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Abstract: 3D concrete printing technology has considerably progressed in terms of material
proportioning and properties; however, it still suffers from the difficulty of incorporating steel
reinforcement for structural applications. This paper aims at developing a modular approach capable
of manufacturing 3D printed beam and column members reinforced with conventional steel bars.
The cubic-shaped printed modules had 240 mm sides, possessing four holes on the corners for
subsequent insertion of flexural steel and grouting operations. The transverse steel (i.e., stirrups)
was manually incorporated during the printing process. The reinforced 3D printed beams were
built by joining the various modules using high-strength epoxy resins. Test results showed that the
compressive and flexural strengths of plain (i.e., unreinforced) 3D printed specimens are higher than
traditionally cast-in-place (CIP) ones, which was mostly attributed to the injected high-strength grout
that densifies the matrix and hinders the ease of crack propagation during loading. The flexural
moment capacity of 3D reinforced printed beams were fairly close to the ACI 318-19 code provisions;
however, about 22% lower than companion CIP members. The reduction in peak loads was attributed
to the modular approach used to construct the 3D members, which might alter the fundamentals
and concepts of reinforced concrete design, including the transfer and redistribution of stresses at
ultimate loading conditions.

Keywords: 3D concrete printing; anisotropy; cracking moment; flexural strength; structural strength

1. Introduction

3D concrete printing (3DcP) technology has attracted the interest of many researchers and
practitioners in the construction and building industries [1,2]. Benefits associated to sustainability
include freedom in geometry during construction, reduced formwork costs, faster production,
low-waste generation, and improved safety and working conditions. The process typically involves
the extrusion of a visco-plastic material (whether cementitious-based or geopolymer), layer-by-layer,
to form complex geometries without additional labor costs [3,4]. From the material point of view,
considerable work was carried out to satisfy the stringent printability criteria (i.e., extrusion, open
time, and buildability) as well as performance in the hardened state [5,6]. For example, the use of
nano-fillers, set-regulators, and thixotropy-enhancers were found efficient to improve buildability [1,6,7].
Sakka et al. [8] showed that the addition of polymeric latexes could extend the open time, and most
importantly, mitigate the drop in interfacial bond strengths due to the layer-by-layer application process.
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Although the interest in 3DcP rapidly progressed, the technology still suffers from the difficulty
of incorporating steel reinforcement during the printing process. In fact, the presence of reinforcement
is essential in concrete structures to compensate the weakness in tensile strength as well as limit crack
widths and ensure sufficiently ductile behavior under service and ultimate conditions [9-11]. Different
reinforcing methods and methodologies have been exploited so far. For instance, the contour crafting
method consists of depositing series of concrete filaments (with 20-50 mm width and 10-30 mm height)
that provide permanent integrated “formwork” [12,13]. The horizontal and vertical reinforcement
are then installed, and “formwork” filled with flowable grouts. The horizontal reinforcement can be
individually positioned (i.e., bar after bar) after depositing the consecutive layers, or steel wires can
be simultaneously laid from the printhead during the extrusion process. Khoshnevis [14] explored
the feasibility of post-installed steel elements assembled step-by-step on the outer side of the printed
structure, albeit such approach was found quite elaborated and expensive. The 3DcP process adopted
by the Chinese firm, HuaShang Tengda Ltd., involved pre-installing steel mats, while a forked nozzle
used to deposit the concrete layer-by-layer on both sides of the reinforcement [15]. This method proved
efficient for building only vertical elements (i.e., walls and columns), while its shortcomings include
the limited height of individual steel mats and manual erection of reinforcement that needs to be held
in place during printing [2,15,16].

Salet et al. [17] used a post-tensioning technique for reinforcing a 3D printed concrete bridge.
The method consisted of printing the bridge in multiple parts and, then joining them together using
tendons. A reinforcement cable was automatically entrained into the filament in order to avoid brittle
failure due to torsion. Asprone et al. [18] followed a similar approach, which consisted of printing
concrete segments and assembling them. The printed elements contained holes where external steel
rebars were inserted for tying the segments together. The authors reported comparable flexural stiffness
to equivalent cast-in-place reinforced concrete beams, with no yielding of the external reinforcement
system. Yet, shear damage occurred at the interface between the anchorage and concrete segments,
which increased deflection and compromised the overall performance of the beam. The concerns
raised by Asprone et al. [18] were related to overall ductility, comparison with standard requirements,
size effect related to the 3DcP technology, environmental degradation, and steel rebar embedment and
fire resistance.

Knowing the complexity of integrating steel reinforcement in 3DcP, several researchers considered
the possibility of introducing steel fibers in the concrete mix design, which would partly accommodate
the tensile stresses and flexural cracking occurring in the binder matrix [19,20]. Yet, such fibers
are relatively short and cannot provide continuity in reinforcement to enable proper transfer and
redistribution of stresses. Moreover, such fibers do not generally cross the interface between successive
filaments, making the interfacial joints particularly weak in the system [21-23]. Bos et al. [24] considered
entraining a continuous steel reinforcing cable within the extruded layer. Although this technique
provided better continuity and higher strength compared to dispersed fibers, the issue of reinforcement
not crossing the interlayers still persists. Recently, Marchment and Sanjayan [16] developed a new
nozzle that allows insertion of a continuous mesh of reinforcement in the middle part of the filament,
simultaneously while the printed layer is being extruded. Nevertheless, it is worth noting that the
rigidity of the mesh should be low to allow incorporation and feeding through the nozzle, which
therefore hinders the use of this technique with conventional steel bars [16].

Although some of the reinforced 3DcP methods look promising, the approaches are still in
preliminary stages, mainly requiring additional versatility to produce vertical and horizontal members
in automated manners and complying to relevant international building codes [10,23]. Theoretically
speaking, the mechanical behavior of reinforced 3DcP members should not differ from conventionally
built ones, whereby the concrete’s relatively low tensile strength and ductility are counteracted
by the inclusion of steel reinforcement. Nevertheless, the design concepts and models should be
carefully reviewed to account for the 3D printing process, including the shape-related mechanics,
anisotropy, weak interfacial layers, and eventual slip and reduced bond strength between the concrete
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and steel [25,26]. In addition, many design provisions (especially related to shear strength) are
semi-empirical, requiring adaptation to fit within the mechanical behavior of 3DcP members [25,27,28].

This paper is part of a comprehensive research project undertaken to develop a versatile modular
approach capable of manufacturing 3D printed beam and column members reinforced with conventional
steel bars. The experimental program consists of two phases; the first evaluates the compressive and
flexural strengths of 3D printed plain (i.e., unreinforced) specimens, including the effect of loading
direction (i.e., parallel or perpendicular) with respect to the deposited filaments. The mortar mix design
was optimized to achieve moderate thixotropy [8], leading to adequate buildability and interfacial
bonding strength between successive filaments. The second phase assesses the shear and flexural
strengths of reinforced 3D printed beams built by joining the various modules using high-strength
epoxy resins. The transverse steel (i.e., stirrups) was manually incorporated during the printing
process, while the flexural steel was inserted in the voids created across the section, and then, grouted
after joining the various modules together. Comparison with ACI 318-19 building code provisions at
the cracking level and ultimate loading conditions is realized. Such an approach can be of interest
to researchers and practitioners seeking the use of 3D printed structural members reinforced with
conventional steel bars.

2. Experimental Program

2.1. Materials

Portland cement conforming to ASTM C150 Type I was used; its Blaine surface area, median
particle size, and specific gravity were 390 m?/kg, 27.3 um, and 3.15, respectively. Continuously graded
siliceous fine aggregate (i.e., natural sand) complying with ASTM C33 specification was employed;
its nominal particle size, fineness modulus, and bulk specific gravity were 4.75 mm, 2.4, and 2.63,
respectively. Naphthalene sulphonate-based high-range water-reducer (HRWR) complying with
ASTM C494 Type F was used; its specific gravity, sulfate content, and solid content were 1.19, 6.3%,
and 38%, respectively. Ribbed (i.e., deformed) steel reinforcing bars with 8§ mm and 14 mm nominal
diameter were employed as reinforcement; their Young moduli and yield strengths were 210 + 10 GPa
and 480 + 15 MPa, respectively.

2.2. Mortar Proportions and Properties

As shown in Table 1, the mortar mixture contained 615 kg/m> cement and 0.43 water-to-cement
ratio (w/c). The HRWR was adjusted to ensure cohesive consistency that is suitable for extrusion
using the 3D printing machine; a flow of 150 + 10 mm after 10 drops on the flow table, as per ASTM
C230, was selected [8]. This mixture can be considered to have a moderate thixotropy level (i.e.,
AThix = 0.55 Pa/sec), which would maximize the open time and reduce the loss in interfacial bond
strengths between successive filaments [8].

The mixing sequence consisted of homogenizing the sand with half of the mixing water, then
gradually introducing the cement, remaining water, and HRWR over 2 min. After a 30 sec rest period,
the mixing was resumed for 2 additional minutes. The ambient temperature and relative humidity
(RH) during mixing were 23 + 3 °C and 55% =+ 5%, respectively.

The density of 28 days aged specimens was 2090 kg/m?, determined in accordance to the ASTM
C642 Test Method [29] (Table 1). The compressive strength (f’c) and flexural strength (fr) determined
as per EN 196-1 [30] using 40x40x160 mm prisms were 42.5 and 5.7 MPa, respectively. The specimens
were demolded after 24 h from casting, and cured in lime-saturated water until testing age. The pull-off
interfacial bond strength between consecutive filaments was 4.1 MPa, determined following the
procedure suggested by Sakka et al. [8].
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Table 1. Proportions and relevant mortar properties.

Test Method
Cement = 615 kg/m?
Mortar proportions w/e =043 n/a
Natural sand = 1340 kg/m3
HRWR = 1.05% of cement
Flow = 150 mm ASTM C230
Fresh properties Air content = 4.5% ASTM C231
Atnix = 0.55 Pa/sec Sakka et al. [8]
Density = 2090 kg/m3 ASTM C642
Hardened properties Compressive strength = 42.5 MPa BS EN 196-1
prop Flexural strength = 5.7 MPa BS EN 196-1
Pull-off bond strength = 4.1 MPa Sakka et al. [8]

Phase 1: Testing of plain (i.e., unreinforced) 3D printed modules

Production of plain modules—A fully automated Computer Numerical Control (CNC) 3D printer
was used. The machine is controlled using Linux and Slic3r software that convert 3D models into
instructions that are fed into the printer. The extrusion mechanism is due to pressure exerted
by a Putzmeister pump connected to the nozzle. Right after mortar mixing, the printing started
layer-by-layer at a rate hovering 6 L/min, following the path shown in Figure 1. The fresh mortar
was applied at a nozzle standoff distance of 20 mm, while the average width and thickness of the
filament sections were 40 and 24 mm, respectively. The nozzle was continuously depositing fresh
mortar, and automatically raised by 24 mm when the printing of each layer was completed.
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Figure 1. Printing path, dimensions, and configuration of 3D printed modules.

The module had a cross-sectional area of 240x240 mm? (Figure 1), possessing 4 holes on the
corners for subsequent insertion of steel reinforcement and grouting operations, as discussed later.
Ten mortar layers were deposited on each other, thus creating a cubic-shaped module with 240 mm
each side. The total time needed for printing each module was about 150 + 10 s. The symmetrical
configuration of printed modules could practically be advantageous on construction sites, as it can be
rotated left-or-right or upside-down during the erection process. Curing of produced modules started
24 h after printing; the specimens were covered using moist burlap sheets and left in a controlled
environment, where temperature ranged between 23 + 3 °C for a period of 28 days.

Evaluation of compressive strength—The f’c was determined on 3D printed modules, and results
compared to cast-in-place (CIP) specimens with similar dimensions. As shown in Figure 2, the 4 holes
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located on the corners of printed modules were filled using ready-to-use high-early strength and
flowable cementitious grout complying with ASTM C928 Type R2 [31]. The grout flow time determined
using the modified Marsh cone was about 15 sec, while its 1 and 28 days f’c were 38.5 and 43 MPa,
respectively. The grout was allowed to cure and harden for a minimum of 7 days in the 3D printed
modules. In the case of CIP specimens, the plywood forms with 240 mm sides were filled and slightly
vibrated using a low-frequency poker. The molds were demolded after 24 h, and allowed to cure as
earlier described until the testing age.

Bonded modules
for fr testing

Modules for
f'c testing

Figure 2. Preparation of 3D printed modules for f’c and fr testing.

To evaluate the effect of loading direction, the 3D printed modules were laid either horizontally
or vertically in the loading frame of the compression machine. Hence, as summarized in Table 2, the
3D(H) and 3D(V) specimens refer to the direction of module layers in the loading frame, whereby
the H and V letters refer to horizontal or vertical direction, respectively. All specimens were capped
with sulfur compounds on their respective surfaces to ensure leveling of the contact area for uniform
distribution of stresses during loading. The shortening of specimens during the compression loading
was monitored using linear-variable differential transducers (LVDTs). The loading was continuously
applied at a rate of 0.25 MPa/sec.

Table 2. Dimensions of plain specimens used for f’c and fr testing.

Tvpe of Test Nl;l;l:::; of Casting Specimen Cross-Section, Length of
P . Method Code mm? Specimen, mm
Specimens

3 Cast-in-place CIp 240 240

fre 2 3D printed 3D(H) 240 240
2 3D printed 3D(V) 240 240

fr 3 Cast-in-place CIpP 240 2 x 240 = 480
2 3D printed 3D 240 2 x 240 = 480

3D(H) and 3D(V) refer to the direction of module layers in the loading frame of the compression machine; the H and
V letters refer to horizontal or vertical direction, respectively.

Evaluation of flexural strength—As shown in Figure 3, the fr of printed plain specimens was
determined by third-point loading [32,33]. The modules were bonded together using high-strength
epoxy resin compounds, complying with ASTM C881 Type IV [34]; the setting time and 3 day f’c of the
epoxy resin were about 2 h and 52 MPa, respectively. The modules were carefully reversed on top
of each other, while keeping the holes aligned for later grouting, as earlier described. The grout was
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allowed to cure and harden for a minimum 7 days, prior to testing. The length of built specimens was
480 mm (i.e., twice the length of one module), as summarized in Table 2. The control CIP specimens
were cast in plywood forms with similar dimensions (i.e., 240 mm?
The mortar was slightly vibrated to ensure complete filling of the form. The specimens were demolded

after 24 h, and allowed to cure until testing age.

cross-section and 480 mm length).

Load (P)
Dimensions
(mm) Steel beam
N
Epoxy
° 3 1
S - #/re_sm
~ 1A | [~
sl | I %
b LVDTs

480 mm

Figure 3. Photo and configuration of bonded modules for fr testing.

The lateral surfaces of 3D printed specimens were carefully ground to ensure that the load and
support blocks remain parallel to the direction of applied forces at all times during testing. The load
was applied continuously without shock at a rate of 1 MPa/min until failure. LVDTs were placed at
midspan of the specimens to measure the deflection during loading (Figure 3). The fr was calculated
as the ratio between the maximum load indicated by the testing machine multiplied by the length (i.e.,
450 mm), divided by bd? (i.e., 240 mm?3).

Phase 2: Testing of reinforced bonded 3D printed modules

Production of modules containing transverse steel—Three transverse reinforcing bars (i.e.,
stirrups) were manually installed during the printing process of each module into predefined layers,
as shown in Figure 4. Hence, the 8 mm diameter steel bars were cut and bent in closed forms to fit
within the module cross-section with clear cover of 40 mm from each side. The stirrups were installed
right after printing the second mortar layer (i.e., just before the nozzle transition to the upper level),
then, after the fifth and eighth layers; these correspond to around 48, 120, and 192 mm from the bottom,
respectively. The mortar composition and printing configuration (i.e., path, speed, nozzle standoff
distance, etc.) were similar to those described earlier.

Insertion of longitudinal steel—After 28 days curing, four reinforced modules were used to build
a beam with 960 mm length (i.e., 4x240 mm) and 240x240 mm? cross-section. As shown in Figure 4,
the bonding of adjacent modules placed on top of each other was realized using the high-strength
epoxy compound, while ensuring that the 4 holes located across the printed modules would remain
aligned for subsequent insertion of longitudinal steel reinforcement. The epoxy resin used for bonding
the various modules was left to cure for 3 days. The longitudinal reinforcement consisted of four bars
with 14 mm diameter, each inserted in the corner holes and extending throughout the complete beam
length. While still in vertical position (as shown in Figure 4), the corner holes were filled using the
flowable cementitious grout at a rate hovering 1 min per hole; the steel reinforcement was slightly
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oscillated to ensure complete encapsulation of the void extending throughout the member. The grout
was allowed to cure and harden for 7 days minimum, prior to testing.

Bonding modules using epoxy resins, insertion of
longitudinal steel, and grouting of holes

Printing of mortars while

adding transverse steel
W

Figure 4. Construction process of steel reinforced 3D printed module members.

The control reinforced CIP specimens were cast in plywood forms with 240 mm? cross-section
and 960 mm length. The longitudinal and transverse reinforcing bars including their arrangement
and spacings were similar to those placed in the 3D printed member. The mortar was vibrated to
ensure complete filling of the form. The specimens were demolded after 24 h, and allowed to cure
until testing age.

Testing by third-point loading—Universal testing machine capable of exerting 500 kN load was
used. As schematically shown in Figure 5, the two concentrated equal loads were located at one-third
and two-thirds of the 860 mm clear span between the support centerlines. The loads were continuously
applied using a steel spreader in increments of 0.02 mmy/sec until failure. The crack patterns and
widths were monitored during loading, while LVDTs were installed at the center to measure the
midspan deflections.

Load (P)
Loading plate

Steel beam
P8 @80mm R | 2(2014) 08 2 ¢14

S e = — . _/7 AN /

= = = -

i
o
i
T Y
T Y
-
v i
oy
oo e o
i

N2 ¢14

LVDTs

|

240 mm

‘ | 287 mm I 287 mm I 287 mm

960 mm

......... Bonded surfaces between modules using epoxy resin

Figure 5. Configuration of steel reinforcement and testing of 3D printed members.



Sustainability 2020, 12, 4062 8 of 18

3. Test Results and Discussion

3.1. Compressive Strength of Plain (i.e., Unreinforced) Specimens

The load vs. displacement curves for the various CIP and 3D printed specimens are plotted in
Figure 6. As noted earlier, the 3D(H) and 3D(V) refer to the compression load direction with respect to
the deposited module layers; hence, the load in the H-specimens is perpendicular to the deposited
layers, while the load is parallel in the case of V-specimens. Table 3 summarizes the f’c values were
determined by dividing the ultimate load at failure by the specimen cross-section (i.e., 240x240 mm?)
and secant modulus of elasticity (E) was determined at 40% of ultimate load; the resulting averages
and their coefficients of variation (COV) are also given.

2000
—-\
1600 \
\
//’--\\
z 1200 -
_c‘ 7
©
(@)
= 800
............. CIP
— 30K
——- 3D(V)
0 T v 1
2.5 3

Displacement, mm

Figure 6. Load vs. displacement curves for CIP and 3D plain specimens tested in compression.

Table 3. Failure loads of CIP and 3D plain specimens tested in compression.

Specimen Failure £c. MPa E, Average f'c, Average E,
No. Load, kN ! GPa MPa (COV) GPa (COV)
- 1 1228.3 21.3 6.93 78 531
2 1324.7 23 5.04 (6.1%) (28.4%)
3 1388 24.1 3.96
1 1594.1 27.7 5.75 30.8 5.76
3DH) (14.3%) (0.33%)
2 1953.6 33.9 5.77
1 1389.1 24.1 1.75 26.9 2.29
3DV) (14.8%) (33.1%)
2 1714.5 29.8 2.82

The average f’c and E values for CIP specimens were 22.8 MPa and 5.31 GPa, respectively, with
COV of 6.1% and 28.4%, respectively. It is worth noting that f'c of CIP specimens determined following
EN 196-1 standard using 40x40x160 mm prisms was considerably higher; it was equal to 42.5 MPa
(Table 1). This can be directly attributed to the size of tested specimens, whereby larger ones contain
higher amounts of flaws in their matrices that could induce failure at lower stress [35,36]. Perrie [37]
explained that the flaws rapidly propagate within the matrix at increased stresses to increase the number
and size of micro-cracks that could reduce the resistance against compressive loading. The bigger the
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specimen, the higher probability of such flaws, causing reduced compressive strengths. On the other
hand, it should be mentioned that the relatively low E value of 5.31 GPa resulted from the absence
of coarse aggregates in tested mortars, when compared to concrete mixtures possessing equivalent
compressive strengths [36,38].

As shown in Figure 7, the CIP specimens failed in a triangular-like manner, creating failure
surfaces at approximately 20 to 30 degrees from the load direction. Such failure patterns are common
in moderate-strength concrete and mortar specimens with cubic geometry [35,39]. During loading,
Ince and Arici [39] reported that the frictional effects between the machine platens and specimen ends
produce lateral stresses with subsequent plastic deformations that place the material under multi-axial
states of stress. This causes the material to deform outwards, and the compressive stresses created at
the edge of the flaws induce tensile stresses, which initiate fracture.

=

3D(V)
specimens

Figure 7. Failure patterns for CIP and 3D plain specimens tested in compression.

The average f’c considerably increased from 22.8 MPa for CIP specimens to 30.8 MPa for 3D(H)
ones; the corresponding E values were fairly close to each other (i.e., 5.31 vs. 5.76 GPa). Similar results
were obtained by Panda et al. [40] when testing 3D printed specimens loaded perpendicularly to the
deposited filaments, which was attributed to the pressure extrusion that helped reduce the voids
and weak interfaces in the system. The increase in f’c recorded in this study can concurrently be
related to the high-strength grout that was injected in the holes across the four edges of the module
cross-section, parallel to the loading direction. Such highly flowable grouts could infiltrate inside the
voids to create a denser, well compacted structure that is capable of resisting a higher multi-axial state
of stress and retarding the spalling phenomenon at the edges of the specimen [41]. Just like the CIP
samples, the 3D(H) specimens failed in triangular-like manner (Figure 7).

The 3D(V) specimens loaded in the direction of the deposited filaments exhibited lower f’c than
the 3D(H) ones (i.e., 26.9 vs. 30.8 MPa, respectively), albeit remained higher than the CIP samples
(i.e., 22.8 MPa). This practically reflects that the 3D(V) modules tend to act like vertically-layered
materials with vertical planes of weakness created along the interfacial filaments during printing.
During loading of such modules, it is accepted that the stress and crack patterns would follow the
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path of least resistance, causing the formation of fracture planes and debonding between adjacent
layers [37,39,42]. This can be clearly noticed in the fracture patterns (Figure 7), where the outer layers
were detached from the inner core. The resulting E value dropped significantly to 2.29 GPa, reflecting
higher ductility of 3D(V) specimens (Figure 6).

3.2. Flexural Strength of Plain (i.e., Unreinforced) Specimens

The load vs. displacement curves determined by third-point loading for the CIP and 3D printed
modules are plotted in Figure 8. The fr measurements determined on CIP specimens were very close
to each other (Table 4), having an average of 1.1 MPa and COV of 0.78%. Such values are, however,
about five times lower than the flexural strength determined following the EN 196-1 standard using
40x40x160 mm prisms (Table 1). Just like the compressive strength results, this can be directly related
to the size of specimens, whereby larger ones contain higher amounts of fissures and flaws in their
matrices that could induce failure at lower stresses [35,37]. On the other hand, the fr measurements were
about 2.5 times lower than those resulting from ACI 318-19 Equations (9)—(10) given as f, = 0.62 +/f/,
which can be attributed to the absence of coarse aggregates that favor micro-crack development under
tensile loading, leading to reduced strength [23,34,35].

60
50
40

30

Load, kN

20

10

0 T T T T T T T T T 1
0 0.5 1 1.5 2 2.5

Displacement, mm

Figure 8. Load vs. displacement curves for CIP and 3D plain specimens tested in flexure.

Table 4. Failure loads of CIP and 3D plain specimens tested in flexure.

Specimen No. Failure Load, kN Nf;;a Aver?cggfvr,) MPa
1 34.05 1.11
CIp 2 33.67 11 1.1 (0.78%)
3 33.54 1.09
3D 1 52.1 1.7 1.602
2 47.45 155 (6.6%)

As summarized in Table 4, the 3D printed specimens exhibited about 30% higher resistance to
tensile loads; the average fr reached 1.62 MPa with COV of 6.6%. During flexural testing of plain
concrete, it is well established that when the tensile stresses are still low (i.e., less than fr), the entire
cross-section resists bending, with compression on one side and tension on the other [10,43]. As the
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load is increased, cracks begin to develop at the bottom and quickly spread up to the vicinity of the
neutral axis, causing the beam to rupture [44]. In this mechanism, it is believed that the initiated
cracks in the tension zone are arrested by the high-strength grout that is injected in the direction of
bending throughout the complete length of the 3D modular beam. This would hinder the ease of crack
propagation and prevent them from growing further, causing increased fr measurements. Additionally,
it should be noted that the curing of CIP specimens (especially given their relatively large size) may
have detrimentally altered strength development, causing the formation of shrinkage micro-cracks that
weaken the matrix in compression as well as in tension. In contrast, the inner core of the 3D modules
received better curing, owing to the four holes created during printing, which resulted in higher f'c
and fr measurements.

As shown in Figure 9, failure of CIP and 3D specimens occurred within a 50 mm band from the
center—i.e., within the middle third of the beam. The cracks in 3D samples initiated at the interfacial
region of the second filament, with respect to the epoxy bonded region. The failure caused separation
between the two overlaying mortar filaments, and propagated randomly throughout the adjacent
planes. The epoxy resins remained intact, reflecting adequate bonding strength between the two 3D
printed modules.

CIP specimen

Figure 9. Failure patterns for CIP and 3D plain specimens tested in flexure.

3.3. Flexural Strength of Reinforced 3D Specimens

3.3.1. Theoretical Moment and Shear Strength According to ACI 318-19 Code Provisions

The cracking moment (Mc;) denotes the tensile bending stress at which concrete starts to crack.
It can be obtained based on the beam’s gross section properties (i.e., neglecting reinforcement),

as follows:
fr Ig

M =
Yi

where f;, Ig, and y; refer to the modulus of rupture (or flexural strength determined from Section 2),
moment of inertia about the centroidal axis (276.48x10° mm?*), and distance from the centroidal
axis to the tension face (240/2 = 120 mm), respectively. When the tensile bending stress exceeds f;,
the inclusion of steel reinforcement becomes necessary to prevent potential failure due to shear and
flexural mechanisms. According to ACI 318-19 [23], the member’s theoretical shear strength (V,) and
flexural moment (M;) can be expressed as:

1 d
Vn:VchVs:g fgbd+Any§

a
Mn = Aty (d-5)

In diagonal shear, the V. and V; refer to the shear provided by concrete and shear provided by
vertical reinforcement (i.e., stirrups), respectively. The A, (2 x 50.24 = 100.48 mm?) and s (80 mm)
refer to the cross-sectional area for stirrup crossing the crack and average center-to-center spacing,
respectively. The b (240 mm), d (180 mm), a, and Ag (2 x 153.86 = 307.7 mm?) refer to the width of the
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beam, effective depth, depth of the equivalent rectangular stress block found by the quadratic equation,
and cross-sectional area of flexural (i.e., longitudinal) steel reinforcement, respectively. The tensile
steel percent ratio was moderate (p = As/b d = 0.71%), as compared to ACI 318-19 minimum and
maximum permissible rates of 0.33% and 1.58%, respectively.

3.3.2. Failure Patterns

Flexural cracks were initially formed within the constant-moment region (i.e., near midspan) in
both CIP and 3D specimens. As shown in Figure 10, three to four flexural cracks were observed, while
their size did not exceed 0.2 mm at failure. The diagonal shear cracks were developed within the
constant-shear regions, almost symmetrically at opposite support zones. In the case of CIP specimens,
the diagonal cracks appeared when the load reached approximately 24%-31% of the maximum load
registered at failure. Such cracks propagated from the support towards the compression face near the
applied load, and their width widened considerably up to 4.6 mm at failure.

287 mm 287 mm

Figure 10. Failure patterns for CIP and 3D steel reinforced members.

The diagonal cracks in 3D specimens appeared at a slightly higher load corresponding to about
34% of the maximum one, suggesting that the consecutive filaments and injected grouts were efficient to
delay the formation of cracks, or at least, arrest their growth. Initially, as shown in Figure 10, the formed
cracks moved vertically along the interfacial filament region, which then changed orientation to become
inclined crossing several consecutive filaments. The change in crack path is due to the horizontal
component of the flowing shear force (i.e., the component perpendicular to the principle axis) that
becomes higher than the interfacial shear capacity between the adjacent filaments. The so-formed
inclined cracks stopped propagation after intercepting the epoxy resins that bonded the 3D modules
together. Knowing that the fabricated beams are under-reinforced, yielding of tensile steel reinforcement
was initiated before crushing of the concrete compression zone. Failure, however, occurred due to
disintegration of the confined mortar near the supports.

3.3.3. Experimental Testing and Comparison with ACI 318-19 Code

Generally speaking, the load vs. displacement curves of various CIP and 3D specimens exhibited
an initial linear elastic portion, followed by an almost stabilizing branch at maximum load, and then,
a descending part after the peak load (Figure 11). Table 5 summarizes the loads recorded when the
first flexural and then, first diagonal cracks were observed during loading as well as the maximum
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load registered at failure. This table also presents the theoretical M, Vi, and M, determined
using ACI 318-19 code provisions; the f’; values that resulted from 3D(V) specimens were used for
calculations, given that the applied load is parallel to the deposited filaments of the 3D printed modules.
The resulting experimental-to-theoretical moments and shear strength ratios are computed, along with

their COV values, and plotted in Figure 12.

Table 5. Analysis of loads for CIP and 3D steel reinforced members.

13 0f 18

cIpP 3D
Specimen No. 1 2 3 1 2
f’c, MPa 21.3 23 24.1 24.1 29.8
fr, MPa 1.11 1.1 1.09 1.7 1.55
. Load at first flexural crack, kN 20.8 229 22.8 46.4 44.2
Analysis
based on Mgyp, KN.m 2.98 3.28 3.27 6.65 6.34
cracking M, KN.m 2.55 2.53 2.52 3.56 391
moment
MExp / Mer ratio 1.17 1.3 1.3 1.87 1.62
Average ratio and COV 1.26 (6.1%) 1.75 (10%)
VExp at first diagonal crack, kN 56.1 52.5 54.6 52.2 50.3
Shear Vi, kKN 70.6 71.3 717 717 73.6
strength
VExp / Vn ratio 0.79 0.74 0.76 0.73 0.68
Average ratio and COV 0.76 (3.8%) 0.71 (4.5%)
Maximum load at failure, kKN 182.1 214.3 181.3 155.7 146.9
Flexural MEXP, kN.m 26.1 30.7 26 223 21.1
strength Mu, kN.m 226 27 238 238 232
Mgy / M ratio 1.16 1.35 1.14 0.98 091
Average ratio and COV 1.22 (9.7%) 0.95 (5.3%)
Exp = Experimental.
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Figure 11. Load vs. displacement curves for CIP and 3D steel reinforced members.
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Figure 12. Experimental-to-theoretical ratios for CIP and 3D steel reinforced members.

Analysis based on M—The average MEXP/MCr ratio that resulted from CIP specimens was 1.26,
with 6.1% COV. The increase in Mgy, (compared to M) can be attributed to the presence of reinforcing
bars placed in the compression zone together with the transverse steel that confine the material and
enhance its strain capacity before the initiation of flexural cracks [45,46]. As summarized in Table 5,
the load that initiated the first flexural crack in 3D specimens was about twice higher than the one
resulting from CIP, which remarkably increased the Mgy,/Mcr ratio to 1.75. Such result is in line
with the fr measurements conducted on plain specimens in Section 2. In addition to the presence
of steel reinforcement [25,45], as earlier explained, this phenomenon can be related to the injected
high-strength grout that strengthened the tension zone of the 3D printed members. Such grout is
expected to encapsulate the narrow openings and crevices created between the successive filaments
during printing, which would retard the formation of flexural cracks during loading. It should be
noted that the flexural cracks in 3D members might have occurred at lower loads, owing to the circular
nature of the nozzle used; however, these cracks were not visible during experimentation.

Shear strength analysis—Irrespective of specimen type, the loads that initiated the development
of diagonal cracks varied from 50 to 56 kN. This led to fairly close average Vgy,/Vn ratios corresponding
to 0.76 and 0.71 for CIP and 3D specimens, respectively, with COV values of 3.8% and 4.5%, respectively.
This physically implies that the theoretical shear strengths computed using ACI 318-19 code provisions
overestimate the loads determined experimentally. Generally, the shear transfer in moderately
reinforced concrete beams is partly ascribed to the coarse aggregate interlock mechanism [43,47]; i.e.,
the friction developed due to interlocking of aggregate particles located on the concrete surfaces on
opposing sides towards the mid-height of the beam. Hence, given that the tested mortar mixtures
were free from coarse aggregates, this can reduce the aggregate interlock mechanism with increased
vulnerability to the formation of diagonal cracks, leading to reduced Vgyp,/Vn ratios. It is worth noting
that the shear reinforcement does not affect the development of diagonal cracks, as these generally
occur at almost the same loads for which they appear in beams of the same size without stirrups;
the presence of shear reinforcing becomes relevant only after the cracks begin to form [23,25,47].

Flexural moment analysis—After the initiation of diagonal cracks, the load continued increasing
with displacement until reaching the peak values, causing the members to fail in shear. Such shear
failure is most likely to occur in short, deep members subjected to high shear levels and relatively
small bending moments [10]. The experimental loads that caused failure in CIP specimens varied
from 181.3 to 214.3 kN (i.e., Mgyp from 26 to 30.7 kN.m), which led to Mgy,/Mn ratios varying from
1.14 to 1.35, respectively. This reflects that ACI 318-19 provides conservative estimate for the flexure
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capacity at failure. In addition to the size of members, many researchers attributed such conservatism
to the presence of steel bars placed in the compression zone together with the lateral ties that help
enhancing the ductility of the beam and boosting its capacity to sustain higher loads [45,46]. As shown
in Figure 11, the load vs. displacement curves exhibited relatively flattened regions after the peak load
value, reflecting the yielding of tensile steel [47].

The 3D printed members exhibited almost similar behavior as those experienced with CIP, albeit
the peak loads were relatively lower. Hence, the experimental loads that caused failure were about
150 kN (i.e., Mgy, = 22.8 kN.m), which is about 22% lower than CIP specimens. The reduced capacity of
3D specimens could reasonably be attributed to the modular approach used to construct the members
including the exact positioning of longitudinal/transverse steel that affect beam properties and their
effect on the concepts of reinforced concrete design (such as computation of b, d, s, Ay, a, etc.). On the
other hand, the assumptions of perfect bonding between the successive filament layers and/or adjacent
modules connected by epoxy resins are not assured in 3D specimens, which could alter the linearity of
the strain diagram and transfer of stresses between the tensile steel and surrounding region filled by
grouting [10,45,48]. Additionally, when the compressive stresses exceed about % f’c, itis not guaranteed
whether the tensile cracks would be affected by the deposited 3D filaments and how this could alter
their upward propagation towards the neutral axis. The average Mgy,/Mn ratio of 3D printed members
was equal to 0.95 (Figure 12), reflecting limited decrease in flexural moment capacity (i.e., by 5%)
compared to ACI 318-19 code provisions.

4. Conclusions

This paper presents the preliminary findings of a versatile 3D printing approach that involves
joining cubic-shaped printed modules using high-strength epoxy resins to form reinforced beams
intended for structural applications. The printed modules had 240 mm side, along with four holes on
the corners for subsequent insertion of flexural steel and grouting operations. The transverse steel
was manually incorporated during the printing process. Future studies aim at altering the module
cross-sections to simplify the 3D built members as well as their testing in compression to simulate
column and wall elements. From the foregoing, the following conclusions can be warranted:

1. The average f’c considerably increased from 22.8 MPa for CIP specimens to 30.8 MPa for 3D(H)
ones with the deposited layers parallel to the loading platens. Similar results were obtained by
Panda et al. [40] when testing specimens loaded perpendicularly to the deposited filaments. This
was attributed to the injected high-strength grouts in the holes and crevices across the module
cross-section, thus ensuring a stronger matrix capable of resisting higher multi-axial stresses
that retard the spalling phenomenon. Just like the CIP samples, the 3D(H) specimens failed in a
triangular-like manner.

2. The 3D(V) specimens loaded perpendicularly to the loading platens exhibited lower f’c than the
3D(H) ones (i.e., 26.9 vs. 30.8 MPa, respectively), albeit remained higher than the CIP samples (i.e.,
22.8 MPa). During compressive strength loading, the 3D(V) modules acted like vertically-layered
materials with vertical planes of weakness created along the interfacial filaments during printing.
This caused the debonding between adjacent printed filaments, which detached the outer ones
from the inner core.

3. Compared to CIP samples, the 3D printed plain specimens exhibited about 30% higher fr responses.
This was related to two phenomena, including the presence of high-strength grouts that hinder
the ease of tensile crack propagation during loading as well as efficient curing of 3D printed
modules that minimize the formation of shrinkage micro-cracks. Failure cracks of 3D bonded
modules occurred along the adjacent planes within a 50 mm band from the center, and propagated
randomly throughout the complete specimen height.

4. The cracking moment determined when the applied load initiated the first flexural crack in the
reinforced 3D printed beams was about two times higher than the one resulting from CIP samples.
This result is in agreement with the fr measurements (i.e., conclusion no. 3), which was attributed
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to the injected high-strength grout that encapsulates the narrow openings and crevices created
between the successive filaments during printing, thus strengthening the tension zone of the 3D
printed members.

The loads that initiated the development of diagonal cracks in CIP and 3D printed members are
fairly close to each other, which was attributed to the aggregate-free mortar mixtures that reduce
the aggregate interlock mechanism, causing increased vulnerability to the formation of diagonal
cracks. The average Vgyp/Vn ratios varied from 0.71 to 0.76, reflecting that the ACI 318-19 code
provisions overestimate the loads determined experimentally.

The ACI 318-19 provisions for flexural strength were conservative for CIP members, leading
to an average Mgy,/Mj ratio of 1.22. The 3D printed members exhibited almost similar load
vs. displacement curves as those experienced with CIP; however, with reduced peak loads that
resulted in an Mgyp/Mn ratio of 0.95. This was most likely attributed to the modular approach
used to construct the 3D member, including the printing of modules, bonding with epoxy resins,
insertion of steel reinforcement (horizontal and transverse), and injection of grouts. This would
alter the fundamentals of reinforced concrete design, requiring careful analysis of the transfer
and redistribution of stresses at service and ultimate load conditions.
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