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Flexural and Shear Behavior of 3D Printed Reinforced Concrete

Beams: An Experimental Study

Budiman, F.}, Halim, A.l, Chandra, J., and Pudjisuryadi, P.!

Abstract: 3D Concrete Printing (3DCP) provides many advantages for construction industry
especially on productivity, waste, labor, and environment. Many researches have been conducted
on the material development for SDCP. However, there are not many researches which study the
structural behavior of 3DCP. This experimental research aims to analyze flexural and shear
behavior of 3D printed reinforced concrete beams. Five longitudinal reinforcement ratios were
used to analyze crack patterns, failure mode, ductility, and capacity of those beams. The
experimental results were then compared with analytical results by using ACI design code. The
results show that higher longitudinal reinforcement ratio yields higher flexural and shear capacity
of 3DCP beams. Due to layer-by-layer printing process, 3DCP beams are prone to local failure of
filaments. Placement of longitudinal reinforcement might initiate macroscopic voids which could
cause slippage and sudden drop on the capacity. Furthermore, ACI code underestimates the
capacity of 3DCP beams failing in shear by some margins.
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experimental study; design code; longitudinal reinforcement ratio.

Introduction

Additive manufacturing or 3D printing technology is
an automation procedure which produces a compo-
nent from a digital model [1]. This technology has
been widely used in many scientific fields but its
usage in Civil Engineering is still in the research
phase. Concrete is one of construction materials that
can be made using 3D printing technology (3D print-
ed concrete) which is considered as new technology in
construction. Utilization of 3D printed concrete will
reduce material waste, labor cost, and construction
time [2].

Concrete is a material that is weak against tension
stress with brittle mode of failure. Therefore, tension
failure must be avoided. This material characteristic
is also found on the 3D printed concrete [3] with
anisotropic behavior [4]. Anisotropic behavior is
caused by the production process of 3D printed con-
crete that prints concrete layer-by-layer and thus it
makes the density and bond between layers (inter-
layer bonding) significantly lower [5]. In order to with-
stand tension stress, concrete is usually reinforced by
steel reinforcing bar.
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When steel reinforcing bar is used, tension stress will
be resisted by the steel reinforcing bar while compres-
sion stress is resisted by the concrete.

Many studies have studied the hardened properties of
3D printed concrete. From the studies, it is concluded
that anisotropic behavior is apparent on flexural,
shear, and compression capacity of 3D printed con-
crete [3,4,6,7]. It is also concluded that interlayer
bonding is affected by the humidity between concrete
layers which is usually lower when printing time gap
between layer is longer [3] and is influenced by bleed-
ing of the concrete [6]. Loading at the 3D printed
concrete layer will yield higher shear strength than
loading at the 3D printed concrete interlayer [7].
Height of extruder nozzle does not affect the charac-
teristics of 3D printed concrete and a proper curing
will increase the hardened properties of 3D printed
concrete [3].

Numerous studies have also been conducted on the
effect and behavior of reinforcement on 3D printed
concrete [8-13]. From the pull-out test done by Baz et
al. [8] and Ding et al. [9], it can be concluded that bond
strength between steel and 3D printed concrete is
higher when steel bar is placed parallel with the 3D
printed concrete layer and is lower when the bar is
placed perpendicular to the 3D printed concrete layer
because of macroscopic void. Sun et al. [10] studied
the shear strength of 3D printed concrete beams by
direct shear test using flexible and rigid reinforce-
ment and inferred that flexible and rigid reinforce-
ment increased the shear strength of 3D printed
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concrete from dowel action mechanism (rigid and
flexible) and bond between steel and concrete (rigid).
Al-Chaar et al. [11] used mesh and steel bar to rein-
force 3D printed concrete truss beams and concluded
that higher ratio of steel reinforcement yielded higher
capacity of 3D printed concrete truss beams. Asprone
et al. [12] utilized external steel rod reinforcement on
3D printed concrete truss beams and showed that
failure mostly occurred on the joint (nodal zone) of 3D
printed concrete truss beams. Gebhard et al. [13]
analyzed the use of prestressing strand and fiber for
reinforcing 3D printed concrete beams and showed
that fiber and prestressing strand increased the flexu-
ral capacity and changed the mode of failure from
shear to flexure. However, few studies have been
conducted to study the effect of conventionally placed
steel bar on the behavior of 3D printed concrete beams
subjected to flexural and shear stresses.

This research investigates the structural behavior of
3D printed concrete beams with variation of longitu-
dinal reinforcement. Experimental study is conducted
by producing both conventionally casted and 3D
printed concrete beams for a better comparison bet-
ween these two methods of concrete production. The
flexural and shear capacities of both conventionally
casted and 3D printed concrete beams are then
compared with the capacities acquired from building
code [14]. It is expected that this research will further
increase the understanding about flexural and shear
behavior of 3D printed concrete beams.

Building Code Provisions

ACI 318-14 Provisions

According to ACI 318-14, Chapter 22 [14], the nomi-
nal shear strength (Vi) of non-prestressed concrete
member without axial load can be taken as the lowest
value calculated from equations tabulated on Table 1.

Table 1. Nominal Shear Strength (Vi) Equations.
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where V. 1s nominal shear strength, in N; A1 is
modification factor reflecting the reduced mechanical
properties for lightweight concrete; f.' is concrete
compressive strength, in MPa; p,, is ratio of longi-
tudinal reinforcement, V, is maximum shear force, in
N; M, is maximum moment, in Nmm; b,, is width of
concrete member, in mm; and d is effective height of
concrete member, in mm.

The calculation of moment nominal capacity (Mn) of
non-prestressed concrete member without axial load
is taken from Chapter 22 of ACI 318-14 [14]. The
equation is:

M, = A, f, (d—2) @)
where M,, is moment nominal capacity, in Nmm; A, 1s
area of longitudinal reinforcement, in mm?; f; is yield
strength of longitudinal reinforcement, in MPa; d is
effective height of concrete member, in mm; B; is
modification factor to calculate equivalent concrete
stress block distribution; ¢ is neutral axis depth of
concrete member, in mm.

Laboratory Experiment
Specimen Details

In order to fully understand the effect of longitudinal
reinforcement ratio on flexural and shear behavior of
3D printed concrete beams, five longitudinal reinfor-
cement ratios were used (0%, 0.37% 0.73%, 1.05%,
1.32%) as shown in Figure 1. The dimension of the
specimens is 550 x 100 x 100 mm. Considering the
possibility of slippage between reinforcement and
concrete, the longitudinal reinforcements were
welded to a steel plate (150 x 100 x 6 mm) after
printing and then grouted to the concrete beams.
Therefore, the final dimension of the specimens is 650
x 100 x 100 mm for specimens with more than 0%
reinforcing ratio whereas for specimen with 0% rein-
forcing ratio, the dimension is 550 x 100 x 100 mm, as
visualized in Figure 2.

Materials

The mix proportions of the 3D printed concrete are
listed on Table 2. In this study, portland composite
cement (PCC) (PT. Semen Indonesia Thk) was used
as the cementitious material. The aggregate used in
the mix was fine silica sand with grain size smaller
than 0.8 mm. Superplasticizer (SP) (Sika® Viscocrete
1003) and Viscosity Modifying Admixture (VMA)
(Sika® Stabilizer-4 R) were used to improve flowabi-
lity and reduce bleeding of the fresh concrete. Acce-
lerator (SikaSet® Accelerator) was used to increase
early strength of the concrete and to reduce shrin-
kage. Very fine (Mesh 2000) calcium carbonate
(CaCOs) (PT. Dwi Selo Giri Mas) was used to enhance
the cohesiveness of the mixture. Cement grout
(SikaGrout® 215) was used as the grouting material.
The reinforcing materials were taken from wiremesh
which then cut to conventional steel reinforcing bar.
The reinforcing material properties and stress—strain
relationships are shown in Table 3 and Figure 3,
respectively.
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Figure 1. Specimen Reinforcement Detail of Beams with (a) 0%, (b) 0.37%, (c) 0.73%, (d) 1.05%, and (e) 1.32% Longitudinal
Reinforcement Ratio
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Figure 2. Specimen Dimensions (in mm); (a) Beam with no Reinforcement and (b) Beams with Longitudinal Reinforcement

Table 2. Mixture Proportions.

Materials PCC Water Silica Sand SP VMA Accelerator CaCOs
Proportion 1 0.334 1.5 0.004 0.003 0.04 0.2
Note: all numbers are mass ratios of PCC weight
Table 3. Reinforcing Material Properties
Diameter (mm) Yield Strength (MPa) Ultimate Strength (MPa)  Elongation (%) Tensile Elasticity Modulus (GPa)
6 449 499 2.00 180
8 434 647 9.89 206
10 401 452 4.12 211
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Figure 3. Stress-strain Relationships of Steel Bar Cut from Wiremesh: (a) Diameter 6 mm, (b) Diameter 8 mm, and (c)

Diameter 10 mm
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Specimen Production

The 3D printed concrete beams were produced using
3D printing concrete machine at Structural Engineer-
ing Laboratory of Petra Christian University, Indo-
nesia (see Figure 4). The 3D printed concrete beams
were printed with double filaments of 50 mm width
and 20 mm layer height while keeping the printing
speed at 2 cm/s. A custom vibration-based extruder
was used to extrude concrete material at constant
flowing rate. The fresh concrete was manually placed
towards the extruder where an active vibrator ensur-
ed the homogenous of the concrete. The machine
utilizes CNC machine concept in which the move-
ment of the machine is done using G-Code which is
executed by an operator. The machine was run in
manual control mode as both the reinforcement and
concrete mixture were placed manually. For all speci-
mens, the reinforcement was added manually after
the first layer (20 mm). Once printed, the specimen
was cut to the desired length (550 mm) to ensure
smooth surface for the grouting process. Table 4 gives
an overview of the specimens’ properties. The 3D
printed specimens did not match the exact same
dimensions as the conventional ones, and therefore
the reinforcement ratio (pactual) are slightly varied and
the real dimensions were used for the analysis. Figure
5 shows the printing path of the machine in which the
concrete was printed parallel to the longitudinal rein-
forcement. When needed, SikaGrout® 215 was used
to make mortar beds in order to level the spreader
beam on 3D printed specimens. The conventionally
cast concrete beams were produced with the same
mixture using wooden formwork. Before testing, all
specimen surfaces were painted white for easier
cracks identification. Figure 6 visualizes a typical 3D
printed concrete beam specimen which was tested on
this research.

Figure 4. 3D Printing Concrete Machine at Structural

Engineering Laboratory of Petra Christian University,
Indonesia

Table 4. Specimen Properties

Specimen by fe
Type D (mm) PO Pl oo
PC-0 100 100 0 43.75
PC-0.37 100 100 0.0037 45.33
Conventional PC-0.73 100 100 0.0073 41.89
PC-1.05 100 100 0.0105 41.11
PC-1.32 100 100 0.0132 4224
3D-0 105 95 0 24.86
3D-0.37 120 95 0.0034 23.00
3D Printed  3D-0.73 110 111  0.0058 24.41
3D-1.05 115 95 0.0093 27.00
3D-1.32 115 115 0.0105 22.63

—

—

Figure 5. Printing Path to Produce 3D Printed Concrete
Beam Specimens

Figure 6. A Typical 3D Printed Concrete Beam Specimen

Three cube specimens were produced for testing the
compressive strength of the concrete. For the conven-
tionally cast beams, the compressive strength spe-
cimens were created by using 50 x 50 x 50 mm molds
whereas for the 3D printed beams, the cubes were
created by printing a single filament with 3 layers (60
mm thick) of concrete. The filament was then
manually cut when the concrete was still in the fresh
stage. All the compressive strength specimens were
tested on the same day as the beam specimens.

Measuring Instrumentations and Testing
Procedure

Four-point flexural test was used to test all beam
specimens. Mid-span displacement of each beam
specimen was measured using linear variable dis-
placement transformer (LVDT). Strain gauges were
installed at the middle of longitudinal reinforcements
to obtain the strain during testing. Complete setups
are shown in Figure 7.

The monotonic loading was applied using a hydraulic
cylinder which was connected to a load cell to monitor
the load. A spreader beam was used to transfer the
load to the specimens. A data logger was used to
record the load, mid-span deflection, and steel strain
during testing. The test setup is shown in Figure 8.
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Figure 7. Test Setup and Measuring Instruments; (a) Beam

Without Reinforcement and (b) Beam with Reinforcement

Figure 8. Typical Test Setup; (a) Conventional Concrete
Beam and (b) 3D Printed Concrete Beam

Experimental Results and Discussions
Conventional Concrete Specimens

The crack patterns and load-displacement relation-
ships of conventional concrete specimens are shown
in Figures 9 and 10, respectively. The numbers
written on the side of the cracks reflect the amount of
point load (2P) from the hydraulic cylinder which was
applied on the spreader beam. Maximum internal
shear force that occurred on the beam (Vexp) is nor-
malized by beam’s effective area and square root of
concrete compressive strength to equally compare the
performance of the specimens as shown in Table 5.

The test results show that specimens failed in flexural
mode started with linear uncracked phase followed by
the formation of one or two bending cracks which then
widen until failure of the specimens. Only specimen
PC-0.73 formed new bending cracks when it almost
reached its maximum capacity which then resulted in
higher ductility than other specimens failed in flexu-
ral mode. Specimens failed in shear mode behaved
similarly only in the linear uncracked phase. After the
uncracked phase, specimen PC-1.05 formed bending
cracks followed with diagonal tension cracks after
reaching its maximum capacity and ultimately failed
in shear. For specimen PC-1.32, after the uncracked
phase, the beam formed bending cracks together with
diagonal tension cracks and after reaching its maxi-
mum capacity the beam failed in brittle manner.

Figure 10 and Table 5 explicitly display the effect of
longitudinal reinforcement on the performance of
conventional concrete beams. Higher ratio of longitu-
dinal reinforcement yields higher capacity of conven-
tional concrete beams for specimens failing in both
flexural and shear mode. Furthermore, it can be seen
from Figure 10 that specimens failing in flexural have
more ductility as compared to specimens failing in
shear. The load dropped gradually after reaching its
peak for specimens failing in flexural whereas for
specimens failing in shear, there was a sudden drop
in load after reaching its maximum point.

T

Figure 9. Crack Patterns of Each Specimen; (a) PC-0,
(b) PC-0.37, (c) PC-0.73, (d) PC-1.05, and (e) PC-1.32
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Figure 10. Load-displacement Relationships of Conventional Concrete Specimens
Table 5. Experimental Results of Conventional Concrete Specimens
Specimen ID ' (MPa) Dactual Vexp (KN) Amax (mm) Vesp/(bwd\E!) Failure Mode
PC-0 43.75 0.0000 5.60 1.07 0.11 Flexural
PC-0.37 45.33 0.0037 6.57 5.00 0.13 Flexural
PC-0.73 41.89 0.0073 12.60 9.28 0.25 Flexural
PC-1.05 41.11 0.0105 13.67 7.84 0.28 Shear
PC-1.32 42.24 0.0132 19.90 5.31 0.40 Shear

3D Printed Concrete Specimens

Crack patterns of 3D printed concrete beams are
displayed in Figure 11, with numerical notes indicat-
ing the amount of point load applied on the spreader
beam at the formation of cracks. Specimens 3D-0, 3D-
0.37, and 3D-1.05 failed similar to conventional
concrete specimens failing in flexure in which the
bending cracks developed and widened until failure of
the specimens without spalling of concrete layers.
However, it was not the case for specimen 3D-0.73
which failed differently than the others. After occur-
rence of some bending cracks, there was a horizontal
interlayer crack at the bottom filament which ulti-
mately caused spalling of the filament and led to a
drop in the beam’s capacity. Similar crack patterns
were also observed in specimen 3D-1.32 in which after
propagation of some bending and diagonal shear
cracks, there were horizontal interlayer cracks that
ultimately caused spalling of concrete filaments.

Figure 12 shows the load-displacement relationships
of 3D printed concrete specimens. From the figure, it
can be concluded that higher longitudinal reinforce-
ment ratio also gives higher capacity for 3D printed
concrete beams. It can also be concluded that in most

cases, the behavior of 3D printed concrete beams are  gjgure 11. Crack Patterns of Each Specimen; () 3D-0, (b)
similar to those conventional concrete specimens. 3D-0.37, (¢) 3D-0.73, (d) 3D-1.05, and () 3D-1.32
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Specimens failing in flexural exhibit higher ductility
before failure while specimen failing in shear dropped
its capacity after reaching maximum load. It is worth
noting that there was a possibility of slippage in
specimen 3D-0.37, in which when bending cracks
were formed and the specimen reached its maximum
capacity, the load dropped significantly. However,
when the loading was continued, the beam’s capacity
could increase again before it failed in ductile manner
by widening of bending cracks. Further investigation
after testing revealed that there were macroscopic
voids between steel bar and concrete filaments as
shown in Figure 13. This might lead to less bond
between steel bar and concrete filaments which
caused the slippage. Details of the experimental
results are shown in Table 6.

Comparison with ACI 318-14 Provisions

In this section, ACI 318-14 [14] methods are used to
predict the strengths of both conventional and 3D
printed concrete beams. Since there is no guideline for
calculating the capacity of 3D printed concrete beams,
conventional reinforced concrete methods are used to
calculate the strength of 3D printed concrete beams.
Experimental results from this study (Vexp) are com-
pared with calculated capacities from ACI code (Vn).
The comparisons are tabulated in Table 7 and Table
8 for conventional concrete beams and 3D printed
concrete beams, respectively. Furthermore, the pre-
dicted failure modes from ACI code are also compared
with failure modes obtained from the experiment.
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0.3
e
=g )
=025 +<3D-0
ry -8-3D-0.37
T} 02 ~&-3D-0.73
g 0.15 3D-1.05
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Figure 12. Load-displacement Relationships of 3D Printed Concrete Specimens

., " >,

=L

Figure 13. Macroscopic Voids between Steel Bar and 3D Printed Concrete Filaments Found in Specimen 3D-0.37

Table 6. Experimental Results of 3D Printed Concrete Specimens

Specimen ID ' (MPa) Dactual Vexp (KN) Amax (mm) Ve/(bwd V) Failure Mode
3D-0 24.86 0.0000 3.50 0.93 0.09 Flexural
3D-0.37 23.00 0.0033 7.33 8.78 0.18 Flexural
3D-0.73 24.41 0.0058 12.93 9.14 0.27 Flexural
3D-1.05 27.00 0.0098 12.93 18.90 0.31 Flexural
3D-1.32 22.63 0.0096 22.03 23.27 0.44 Shear
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Table 7. Failure Mode and Capacity Comparison of Con-
ventional Concrete Specimens

Failure Mode

Specimen ID Experimental Analytical Verp/ Vi
PC-0 Flexural Flexural 1.23
PC-0.37 Flexural Flexural 1.03
PC-0.73 Flexural Flexural 1.01
PC-1.05 Shear Shear 0.98
PC-1.32 Shear Shear 1.39

Table 8. Failure Mode and Capacity Comparison of 3D
Printed Concrete Specimens

Failure Mode

Specimen 1D Experimental  Analytical Ve/V
3D-0 Flexural Flexural 1.08
3D-0.37 Flexural Flexural 1.25
3D-0.73 Flexural Flexural 0.93
3D-1.05 Flexural Shear 1.07
3D-1.32 Shear Shear 1.53

From Table 7, it can be concluded that for conven-
tional concrete, the predictions of the building code
provision [14] seem to be conservative for specimens
failing in shear while predictions for specimens failing
in flexural have closer values to the experimental
results. The failure modes of conventional concrete
specimens are in agreement with the predictions from
ACI code. From Table 8, it can be inferred that the
conventional concrete methods are less accurate to
predict the capacity of the 3D printed concrete spe-
cimens. This is shown by the Veg/Vn values that are
not close enough to 1.00 as compared to conventional
concrete specimens. Furthermore, for specimen 3D-
1.05, the prediction of failure mode from the code does
not match with the failure mode that occurred in the
experiment. This implies that the actual shear
strength of specimen 3D-1.05 is higher than its flexu-
ral strength and hence, instead of failing in shear as
predicted by the code, the specimen failed in ductile
flexural mode. Moreover, it can be seen for specimen
3D-1.32, which failed in shear, the Veg/Vn value is
1.53. This means that ACI code underestimates the
shear strength of 3D printed concrete specimens by
some margins.

Conclusions

Ten conventional and 3D printed concrete beams

were tested using third point loading to study their

behavior on flexural and shear stresses using various

longitudinal reinforcement ratios. From the experi-

mental results, the following conclusions were made:

1. Higher ratio of longitudinal reinforcement yields
higher capacity of both conventional concrete
beams and 3D printed concrete beams failing in
flexural and shear. This is in agreement with
building code provisions [14] for calculating the
strength of reinforced concrete beams.

2. The influence of printing layers on the crack
patterns of 3D printed concrete specimens is
significant. It was found that in some 3D printed
concrete specimens, there were horizontal inter-
layer cracks which caused spalling of concrete
filaments and thus reduced the load carrying
capacity of the beams.

3. 3D printed concrete beams were made by pouring
layer-by-layer of concrete into the printing bed.
This method of production might generate macro-
scopic voids between concrete filaments and steel
bars that were put manually on the fresh fila-
ments. Because of these voids, there was less bond
between concrete filaments and steel bars which
then resulted in slippage and sudden drop of the
beam’s capacity.

4. ACI 318-14 [14] predictions are reasonably accu-
rate for conventional concrete specimens failing in
flexural and are more conservative for those fail-
ing in shear. However, for 3D printed concrete
specimens, the predictions are less accurate, espe-
cially for those failing in shear.
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