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ABSTRACT
Additive manufacturing of low-rise residential and commercial buildings using printed cementitious
materials, a technology that is commonly referred to as 3D concrete printing (3DCP), is now being deployed
at scale across North America. A significant challenge in expanding the use of 3DCP is determining an
efficient and effective approach to incorporate longitudinal reinforcement into walls. This study proposes
the use of near surface mounted (NSM) reinforcement in 3DCP walls and evaluates the structural behaviour
of single-wythe 3DCP wall panels under out-of-plane loading through experimental testing. An innovative
wet-formed groove technique for the NSM bar is proposed, which involved forming the groove during the
printing process, which is compared to traditional saw-cut grooves. The work also investigates the influence
of reinforcement type (steel and GFRP), NSM bonding material type (epoxy, cementitious mortar, and
concrete), and reinforcement ratio on wythe behaviour. Digital image correlation (DIC) is used to capture
full-field strain distributions in the wall panels as well as crack widths. Results show that the use of NSM
reinforcement is effective at enhancing the flexural stiffness, strength, and ductility and 3DCP wall panels.
Steel-reinforced walls failed due to flexural yielding while GFRP-reinforced walls failed due to rupture of
the reinforcement or bond failure. No significant differences were observed between the performance of
wet-formed or saw cut grooves, suggesting the potential for speeding up construction. GFRP-reinforced
panels with a 0.6% reinforcement ratio failed by rupture of the GFRP bars, while those with a 0.8% ratio

experienced bond failure for both epoxy and mortar materials, although epoxy adhesive enabled a 40%
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increase in load compared to cementitious mortar. The experimental results are compared with existing
approaches to predict their flexural performance, and the results show the strength can be predicted within
10% on average. A recommended design thickness is proposed given the inherent variability in the
thickness of 3D printed concrete wythes, which improves strength predictions.

Keywords: 3D concrete printing, additive manufacturing, walls, near surface mounted reinforcement, out-

of-plane loading, fibre reinforced polymer, digital image correlation

INTRODUCTION

Shortages of skilled labour and the need to improve construction productivity have driven demand to
innovative the way that homes and buildings are constructed around the globe. Historically, construction
has been a field that has been slow to adapt to advances in technology in comparison to other fields, for
example, industrial manufacturing, which is due in part to the challenging site conditions in construction
and the uniqueness of each project [1]. Despite these challenges there has been increasing focus in recent
years on technologies that can improve the efficiency of construction using robotic systems. One such
technology is 3D concrete printing (3DCP), which uses a robotic arm or gantry system to extrude fresh
concrete using an additive manufacturing approach. This approach permits construction of concrete walls
or columns without the need to temporary formwork or as many skilled labourers as are required using
conventional construction practices, resulting in the potential for improved construction efficiency and
reduced waste when compared with traditional construction methods [2,3].

Despite the promise of 3DCP technology for the construction of homes and buildings, it is still in
its infancy, and many questions remain surrounding its performance as a structural material [3]. This work
has been summarized in several state-of-the-art reviews [4-6]. Recent research pertaining to the mechanical
behaviour of 3DPC have largely focused on the performance at the material level, including studying the
flowability/curing requirements, different mix constituents, compressive and tensile strength, and the inter-

layer bond behaviour [4-6].
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In comparison, there have been fewer studies focused on examining the structural behaviour of
3DCP structural components or sub-assemblies (e.g., walls or columns). This work has included
experimental testing to evaluate wall behaviour under concentric axial compression [7-9], eccentric axial
compression [10], and the in-plane lateral cyclic loading [11-13]. One aspect that varies amongst these
studies and continues to be a challenge in 3DCP is the incorporation of longitudinal reinforcement.
Particularly for taller structures or structures in regions of high seismicity, the incorporation of longitudinal
reinforcement is critical to meet ultimate limit states resistance requirements and also to ensure ductile
behaviour during an earthquake. There is a significant body of evidence on the poor seismic performance
of unreinforced masonry structures under in-plane [14,15] and out-of-plane loads [16], which would also
apply to the performance of unreinforced 3DCP structures.

While it is commonly recognized in the literature that there is a need to incorporate longitudinal
reinforcement in 3DCP elements there is no consensus on how this can be efficiently achieved in practice
[17,18]. Because of the nature of 3DCP construction in which a nozzle sequentially extrudes the layers in
a structural component vertically, the conventional approach of placing vertical reinforcement prior to
casting the concrete would interfere with the printer, and consequently, this approach cannot be directly
transferred to 3DCP construction. Recent state-of-the-art reviews have highlighted that reinforcement can
be readily integrated between printed layers when aligned parallel to the printing plane while maintaining
the same characteristics in terms of bond strength and pull-out strength [19-21], however, these same
techniques cannot be used for reinforcement perpendicular to the printed layers.

To address the challenge of incorporating longitudinal reinforcement in 3DCP construction, there
have been several proposed solutions in the literature, including placement of reinforced inside printed
cavities, either before or after printing is complete, and then filling the cavities with grout [11]. This
approach mimics what is currently done in masonry construction and despite its effectiveness, it reduces
the efficiency of 3DCP because of the time required to place reinforcement and grout cavities. Furthermore,
it also results in reinforcement that is located inefficiently in the cross-section (near the neutral axis) and

3
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often requires splicing of reinforcement over the element height during printing. Alternatively, more novel
approaches researchers have focused on include directly printing material around longitudinal
reinforcement, either through a multi-nozzle approach [22] or by using shotcrete [23], resulting in a
structural component that is more representative of reinforced concrete. The disadvantage of this approach
is that it is not compatible or easily applied to commercial 3DCP technology being used in practice.
Alternatively, work has also focused on printing of modular components that are joined together using
longitudinal reinforcement [ 19]. While potentially effective, questions remain surrounding the applicability
of this approach at scale, as it does not follow the typical construction sequence adopted in practice. Finally,
more innovative approaches have included printing the concrete and steel reinforcement simultaneously
using additive manufacturing techniques [24] or using modular steel elements [25]. While these techniques
have the potential to eliminate the need altogether for human labour, they are not sufficiently developed to
be rapidly applied at-scale. A review of the literature has identified that there is an ongoing need to develop
novel reinforcing solutions for 3DCP structures.

To the authors’ knowledge, this is the first study of its kind to examine the use of near surface
mounted (NSM) reinforcement for 3D printed concrete structures. The specific objective of this research is
to: (1) study the feasibility of using both wet-formed grooves as well as cut grooves for the placement of
longitudinal reinforcement in 3DCP walls, (2) study the influence of reinforcement type, reinforcement
ratio, and type of bonding material used to install the NSM reinforcement in terms of strength and failure
mode, (3) Use digital image correlation to study the strain (and stress) distributions in 3DCP wall panels
with naturally varying geometry, and (4) study how the variable geometry of the layered 3DCP walls

influences their flexural strength and compare the experimental results with theoretical predictions.

EXPERIMENTAL PROGRAM
The experimental program consisted of 16 single-wythe wall panels with NSM reinforcement. The

specimens included those with varying groove forming techniques (e.g., wet-formed and saw-cut),
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reinforcing bar types (e.g., steel and GFRP reinforcement), adhesive material (e.g., epoxy, mortar, and
concrete), and reinforcement ratio.
Wall Panel Specimens
Figure 1 shows the geometry of the wall panel specimens and the larger sections from which they were cut.
The single-wythe wall panels measured 1650 x 600 x 50 mm (/ x w x k). While 3DCP walls are typically
double-wythe with crossties and an insulation layer in between, the degree of composite action is generally
very small. Consequently, it is not unusual for each wythe to experience both compressive and tensile
flexural stresses (i.e. each has its own neutral axis) as in some precast sandwich panels [26]. As such, this
study is focused on single-wythe specimens.

To fabricate the wall panels, a three-axis gantry-type extrusion system (COBOD BOD2) was used.
To enable printing of the wall and to ensure they remained stable during fabrication, four four-sided towers
were printed and the individual wall panels were cut from the towers after they were cured and shipped to
the laboratory. The printer speed was approximately 100 mm/s, which resulted in a layer time of
approximately 12 minutes. The walls were printed in two phases, which included first printing to a height
of approximately 500 mm, followed by a second phase the next day to a final height of 1650 mm. This
means that there was a cold joint in the wall panels at approximately 30% of the wall height, the structural
implications of which are discussed in subsequent sections of this paper. While the construction in two
stages occurred in this case due to some challenges with the equipment, it is a realistic scenario that could

occur in the field for the same reason or between work shifts.
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Figure 1. Specimen geometry: (a) four-sided 3DCP towers, (b) single-wythe panel cross-sections.

To reinforce the wall panels, an NSM technique was adopted. While the use of NSM reinforcement
in repair or strengthening applications is a concept that has been extensively applied to reinforced concrete
structures [27], however, its application to 3DCP elements has not been studied in the literature. Two
techniques for installing the NSM reinforcement were considered in this study. The first method is novel
and is intended for rapid on-site installation specific to 3DCP construction. This technique, referred to as a
wet-formed groove, involves forming a groove in the printed material during the printing process prior to
the material reaching its hardened state. The advantage of using a wet-formed groove is that the
reinforcement can be installed immediately on-site and could be bonded using the same material that its
extruded from the printer, something that is also considered in this study. The second technique for
installation of NSM reinforcement considered follows the traditional method used in the literature for
reinforced concrete or masonry applications and involves cutting a groove after the concrete is cured.

Figure 1(b) shows the cross-sections of the reinforced wall panels tested in this study. Different
reinforcement types, NSM bonding material types, and reinforcement ratios were considered in this study,
which are summarized in Table 1. The first series of specimens were reinforced with steel rebar and

included either 2-10M (d= 11.3 mm, 4, =200 mm?) or 2-15M (d = 16.0 mm, 4, = 400 mm?) bars, resulting
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in reinforcement ratios (p = 4,/bd) of 0.88% and 1.75%, respectively, based on the nominal effective depth
d of 38 mm (nominal # =50 mm minus 12.5 mm cover (Fig. 1(a)). The second series had GFRP reinforcing
bars, with either 3-#2 bars (dy= 6.2 mm, 4, = 90.6 mm?) or 2-#3 bars (d, = 9.5 mm, 4, = 142 mm?),
resulting in reinforcement ratios of 0.40% and 0.62%, respectively. The GFRP reinforcement ratios were
established based on equivalent ultimate forces in the reinforcement as the steel reinforcement (4,f+), based
on the design ultimate and yield strengths of the two materials (see materials sections). These forces are
72.5 kN and 80 kN for the GFRP and steel at the lower reinforcement ratios of 0.4% and 0.88%,
respectively, while they were 142 kN and 160 kN for the GFRP and steel at the higher reinforcement ratios
of 1.75% and 0.62%, respectively.

Table 1. Test matrix and specimen geometry

Groove Bond NSM I No - Size dp p Rumin have

Name Type Material Bar (MPa) ofBars (mm) (%) (mm) (mm)
GFRP-0.4-E - 3-#2 6.2 040 50 62
GFRP-0.6-E-1  Saw-cut  Epoxy  GFRP - 2 -#3 9.5 0.62 46 56
GFRP-0.6-E-2 - 2-#3 9.5 0.62 48 63
Steel-0.9-E-1 509 2-10M 11.3  0.88 46 59
Steel-0.9-E-2 Saw-cut  Epox Steel 521 2-10M 11.3  0.88 38 51
Steel-1.8-E-1 Y 524 2-15M 16.0 1.75 42 57
Steel-1.8-E-2 522 2-15M 16.0 1.75 43 55
GFRP-0.4-M - 3-#2 9.7 040 45 59
GFRP-0.6-M-1  Saw-cut  Mortar ~ GFRP - 2 -#3 9.7 0.62 51 64
GFRP-0.6-M-2 - 2-#3 9.7 0.62 54 55
Steel-0.9-M-1 518 2-10M 11.3  0.88 47 58
Steel-0.9-M-2 454 2-10M 11.3  0.88 48 56
Stecl-1.8-M-1  Saw-eut Mortar —Steel o 5 15y 160 175 38 54
Steel-1.8-M-2 433 2-15M 16.0 1.75 44 54
Steel-0.8-C-1 Wet- Concrete  Steel 503 2-10M 11.3  0.88 48 60
Steel-0.8-C-2 formed 499 2 -10M 11.3  0.88 45 57

Note: f, — yield stress, d» — bar diameter, /i, — minimum wythe thickness, /.., — average wythe thickness

Three different materials were used to bond NSM reinforcement into the groove, depending on the
specimen (see Table 1). This included either: (1) the 3DCP material taken from the printer during
fabrication of the four-sided towers, which was used for installation of bars into wet-formed grooves and
hereafter referred to as concrete, (2) a cementitious mortar (Sika Monotop 623 F) used with saw-cut

grooves, or (3) an epoxy adhesive (SikaDur30) used with saw-cut grooves. Different bond materials were
7
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selected to examine the influence of varying bond properties, as well as ranging costs. The use of concrete
from the printer would likely result in much lower costs when compared to an off-the-shelf adhesive
product, especially when coupled with the wet-formed groove technique, which requires significantly less
on-site labor when compared with traditional saw cutting techniques.

The naming convention used for the specimens included first the NSM reinforcement type (e.g.,
GFRP or Steel), followed by the reinforcement ratio (e.g., 0.XX), NSM bonding material type (e.g., E —
epoxy, M —mortar, C — concrete), and finally the specimen repetition (if applicable). For example, specimen
GFRP-0.4-G-2 had GFRP reinforcement, a reinforcement ratio of approximately 0.4%, used grout as the
adhesive material for the NSM bars, and was the second repetition.
Specimen Fabrication
Figure 2 highlights select steps in the specimen construction process. Generally, fabrication of the single-
wythe wall panels included printing of the towers, installation of the NSM reinforcement, and extracting
the single-wythe panels using a wet saw. The reinforcement was installed prior to cutting the wall panels
from the towers to simulate the realistic conditions under which the NSM reinforcement would be installed

in the field, which required consideration for vertical application of the adhesive.
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Figure 2. Specimen fabrication: (a) custom trowel for wet-formed groove, (b) four-sided 3DCP tower,

(c) formation of wet-formed groove, (d) process for saw cut groove, (e) installation of NSM bars.

Installation of the NSM reinforcement began with formation of the grooves, which was either wet-
formed during printing or saw-cut after curing. For the wet-formed grooves, a specialized trowel designed
for this application, shown in Figure 2(b), which has a protruding rectangular section that is used to form a

groove while the concrete was still workable. The saw-cut grooves were formed by first cutting parallel
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grooves measuring ~3 mm wide and ~25 mm apart, vertically, along the length of the panels using a
concrete saw. Concrete material between the saw cuts was then removed using a chisel (Figure 2(d)).

Irrespective of groove type, the NSM reinforcement installation was completed in four stages: (1)
the grooves were cleaned to remove any leftover debris, (2) the groove was partially filled (half of the
depth) with either concrete, epoxy, or mortar (depending on the specimen type), (3) the reinforcement was
then placed and pressed into the grooves and alignment along the groove length was ensured, (4) the
remaining half of the groove was filled with the same material, and (5) the specimens were left to cure for
at least 7 days before handling. After the reinforcement had been installed, the panels were cut from the
box sections into single-wythe panels for testing. The as-built dimensions of the panels were then assessed.
Because of the nature of the 3DCP fabrication process, there was some variability in the layer width along
the length of the specimens due to localized bulging caused by the printing of subsequent layers, which
exerts pressure on the underlying layer. This geometric irregularity complicates the definition of the
thickness of the wall panel, which was non-uniform along the length.

Figure 3 shows a typical section of a 3DCP wall panel in this study. To determine the thickness
along the length of the panels, an image processing technique was developed to accurately measure the
cross-sectional dimension of each wall panel. The technique involved first taking an image of the side of
each wall panel, an example of which is shown in Figure 3(a). The image was then converted to a binary
black and white image (Figure 3(b)) and imported into the Inkscape software [28]. An automatic contour
matching algorithm was then used to determine the contour of the wall panel (Figure 3(c)). Based on the
contour and the scale in the original image, the thickness of the panel along its length was determined,
including both the minimum thickness (/4.ix) and average thickness (/a¢) as well as the minimum and
average depths to the reinforcement (dnix) and (day), respectively. The results of this technique are
summarized in Table 1 and are used in the theoretical assessment of the strength of the specimens in a

subsequent section of this paper.
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wall panel: (a) original image, (b) binary image, (c) extracted contour and dimensions.

Material Properties

3D Printed Concrete: One of the challenges associated with the use of 3D printed concrete is determining
the properties of the materials, which similar to masonry, should be based on the in-situ geometry of the
material (i.e., in printed layers for 3DCP), because this can influence the strength [29]. To evaluate this
assumption, material properties in this study were assessed both using the traditional approaches that would
be used in reinforced concrete, including mold cast cylinders and prisms, in addition to 3DCP specimens
that were saw-cut from the wall panel material. It is noted that the mold cast samples were prepared on the
same day as the 3DCP materials and the cast concrete was taken directly from the printer head, such that it
would have material properties that were as close as possible at the printed materials.

The 3DCP material used in this study were proprietary to the manufacturing company, and thus,
detailed mix design information is not available. However, generally, the mix included a cement content
from 400-600 kg/m?, fine aggregate, superplasticizer, accelerator, and a hardener at the nozzle. The concrete
had maximum coarse aggregate size of 6.4 mm, was air entrained (6-8%), and included synthetic

monofilament microfiber to reduce plastic shrinkage cracking.
11
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To identify the compressive strength of the concrete cylindrical specimens (100 x 200 mm) were
first tested under uniaxial compression, following the procedures specified in ASTM C39/C39M [30]. This
resulted in a compressive strength of 64.9 MPa (standard deviation (SD) = 3.19 MPa). To better reflect the
material behaviour of printed concrete, additional compression tests were carried out on prisms, which were
saw-cut from the wall samples as indicated earlier. The prisms were nominally 50 mm x 50 mm and were
155 mm tall, representing approximately three layers of printed material. The average compressive strength
of the 3DCP prisms was 44.1 MPa (SD = 6.61 MPa), which is 32 % lower than the mold cast cylinders.
This phenomena between the strength of mold-cast and printed concrete materials in compression has been
noted by other researchers in the literature [29].

In addition to compressive strength, the modulus of rupture of the material was also evaluated
through tests on conventional mold cast prisms as well as prisms that were saw-cut from a 3DCP element.
The modulus of rupture specimens followed the guidelines outlined in ASTM C78/C78M [31] and the cast
concrete prisms were 80x80x280 mm, while the printed concrete prisms had nominal dimensions of
50x50%240 mm. The modulus of rupture of the cast and printed concrete did not vary significantly as the
average modulus of rupture in the cast concrete prisms was 5.97 MPa (SD = 0.52 MPa) compared to 5.68
MPa (SD = 0.97 MPa) in the printed mortar prisms. While the averages are similar, there was more variation
in the results from the printed concrete, which is attributed to the variation in the cross-section of the prisms
along their length.

NSM Reinforcement Bonding Materials: three different materials were used to bond the NSM
reinforcement in the concrete, which depended on the type of groove (i.e., formed or cut). For the wet-
formed grooves during printing, the bars were installed into the grooves using printed material during
specimen fabrication. Consequently, the material has the same properties that were noted in the previous
section. For the cut grooves, which were formed after the concrete had cured, the effectiveness of both a
cementitious mortar as well as an epoxy adhesive were examined. The cementitious grout (Sika MonoTop
623 F) is a one-component, polymer modified, fibre-reinforced cementitious mortar intended for vertical

12
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and overhead repair applications. The material has a pull-off strength greater than 3 MPa, an elastic modulus
of 18 GPa, and a flexural tensile strength of 10.1 MPa at 28-days according to the manufacturer [32].

The epoxy adhesive (SikaDur 30) used to bond the NSM reinforcement is a two-component epoxy
paste adhesive intended for bonding of composite materials to concrete or masonry and is suitable for use
in vertical or overhead applications. The product has a modulus of elasticity of 2.69 GPa, a tensile strength
of 24.8 MPa, and a shear strength of 15 MPa [33].

GFRP Reinforcement: the #2 GFRP reinforcement (V-ROD Grade I) was a sand-coated bar with 4, =31.6
mm? cross-sectional area and had a reported elastic modulus of 40 GPa, a minimum tensile strength of 800
MPa, and an ultimate strain of 2.1% [34]. The #3 GFRP reinforcement (MST-Bar Grade III) was a ribbed
bar with 4, = 71 mm? cross-sectional area and had a reported elastic modulus of 60 GPa, a minimum tensile
strength of 1000 MPa, and an ultimate strain of 1.7 % [35].

Steel Reinforcement: the steel reinforcement was grade 400W and included bar sizes of 10M and 15M
with 4, = 100 and 4, = 200 mm?, respectively. Tensile tests on steel bars taken from the test samples were
conducted according to the procedures outlined in ASTM E8/E8M [36]. Based on the results of the coupon
tests, the steel reinforcement had average yield stresses (f,) as summarized in Table 1. It is noted that the
steel reinforcement came from different batches of material, and so, repeated coupon tests were conducted
on samples taken from each wall panel.

Test Setup and Instrumentation

The reinforced 3DCP wall panels were tested in out-of-plane bending in a four-point bending configuration,
with simple boundary conditions and point loads located at one-third of the span length. Figure 4 shows the
experimental test setup. The load was applied using a hydraulic actuator (+/- 500 kN, +/- 75 mm) through
a steel spreader beam. To ensure the panel was level at the support and load locations, grouted pads were
used to form a level surface (as noted in Figure 4). This was required to compensate for the variability in

the thickness of the 3DCP along the panel length, as discussed previously.

13
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Figure 4. Typical experimental test setup and digital image correlation configuration

The panels were loaded in displacement control at an initial rate of 0.5 mm/min up to yielding of
the reinforcement (in steel reinforced specimens) or significant cracking (in GFRP reinforced specimens).
Subsequently, the loading rate was increased to 1.0 mm/min up to the end of the test. The test was stopped
at the onset of brittle failure or a midspan deflection of ~80 mm (corresponds to deflection of L/20),
whichever occurred first.

To measure the structural response of the panels, two linear potentiometers were placed at midspan
to measure the deflection. To track crack formation, measure crack widths, and estimate
tensile/compressive strain in the constant moment region, digital image correlation (DIC) was employed.
Due to the variability in the thickness of the panel along the length, DIC was particularly advantageous in
this application because of the potential for full-field displacement/strain results, eliminating the need for a
priori knowledge of the locations of maximum and minimum strain. The process for DIC analysis included

first painting the surface of the panel with a white basecoat and speckle pattern. Two cameras (5 MP) were
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focused on the constant moment regions of the panel (i.e., central ~600 mm) and images were taken at 0.2

Hz throughout the test. Post-processing of the images was conducted using VIC3D analysis software [37].

EXPERIMENTAL RESULTS AND DISCUSSION

Table 2 summarizes the key structural response parameters for the 3DCP wall panels tested in this study,
including the initial stiffness (&), cracking load (P.), deflection at yield (A,), maximum load (Pma),
deflection at ultimate (A.i), and average crack spacing (Savg). The initial stiffness was determined by fitting
a line through the load versus deflection response of the specimens between 10% of the maximum load and
the cracking load. The average crack spacing was determined using DIC analysis, the results of which are
discussed in a subsequent section of this paper.

Table 2. Summary of test results

k; P, Ay Prax A Savg

Specimen Failure
Name (kN/mm) (kN) (mm) (kN) (mm) (mm) Mode
GFRP-0.4-E 3.19 6.93 - 14.3 81.3 100 Rupture
GFRP-0.6-E-1 1.75 7.18 - 20.4 76.6 140 Bond
GFRP-0.6-E-2 2.28 8.63 - 24 .4 71.3 92 Bond
Steel-0.9-E-1 4.01 5.49 14.1 20.2 41.3 - Yield
Steel-0.9-E-2 3.49 9.65 9.9 19.2 82.5 147 Yield
Steel-1.8-E-1 3.28 5.15 17.3 37.9 75.8 - Yield+Bond
Steel-1.8-E-2 3.73 5.44 13.7 33.8 69.5 106 Yield
GFRP-0.4-M 3.16 2.78 - 16.8 79.1 114 Rupture
GFRP-0.6-M-1 3.84 4.12 - 12.9 439 157 Bond
GFRP-0.6-M-2 2.21 3.23 - 13.4 41.6 203 Bond
Steel-0.9-M-1 3.87 5.22 16.0 19.2 16.0 176 Bond
Steel-0.9-M-2 3.47 5.96 13.0 18.1 17.7 125 Yield
Steel-1.8-M-1 4.38 5.68 13.4 29.9 14.2 - Bond
Steel-1.8-M-2 3.28 9.33 15.3 29.3 24.0 - Bond
Steel-0.9-C-1 3.65 5.49 10.4 20.0 62.4 117 Yield
Steel-0.9-C-2 2.41 6.41 12.5 15.5 64.6 - Yield

Load-Deflection Behaviour and Failure Modes
Figure 5 shows the load-deflection relationship for the GFRP-reinforced wall panels tested in this study.

The wall panels exhibit an initial elastic response followed by an abrupt change in the slope at the onset of
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cracking. The initial stiffness and cracking load were found to be variable amongst the tested wall panels,
even for nominally identical specimens. While past research has shown that the cracking load can vary
significantly in reinforced concrete beams (Kim et al. 2010), the observed differences are also attributed to
the irregularity of the section along the length resulting in variations in the thickness and the depth of the
reinforcement as well as the NSM bonding material. For example, comparing the wall panels with #3 GFRP
reinforcement (p = 0.6 %) with mortar as the NSM bond material in Figure 5(c), the results show that the
specimens had a cracking strength that were 25 % different between two nominally identical specimens,
which is, in part, attributed to differences in geometry, as the average thickness (%4,) varied between the
two panels by 15 % (panel with larger average thickness had higher cracking load). Comparing epoxy and
mortar NSM bonding materials, the panels that used mortar had a 50 % lower cracking strength (on average)
when compared to the specimens with epoxy, even though the specimens had comparable minimum and
average thicknesses (listed in Table 1). These differences are attributed to the higher tensile strength of the

epoxy material, indicating that both geometry and NSM bonding material influence the panel behaviour.
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Figure 5. Load versus deflection behaviour of the GFRP reinforced wall panels with:
(a) p=0.4% (#2 GFRP bars), (b) p = 0.6% (#3 GFRP bars) with epoxy adhesive and (¢) p = 0.6 % with

cementitious mortar bonding material. All specimens had saw-cut grooves.
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After cracking, the wall panels exhibit a reduced stiffness, including several load drops, which are
indicative of the formation of new cracks along the member length. The panels that used epoxy adhesive to
bond the NSM reinforcement were able to achieve very large displacements (>L/20) prior to failure. As
expected, increasing the reinforcement ratio from 0.4% to 0.6% resulted in a 56% increase in the ultimate
load carrying capacity of the wall panels on average. Comparing the use of mortar and epoxy to bond the
NSM reinforcement, for a reinforcement ratio of 0.4%, the ultimate displacement and load-carrying
capacity were within 5% of one another for the nominally identical panels. In contrast, the wall panels that
had a reinforcement ratio of 0.6% had a decrease of 40% in the ultimate displacement (L/40) and ultimate
load-carrying capacity, when compared to the nominally identical wall panels that used epoxy to bond the
NSM reinforcement. This is attributed to the higher bond stresses for the larger bar size in the beams with
the higher reinforcement ratio. Generally, it can be concluded that the two bonding methods (epoxy and
mortar) enabled small GFRP reinforcement ratios (e.g. 0.4% in this study) to achieve rupture, however,
bond failure occurred for larger reinforcement ratio (0.6% in this study) with both epoxy and mortar, except
that with epoxy, it occurred at a 72% higher load.

Figure 6 compares the load-deflection behaviour of the steel-reinforced wall panels. The results
show once again that the panels exhibit a behaviour that is similar to what would be expected from a steel
reinforced concrete beam, including an abrupt change in stiffness at the cracking load, followed by an
elastic cracked response up to the yield load. The results in Table 2 once again show some discrepancies
between the cracking loads of the specimens, which is attributed to variations in the geometry of the
specimens and NSM bond material. Panels with a reinforcement ratio of 0.9% were able to achieve very
large deflections and exhibit a ductile load-deflection response. The wall achieved an average ultimate load
of 18.7 kN, which was roughly 3-4 times the cracking load. Very similar behaviour was observed in the
wall with a reinforcement ratio of 1.8% that used epoxy adhesive. In contrast, wall panels with a
reinforcement ratio of 1.8% that used mortar achieved an ultimate deflection that was approximately 50%
of those with the smaller reinforcement ratio, but with an average load-carrying capacity of 32.7 kN. The
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lower displacement capacity of these specimens is attributed to the onset of a brittle failure mode, something

that is discussed in the next section of this paper.
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Figure 6. Load versus deflection behaviour of the steel reinforced wall panels with: (a) epoxy

adhesive (saw-cut groove) (b) mortar (saw-cut groove), and (c) concrete (wet-formed groove).

Comparing the behaviour of the specimens that had a wet-formed groove and used the printing
material to bond the NSM reinforcement, shown in Figure 6(c), the results show that the walls had a strength
that was comparable (average capacity of 17.8 kN compared with 19.2 kN) to those that used mortar or
epoxy adhesive to bond the NSM reinforcement. The smaller load carrying capacity of wall panel Steel-
0.9-C-2, which yielded at a 10 % lower than its counterpart, is attributed to the presence of a very thin
section within the constant moment region, which had a minimum thickness that was approximately 10 %
smaller than its counterpart. This resulted in localized yielding and a smaller force couple between the steel
reinforcement in tension and the concrete in compression. Generally, it can be concluded that all bonding
methods (epoxy, mortar and concrete) enable small steel reinforcement ratios (e.g. 0.9% in this study) to
achieve yield strength, however, for larger reinforcement ratio (1.8% in this study) only epoxy enabled steel
to sufficiently yield considering that concrete bonding material was not tested for the larger ratio.

Nonetheless, these results suggest that the wet-formed groove during printing and using the printed concrete
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material to bond the NSM reinforcement can be an effective approach to reinforce a 3DCP wall, something

that has several advantages over traditional techniques, as noted previously.

Failure Modes

Figure 7 summarizes the failure modes observed in the GFRP-reinforced wall panels, which were
characterized by either rupture of the reinforcement in tension or bond splitting failure. Figure 7(a) shows
a typical tensile rupture, which occurred in the specimens with a reinforcement ratio of 0.4 % (3 - #2 GFRP
bars) for both epoxy and mortar adhesives, and the failure was characterized by very large displacements
in the wall panel and a typical broomstick failure in the GFRP bars (Figure 7(a)). In specimens with a higher
reinforcement ratio of 0.6 %, bond splitting failure was observed, which was characterized by longitudinal
cracking along the length of the wall panel at the location of the reinforcing bar (Figure 7(b)). Interestingly,
the onset of bond failure occurred at significantly different ultimately loads (22.4 kN and 13 kN) and
deflections (74 mm and 43 mm) in specimens with epoxy and mortar, respectively, suggesting that the
epoxy adhesive provided better bond performance when compared to the mortar as was also indicated

earlier in the manuscript.

Ruptured
GFRP bar

Bond splitting crack Bond splitting crack
2| (along top of specimen)  (along reinforcing bar)

(b)

Figure 7. Observed failure modes: (a) rupture of GFRP reinforcement (b) bond splitting failure.
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In the steel reinforced specimens, the failure mode was characterized by either yielding of the steel
reinforcement or bond failure. In specimens that experienced yielding, failure was typically characterized
by large deflections and dilation of cracks along the span with deflection. Yielding was consistently
observed in panels that used epoxy to bond the steel NSM reinforcement, even for the larger reinforcement
ratio of 1.8%. Both wall panels with a wet-formed groove during printing and bonding of the reinforcement
using concrete also experienced a yielding failure. In contrast, specimens that used mortar with steel
reinforcement consistently experienced bond failure (with the exception of specimen Steel-0.9-M-1),
suggesting once again that the epoxy adhesive or concrete during printing provided improved bond
performance when compared to the mortar, as also indicated earlier.

After testing was completed, the panels were saw-cut at midspan in the constant moment region to
observe the shape of the groove for the reinforcement and bonding material. Figure 8 shows a set of typical
cross-sections of the panels after cutting. The images generally show a high-quality construction process.
Both bonding materials were able to consolidate around the bar without any significant voids or
discontinuities. Also, the bars were well-centered at roughly half the groove depth. Figure 8(b) shows a
cross-section of the steel reinforcement bonded with concrete, the results show that the concrete placed to
bond the reinforcement was able to consolidate with the surrounding concrete, as there is no visible
evidence of the groove perimeter after cutting. Some discontinuities were observed in the concrete
surrounding the bar after cutting, however, both wall panels failed in flexure due to yielding of the steel

reinforcement and no bond failure was observed, suggesting that this was not detrimental to performance.
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Figure 8. Observed cross-sections of the panels after testing: (a) 10M steel with epoxy, (b) 10M steel

with concrete (wet-formed groove), (c) #3 GFRP bar with epoxy, (d) #3 GFRP bar with mortar

Comparison of Crack Spacing

In addition to studying load-displacement behaviour and failure modes, a comparison of the crack
distributions throughout the tests is made. Figure 9 shows the typical crack distributions, which were based
on manually marked cracks during the test and were comparable amongst nominally identical specimens,
and Table 2 summarizes the average crack spacing. The results for the GFRP-reinforced wall specimens,
shown in Figure 9(a), show that multiple cracks formed along the length of the panel, suggesting that the
bond strength was sufficient to permit distributed cracking. The average crack spacing was similar amongst
the specimens with a reinforcement ratio of 0.4 % as well as in the panels that used epoxy to bond the NSM
reinforcement. In the panels GFRP-0.6-M, fewer cracks formed along the member length, suggesting that
the bond strength was lower, something that was also reflected in the failure mode. Figure 9(b) shows the
crack distributions for the steel-reinforced wall panels. Generally, the steel-reinforced panels formed fewer

cracks along the member length, which is attributed to the higher reinforcement ratios. This was especially
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true in the wall panels with the largest reinforcement ratio of 1.8%, which tended to form one or two cracks
along the member length.
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Figure 9. Typical crack distributions for each specimen type: (a) GFRP-reinforced wall panels, (b) steel-

reinforced wall panels.

One of the interesting nuances of having a 3DCP element is the layered nature of the structural
component as well as the variation in the thickness of the section along the member length, both of which
have the potential to influence the formation of cracks along the member length. Figure 10 shows the
locations of where cracks formed in two GFRP-reinforced wall panels (GFRP-0.6-E-1 and GFRP-0.6-M-
2), as well as the sections of the wall panel that were thinner and the average thickness (in red), similar to
the average thickness (in gray), or more than the average thickness (in green). It is noted that these results
were typical of most of the specimens tested in this research. The results show that for specimen GFRP-
0.6-E-1 (Figure 10(a)), most cracks initiate in locations where the thickness of the panel was less than the
average thickness, which makes sense because these sections would have the lowest moment of inertia.
These results are similar to the locations that cracks formed at in specimen GFRP-0.6-M-2 (Figure 10(b)),
however, fewer cracks formed along the length, which could be attributed to the bond performance of the

mortar or the locations of the thinnest sections of the wall panel (i.e., locations shown in red where /1 < /i4).
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Ultimately, these results suggest that panel thickness variation and the locations of thinner sections in a
printed wall panel influences where the cracks form and potentially how many cracks form along the

member length.

Approximate
Layer Locations 7T

] N O NI

(a) L1 > hag
Most cracks initiate at O -~ Pavg
\thinnest sections O < h,yg

Initiates at interface

Figure 10. Panel thickness distribution and its influence on crack location in the constant moment region

for specimen: (a) GFRP-0.6-E-2 and (b) GFRP-0.6-M-2.

A final observation that can be drawn from the results shown in Figure 10 is the crack formation
locations relative to the printed layer interfaces, which are indicated with the short vertical lines above the
section (Figure 10). The results show that cracks not only consistently initiated at locations where the
member thickness was less than the average thickness of the wall panel (in red), but also they do not
necessarily initiate or propagate at the interface between two layers. This is a promising result, as this
suggests that the bond strength between layers is not necessarily lower than the tensile strength of the
material and thus failure in tension is at the strength of the material, something that was also observed in
the modulus of rupture tests.

Analysis of Compression Strains from Digital Image Correlation
One of the key differences in the study of 3DCP structural components compared with traditional reinforced
concrete members is the variation in the thickness of the cross-section along the member length, which has
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implications for the stress distribution in the compression zone. To better understand the distribution of
strain, and thus stress, in the compression zone, digital image correlation was used to plot the strain
distribution in the constant moment region. Figure 11 shows the distribution of compressive strains through
the thickness of two steel-reinforced wall panels (Steel-0.9-M-2 and Steel-1.8-E-1). It is noted that
compressive strains are limited to -500 pe to visualize the strain gradients through the panel thickness but
strains were much higher in some cases (local strain concentrations above -3000 pe). The results show that
a complex state of strain exists in the compression region of the 3DCP panels. In comparison with a
conventional prismatic reinforced concrete beam in which a uniform compression zone would be expected,
the results show that the depth of compression varies significantly along the length. Generally, the sections
of the specimen that are thicker than the average thickness (i.e., & > /a,) carry higher compressive strains.
Examining the influence of reinforcement ratio by comparing Figure 11(a) and Figure 11(b), the results
show that, as expected, the depth of compression increases, however, the non-uniformity in the strain
distributions remains. Given the non-uniformity in the strain distributions, these results lead to questions
surrounding the classical assumptions of a rectangular stress block in estimating the flexural strength of a
reinforced concrete element, something that is examined in the following subsection of this paper.

Constant Moment Region Tension
; o8

-100

-200

-300

Strain, e,, (Je)

-400

< -500
Compression

Figure 11. Typical compressive strain distributions in the constant moment region for wall panel: (a)
Steel-0.9-M-2 and (b) Steel-1.8-E-1. Tensile strains are shown in white and compressive strains are

limited to a maximum value of -500 pe.
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COMPARISON WITH THEORETICAL PREDICTION OF MOMENT RESISTANCE

The complexity of the strain distribution through the thickness of the wall panel leads to questions about
how the theoretical approaches to compute the flexural strength of a reinforced concrete element apply to
a 3DCP component with a variable cross-section. To compute the moment resistance, the approach from
CSA A23.3:24 [38] is adopted, which is a stress-block approach similar to the approach used by ACI 318-
24 [39] except that it assumes a maximum usable compressive strain of 0.0035 in the concrete, as opposed

to 0.003. In this approach, the stress block factors are computed using Eq. (1):

a, = 0.85—0.0015f < 0.87f @
By = 0.97 — 0.0025f, < 0.67f/

where £ is the compressive strength of the concrete, taken as 44.1 MPa based on material test results. Using

equilibrium, the depth to the neutral axis is determined using Eq. (2):

c = ¢SAT'fT'
bear fo B1b

(2)
where @s and @, are material resistance factors, which were taken as 1.0 to compare with experimental
results, A, is the area of longitudinal reinforcement, f- is the stress in the reinforcement at the ultimate load,
and b is the width of the wall panel, which was 600 mm for all specimens in this study. Based on the stress
in the reinforcement and the corresponding neutral axis depth, the moment resistance (M,) is computed
based on Eq. (3):
M, = ¢sAfr(d — B1c/2) 3)
where d is the effective depth of the reinforcement. For the analysis of the wall panels in this study,
the cross-section was idealized as a rectangle and the depth of the reinforcement was computed either based
on the average thickness of the wall panel (4., in Table 3) or the minimum thickness (%m» in Table 2),
using the as-built cover measured for each specimen after testing (sample cross-sections shown in Figure
8). Because the wall panels are comparatively thin the difference in the moment resistance when

considering the minimum or average wall panel thickness is significant (can change the moment resistance

by 25 % or more).
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Based on the procedure outlined in Eq. (1)-(3), a key parameter required to calculate the moment-
resistance of the specimens is the stress in the reinforcement (f;) at the ultimate load. For the steel reinforced
panels, the stress in the steel reinforcement was assumed to be equal to the yield stress, as shown in Table
1. It is noted that even for the steel-reinforced wall panels that experienced a bond failure, this failure
occurred at a comparable load (within 5 %) to nominally identical specimens that exhibited a distinct yield
plateau, as shown in Figure 6, and consequently, it was assumed the reinforcement was near its yield stress
in all cases.

For the GFRP reinforced wall panels that failed due to rupture of the reinforcement, it was assumed
that the bars reached their ultimate tensile strength (i.e., GFRP-0.4-E and GFRP-0.4-M). For these
specimens, CSA S806:22 [40] was used to determine if the stress block approach could be used to evaluate

the strength of the panels, which depends on the inequality in Eq. (4):

c 7
— S P AS—
d ™~ 7+ 2000€p,

(4)
where is the ultimate tensile strain in the GFRP reinforcement, which was assumed to be 1.7 %. Ultimately,
the panels did not meet this criterion, and so, the stress in the concrete was assumed to be linearly distributed
and the forces in the GFRP and concrete were based on compatibility conditions. In the other GFRP
reinforced specimens that experienced a bond failure, the stress in the reinforcement at failure is difficult
to estimate without strain measurements on the reinforcement. While some researchers have proposed
methods to predict reinforcement strain using surface crack width measurements [41-42], this depends on
an assumed bond-slip model for the reinforcement, amongst other factors, which leads to uncertainty
surrounding the results and varying degrees of effectiveness have been reported in the literature [41-42].
Consequently, these panels were not analyzed in this study.

Table 3 summarizes the predicted moment resistance computed using the minimum (M), .i») and the

average (M,,.vg) wall panel thickness and compares the results with the experimentally measured moment

resistance (Me.,). The results show that the experimental moment resistance consistently falls between the
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predicted moment resistance based on the minimum (/..x) and average (%av¢) cross-section thickness. When
the minimum thickness is used to predict the moment resistance, it consistently underestimates the flexural
strength by approximately 25 % on average (COV = 0.13), suggesting that this will produce conservative
results. Alternatively, while closer to the observed experimental results, the use of the average thickness
has a tendency to overestimate the moment resistance, as the average ratio of the predicted to experimental
moment resistance was 1.08 (COV = 0.16). These results highlight the complexity in determining the
flexural strength of 3DCP wall panels, especially those with very thin cross-sections. Based on the results
of this study, a design thickness (/4esign) 1S proposed, which results in an M,/M,, ratio close to unity. Based
on the analysis, a design thickness of Adesign = 0.45in+0.6/14,5 18 proposed, which results in a predicted-to-

test ratio M,/M.y, = 1 (COV =0.12).

Table 3. Comparison of experimental and theoretical moment resistance based on minimum (/ix) or

average panel thickness (/a)

. hmin havg Mexp Mp,min Mg,min Mp,avg ]‘_IEM
Specimen Name ) (mm) (KNm) (kNm) M., (kNm) M.,
GFRP-0.4-E 50 62 3.22 2.73 0.92 3.85 0.72
GFRP-0.4-M 45 59 3.77 2.95 0.72 3.78 1.00
Steel-0.9-E-1 46 59 4.55 4 0.88 5.27 1.18
Steel-0.9-E-2 38 51 4.32 3.47 0.8 4.60 1.10
Steel-0.9-C-1 48 60 4.51 3.72 0.83 5.12 1.09
Steel-0.9-C-2 44 57 3.48 3.76 1.08 4.83 1.44
Steel-0.9-M-1 47 58 4.32 3.49 0.81 5.06 1.09
Steel-0.9-M-2 48 56 4.06 3.15 0.78 3.97 0.95
Steel-1.8-E-1 42 57 8.53 6.05 0.71 10.0 1.06
Steel-1.8-E-2 43 55 7.61 6.69 0.88 10.2 1.20
Steel-1.8-M-1 38 54 6.73 4.42 0.66 6.86 1.05
Steel-1.8-M-2 44 54 6.59 5.73 0.87 7.62 1.12

Average (.83 1.08
COV 0.13 0.16

CONCLUSIONS
This paper presents the results of an experimental study on the structural behaviour of single-wythe 3DCP
wall panels with NSM reinforcement under out-of-plane loads. The influence of groove type, including a

newly introduced approach (saw-cut versus wet-formed), reinforcement type (steel and GFRP), and
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material used to bond the NSM reinforcement in the groove (epoxy, mortar, and the same printed concrete)

were investigated. Overall, results of the study demonstrate that NSM reinforcement is effective at

improving the flexural strength of 3DCP wall panels and that behaviour similar to that of conventional

reinforced concrete members, even in a thin printed wythe, can be achieved. The specific conclusions of

this study include:

L.

Newly developed wet-formed grooves were found to be a very efficient approach to installing NSM
reinforcement in 3DCP wall during construction. A custom trowel is proposed to aid in the formation
of these grooves and the results showed that the groove could be formed in a matter of minutes. This
approach could be automated in future work (e.g., using a robotic arm), and by using the same print
material to bond the NSM reinforcement, this represents a fully autonomous approach to incorporating
longitudinal reinforcement in 3DCP structures.

Steel reinforcement of 0.9% and 1.8% reinforcement ratios installed in both saw-cut and wet-formed
grooves consistently achieved ductile flexural failure, including yielding of steel reinforcement,
irrespective of whether printing material, epoxy, or cementitious mortar were used to bond the
reinforcement.

GFRP-reinforced wall panels with a reinforcement ratio of 0.4% failed due to rupture of the GFRP
reinforcement at the maximum load. At a higher reinforcement ratio of 0.6%, the specimens
experienced sudden bond failure at the maximum load for both epoxy and mortar bond materials,
however, the specimens that used epoxy adhesive had approximately 1.4 times higher load carrying
capacity when compared to those that used cementitious mortar, suggesting that epoxy can provide
better bond performance.

3DCP wall panels has a significant inherent variability in wythe thickness (of up to 15 % in this study)
due to the additive manufacturing process. This in turn led to high variability in cracking load amongst

the tested wall panels. Cracks were consistently found to form at the thinnest sections and propagated
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through the print material rather than through the layer-to-layer interface, suggesting adequate bond
between layers.

5. Theoretical methods used in design codes to predict the flexural strength of the wall panels using an
equivalent stress block approach were found to be capable of estimating the flexural strength with
reasonable accuracy. The experimentally measured moment-resistance consistently fell within the
predicted resistance computed using the minimum (4,.:;) and average (%a,,) wythe thickness. Results
suggest that the use of the average thickness will produce results that are close to those observed
experimentally, while use of the minimum thickness would result in conservative strength estimates.
A design thickness (Adesign = 0.4hmin+ 0.6/4¢) 1s proposed.

6. Digital image correlation showed that a complex state of strain exists in the compression zone of 3DCP
elements, particularly thin wythes, stemming from the variability in the layer thickness along the panel

length.
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569 NOMENCLATURE

Ar Area of longitudinal reinforcement (mm?)

Ap Area of reinforcing bar (mm?)

b Panel width (mm)

c Depth of compression (mm)

dp Diameter of reinforcing bar (mm)

d Nominal effective depth (mm)

Ain Effective depth based on /i, (mm)

davg Effective depth based on /4y (mm)

1 Concrete compressive strength (MPa)

1 Stress in the reinforcing bar (MPa)

i Yield stress (MPa)

h Nominal wythe thickness (mm)

Ronin Minimum wythe thickness (mm)

havg Average wythe thickness (mm)

ki Initial stiffness (kN/mm)

Mexp Experimentally measured moment resistance (kNm)
M, min Predicted moment resistance based on /i, (kNm)
My ave Predicted moment resistance based on /4y (kNm)
M, Moment resistance (kNm)

P, Cracking load (kN)

P Maximum load (kN)

Savg Average crack spacing (mm)

o Stress block parameter

B: Stress block parameter

Os Steel material resistance factor

0% Concrete material resistance factor

A, Yield displacement (mm)

Au Ultimate displacement (mm)

P Reinforcement ratio (%)
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