Figure 6.

The proposed o—¢* relationship is introduced as an
equivalent constitutive relationship for the pin reinforce-
ment. Therefore, 6, should be interpreted as nominal
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FIGURE 12
strain; (c) state of stress; and (d) M-y relationship.

equivalent tensile parameters used to represent the bond-
controlled pullout response, rather than as the actual ten-
sile stress acting on the pin cross-section. Similarly, ¢* is
an equivalent strain parameter that includes both the
elastic deformation of the steel pin and the relative dis-
placement between the pin and the surrounding mortar.
In other words, the o—¢* relationship implicitly accounts
for the interaction along the contact surface governing
the pullout response.

It is possible to simplify all the o—¢* curves with the
ideal bilinear relationship shown in Figure 11b. In
the ascending branch, the pullout stress increases linearly
with the equivalent strain up to the peak (o). In the sub-
sequent descending branch, stress decreases till the com-
plete slippage of the pin, which occurs at ¢* = 1. Based
on the results of the pullout tests, the following parame-
ters can be used: 6, = 84.27 MPa (average peak stress of
three specimens), k; = 1789 MPa (slope of the ascending
branch), and k, = —88.44 MPa (slope of the descending
branch). The nominal equivalent stress o, obtained from
the pullout response is much lower than the tensile
strength of the steel pin shown in Figure 2b. This indi-
cates that the steel pin is far from failure and does not
reach yield or plastic deformation. On the contrary, the
contribution of the pins is mainly ruled by the slippage of
the steel pin with respect to the surrounding printed
material.

4.2 | Stage II: Moment-curvature
relationship

Similar to RC structures, the second stage consists of
computing the moment-curvature relationship.® In the
beams investigated herein, with normal force N = 0 and
the bending moment within the [Y-Z] plane of the beam,

Computing the moment-curvature relationship in reinforced concrete beams: (a) cross-section of the beam; (b) state of

the so-called stripe model can be adopted. In a cross-
section of the beam, the area of concrete is divided into
n stripes parallel to the X axis (Figure 12a), having an
area A.. In each point of the stripe, material properties,
strain &, (Figure 12b) and stress o.; (Figure 12c) are con-
stant. Similarly, for each reinforcement layer having a
cross-sectional area Ay, a single value for both the stress
o and the strain £y can be assumed.

By neglecting the shear contribution to deformation
and assuming that plane sections remain plane after
deformation, the linear strain profile is defined by the
parameters y (curvature) and A (strain at y =0). If
the constitutive relationships of materials are known, the
moment-curvature relationship (M-y) of Figure 12d can
be computed with the following numerical procedure:

1. Impose the curvature y in the cross-section
(Figure 12d).

2. Assume a trial value for A.

3. Compute the state of strain in the n concrete stripes,
and in the m reinforcement layers:

ei=A+yxy; (i=1,2,..n). (3a)

eg=A+yxy; (j=1,2,..m). (3b)

4. From the stress—strain relationship of materials, the
state of stress is defined in both concrete (s.;) and steel
(o), as shown in Figure 12c.

5. If the equilibrium to translation is not satisfied,
that is

n m
N:/GdA:ZGCiXACi+ZO'SjXASj¢O, (4)
A i=1 j=1

Change the value of 4 and go back to Step 3.
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FIGURE 13
(b) efficiency of the pins at the bottom of the beam (yg).

6. When N =0, compute the bending moment
M corresponding to the curvature y with the following
equation:

n m
M:/o xydA:Zaa-xyian-—i—ZaSjxijAsj.
A i=1 j=1

(5)

If the previous procedure is repeated for all the possi-
ble curvatures, the whole M-y of Figure 12d can be
obtained.

The above calculation of M-y is valid in the case of
perfect bond between concrete and reinforcement, which
occurs in the absence of cracks. In the cracked H-SP
beams investigated herein, due to the small length of the
steel pins, which have a partial interaction with the lami-
nated concrete, the previous procedure needs to be modi-
fied. Firstly, the stress—strain relationship shown in
Figure 11 must be attributed to the eight layers (m = 8)
of the pins depicted in Figure 13a. However, due to the
diagonal pattern of reinforcement (Figure 3), the pins on
the same reinforcement layer (or at the same depth y; of
each cross-section) do not have the same efficiency. For
instance, in the 10 pins on the bottom of the H-shaped
R3DCP beam (j = 8 in Figure 13b), the pullout resistance
depends on the shortest embedded length of the pin
shown in Figure 10b. When the embedded lengths are
the same on both sides of the cracked cross-section
(l; =1, =30 mm), the pin is assumed to achieve the
maximum efficiency (100%).

At the same reinforcement depth, when pins are
shifted by one or more layers, the embedded lengths
are not the same (I; # I, in Figure 10b) and the efficiency
reduces. For the sake of simplicity, the ratio between the

Jib1—

Steel pins in the reinforced 3D concrete printing beams: (a) depths of pin reinforcements with respect to the X axis;

TABLE 5 Efficiency of pin reinforcements.
Color Minimum embedded
coding length (mm) Efficiency
@ Blue 30 100%
@ Light 18 60%
blue
@ Green 9 30%
9 30%
@ Red 18 60%
. Blue 30 100%

shortest embedded length and the potential maximum
embedded length (i.e., half of the total length of the pin)
is herein assumed to quantify reinforcement efficiency.
Starting from the blue pin on the left of the eighth
reinforcing layer (yg in Figure 13b), the maximum effi-
ciency (100%) is restored after five pins (i.e., in the next
blue pin), whereas the pins in between, with shorter
embedded lengths, exhibit reduced efficiency. They are
60% and 30% for the minimum embedded lengths of
18 mm (in light blue and red pins) and 9 mm (in green
and yellow pins), respectively. These efficiency values, also
reported in Table 5, are defined according to the shortest
embedded length of the pins across the cracked interface.
When the shortest embedded length is 30 mm, the maxi-
mum efficiency of 100% is assigned. For shorter embedded
lengths of 18 and 9 mm, the efficiency factors are taken as
60% and 30%, respectively, assuming that the load transfer
contribution is proportional to the shortest embedded
length. Accordingly, at the same distance from the neutral
axis of a beam in bending, not all the pins provide the
maximum contribution. Thus, a reduction factor y; is
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FIGURE 14 Evaluating the load—deflection P-; diagram of a beam in bending: (a) loads acting on the virtual and real systems;
(b) distributions of curvature and bending moment in the real system; (c) final shape of the P-; diagram.

introduced as a weighted average of the contributions of
the pins located at the same reinforcement depth.

In general, at the j-th reinforcement layer, a reduction
factor y; for the pin contribution can be computed:

_100%><n1+60%><n2+30%><n3
Wji ny+ny+ns ’

(6)

where n,, n,, and n; = number of the pins, at the depth
¥, having an efficiency of 100%, 60%, and 30%, respec-
tively. Accordingly, the equilibrium equations for RC
beams (originally Equations (4 and 5)) are modified as
follows: for R3DCP beams:

n m
N:/GdA:ZGCiXACi+Zl//jXUSjXASj¢O. (7)
A i=1 j=1

M:/axydA:Zoci X Y; ><Aa~—|—21//j X 05 X Y X Ay
A i=1 j=1

(®)
4.3 | Stage III: The load-deflection
diagrams

In the statically determinate R3DCP beam depicted in
Figure 5, once the M-y relationship is established for all the

cross-sections, the deflection # corresponding to the applied
loads P can be evaluated with the virtual work equation.
Based on the conservation of energy, the external work,
defined as the product of external forces (acting on a virtual
system—Figure 14a) and the external displacements (of the
real system—Figure 14a), is equal to the internal strain
energy of the beam. The latter is computed with the inter-
nal forces acting on the virtual system and the dual defor-
mations of the real system. In other words:

1= | M@ @) )

where U = load on the virtual system (dual of the mid-
span deflection # in real system); M,(z) = distribution of
bending moment due to the virtual load U acting on the
virtual system; y,(z) = distribution of curvature due to
the external actions (self-weight q and loads P applied
to the real system); L =length of the whole beam
(Figure 14a).

The computation of the whole P-7 diagram cannot be
performed by increasing the external actions, because
P could not be a monotonic function of  (see Figure 7).
After reaching the maximum load P, a descending
branch in the P-5 diagram occurs due to the localization
of curvatures (Figure 12d).

In the bending tests on R3DCP beams, when the
main crack is supposed to occur in the midspan cross-
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Comparing the experimental results measured on reinforced 3D concrete printing beams and the predictions of the three-

stage model: (a) moment-curvature relationships; (b) load-deflection diagrams.

section (Figure 14b), a softening region can be defined
within the constant moment zone,>* whereas the rest
of the beam undergoes elastic unloading. The post-
peak branch of the P-; diagram is governed by this
region, with a characteristic length L. equal to the
length of the pins, which transfer tensile stresses
across the cracks of R3DCP in tension. As the result of
this approach depends on beam geometry and pin con-
figuration, L. should be recalibrated when different
pin lengths, reinforcement arrangements, or member
geometries are considered.

To compute the function y,(z) of Equation (9), it is
necessary to apply the following steps:

1. Select a curvature y, (z =0) in the midspan cross-
section of a four-point bending beam (Figure 14b).

2. Compute the bending moment M, in the same cross-
section (by means of the M-y relationship of
Figure 12d) and in all the cross-sections of the beam.
From this distribution, the value of P can be obtained
(in a statically determinate beam).

3. If ya < yp (Where, y, = curvature at My,,,), then the
curvature distribution y,(z) is on the ascending
branch of the M-y relationship illustrated in
Figure 12d;

4. If yo > xp, in the cross-sections at distance z < L./2
the condition y,(z) = ya is assumed; in the rest of the
beam, curvature distribution y(z) is obtained refer-
ring to the unloading branch of M-y relationship (see

the unloading from point B to C in Figures 12d
and 14b).

5. By means of the Equation (9), the value of # can be
computed

If the previous steps are repeated for all the possi-
ble curvatures of the midspan cross-section, the
whole P-n diagram of the beams can be obtained
(Figure 14c).

5 | COMPARING EXPERIMENTAL
DATA AND NUMERICAL RESULTS

To evaluate the effectiveness of the predictive approach
previously introduced, the numerical results obtained
with the three-stage model are herein compared with the
experimental data measured with the four-point bending
tests on H-shaped R3DCP beams.

The first comparison is shown in Figure 15a, where
the dashed curve represents the moment-curvature rela-
tionships computed with the model described in
Section 4.2 and the material properties experimentally
measured (see Section 2.1). The stress-strain relationship
of concrete includes Sargin's parabola for the part in com-
pression, up to the peak of compressive stress (f.), and
the linear part in tension before reaching the tensile
strength f,.°>*>* In particular, f. =52 MPa (average
values of those reported in Table 1), elastic modulus
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E. =44.5 GPa, and tensile strength f = 3.87 MPa (the
latter values were estimated from f.*°).

The numerical M-y curve appears in good agree-
ment with those experimentally measured because
the different stiffness may be attributed to the
compressive strength (and elastic modulus) of con-
crete, which varies with the age (H-SP-1 was tested
after 28 days, H-SP-2 was tested after 91 days). As the
model is capable of representing the first elastic branch
of M-y, it effectively captures the initial linear-elastic
behavior observed in the two tests performed on H-SP
beams.

The global performance of the three-stage model is
also shown in Figure 15b, where the load-deflection
curves are compared. The prediction curve (dashed
line) was computed by applying the principle of
virtual work (see Section 4.3), in which the real curva-
tures are derived from the theoretical M-y relation-
ship. Although the difference in peak load between
experimental and numerical results is approximately
0% for H-SP-1 and about 23% for H-SP-2, the model
captures the main features of the experimental P-y
diagram, including the initial stiffness and the post-
peak response. The good agreement between the
results of the theoretical model and the experimental
data is a sort of validation of the proposed modeling
approach. In particular, during the post-peak stage,
the computed load-deflection curve successfully
reproduces the effects of cracking (in the interlayer),
and the pullout response of the pins crossing the
crack. It corroborates both the assumptions that the
ductility of R3DCP beams is governed by the pullout
of pin reinforcements, modeled through the equiva-
lent o—¢* relationship, and the reduction factor of
Equation (6).

Furthermore, the results shown in Figure 15 support
the effectiveness of the new proposed procedure, which
lays the foundations for design-oriented modeling of
R3DCP beams. Indeed, by changing the bond properties
and the geometries of the steel pins, both o—&* (which
depends on the pullout behavior) and P-7 (influenced by
the characteristic length L. of the softening region) can
be updated while maintaining the same three-stage
modeling framework.

Nevertheless, further tests are required to consider
the model as a general design tool for different member
geometries or reinforcement configurations, because
R3DCP members may also be influenced by printing
parameters, such as extrusion stability, layer geometry,
printing speed, and the timing of pin insertion. All these
factors affect both interlayer quality and the bond
between pins and printed material. However, compared
with mesh reinforcement or the insertion of rebar, the

proposed pin reinforcing system has the advantage of
directly connecting adjacent printed layers while main-
taining the automated nature of the printing process. As
the present study focuses on flexural members and on
the tensile bridging contribution of pins, further investi-
gations are required to also evaluate the influence of
printing parameters, compare the proposed method with
other reinforcement strategies, and to establish practical
design and safety formats for different structural
applications.

6 | CONCLUSIONS

Based on the results of the experimental and theoretical
investigations previously described, the following conclu-
sions can be drawn:

1. R3DCP is a new way of inserting reinforcement
into 3D printed concrete layers. The pins used as
reinforcement are in between the rebar of RC struc-
tures and the randomly distributed fibers of FRC
beams.

2. Beams with H-shaped cross-sections and reinforced
with steel pins exhibit superior ductility compared
to the unreinforced specimen. This is due to the
bridging mechanism provided by the pins crossing
the cracks, which generally occur at the interlayers
of 3D printed concrete, which effectively act as cold
joints.

3. A new three-stage model can be used to predict the
load-deflection diagram of statically determined
R3DCP beams. In Stage 1, the equivalent stress-strain
response of pins, which in turn depends on the pull-
out between pin and 3D printed concrete, is defined.
From this response, a moment-curvature M-y rela-
tionship is obtained in Stage 2. Finally, the load-
deflection P-n curve of R3DCP beam is computed
(Stage 3).

4. The computed M-y relationship seems to capture the
initial linear-elastic flexural stiffness measured during
the tests on R3DCP beams, indicating the capability of
the model to represent the elastic response. Further-
more, the computed P-5 curve is in good agreement
with the experimental results, especially in the post-
peak softening stage, when the nonlinear behavior is
governed by the bridging effect of the pins across the
crack.

It should also be noted that the proposed three-stage
model includes experimentally calibrated input parame-
ters, particularly the equivalent s—&* relationship
derived from the pullout tests and the reduction factor
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;. Since these parameters are based on a limited experi-
mental dataset, the applicability of the proposed model
to design R3DCP beams should be further examined
through statistical analysis of the input parameters, for
example, the bond-slip response of the pin-matrix inter-
action. Further experimental investigations, with a
larger number of specimens, are required to confirm the
robustness and general applicability of the proposed
approach.

Finally, the beam specimens used in this study
should be regarded as a controlled test configuration
for evaluating the tensile bridging contribution of
automatically inserted pins. Other tests are also neces-
sary to clarify the behavior of pin reinforcement under
different states of stress and loading conditions, in
order to extend the applicability of R3DCP to a wider
range of structures, including wall and shell-type
elements.

NOTATIONS

Ag the area of the i-th concrete stripe in RC cross-
section

Ap cross-sectional area of the pin

Ag the area of the j-th reinforcement layer in RC
cross-section

E. elastic modulus of concrete

E; elastic modulus of steel

F applied load in pullout test

fe compressive strength of concrete

Jet tensile strength of concrete

fu ultimate strength of pin reinforcement

Iy yield strength of pin reinforcement

k number of groups composed by five laminated
layers

k, slope of the ascending branch in the bilinear
o—¢e* relationship of the pins

k, slope of the descending branch in the bilinear
o—¢c* relationship of the pins

L span length of a beam

L the shortest embedded length of pin in a
cracked beam

L the longest embedded length of pin in a
cracked beam

L. length of the softening region around a crack

le embedded length of pin reinforcement in the
pullout test

m number of reinforcement layers in RC and

R3DCP cross-sections

M,(2) bending moment distribution in a virtual beam
M, bending moment in a beam cross-section and
M inax its maximum value

N axial load

Jib 1

n number of concrete stripes in RC and R3DCP
cross-sections

ni, Ny, number of pins with an efficiency of 100%,

and n;  60%, and 30%, respectively

P, applied load on real beam and its maximum

Pax value

q self-weight on real beam

slip relative displacement between pin reinforce-
ment and cementitious matrix

U applied concentrated load on a virtual beam

w crack width

Vi distance of the i-th concrete stripe from the X-
Z plane

Y distance of the j-th reinforcement layer from
the X-Z plane

€ strain

e* equivalent strain of the equivalent stress-strain
relationship of pins

Eci strain in the i-th concrete stripe of RC and
R3DCP cross-sections

£ strain in the j-th reinforcement layer of RC and
R3DCP cross-sections

n deflection of a beam in bending

A strain in a cross-section at y = 0

o axial stress

Oci stress in the i-th concrete stripe of RC and
R3DCP cross-sections

Op maximum stress in the ideal o—¢* relationship
of the pins

Oy stress in the j-th reinforcement layer of RC and
R3DCP cross-sections

oy equivalent stress in the pullout test

X cross-sectional curvature

1(2) distribution of the cross-sectional curvature in
a real beam

Xp curvature at the peak of bending moment in
the M—y diagram

Wi reduction factor for the reinforcing contribu-

tion of pin at j-th reinforcement layer
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