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ABSTRACT 10 

Additive manufacturing of low-rise residential and commercial buildings using printed cementitious 11 

materials, a technology that is commonly referred to as 3D concrete printing (3DCP), is now being deployed 12 

at scale across North America. A significant challenge in expanding the use of 3DCP is determining an 13 

efficient and effective approach to incorporate longitudinal reinforcement into walls. This study proposes 14 

the use of near surface mounted (NSM) reinforcement in 3DCP walls and evaluates the structural behaviour 15 

of single-wythe 3DCP wall panels under out-of-plane loading through experimental testing. An innovative 16 

wet-formed groove technique for the NSM bar is proposed, which involved forming the groove during the 17 

printing process, which is compared to traditional saw-cut grooves. The work also investigates the influence 18 

of reinforcement type (steel and GFRP), NSM bonding material type (epoxy, cementitious mortar, and 19 

concrete), and reinforcement ratio on wythe behaviour. Digital image correlation (DIC) is used to capture 20 

full-field strain distributions in the wall panels as well as crack widths. Results show that the use of NSM 21 

reinforcement is effective at enhancing the flexural stiffness, strength, and ductility and 3DCP wall panels. 22 

Steel-reinforced walls failed due to flexural yielding while GFRP-reinforced walls failed due to rupture of 23 

the reinforcement or bond failure. No significant differences were observed between the performance of 24 

wet-formed or saw cut grooves, suggesting the potential for speeding up construction. GFRP-reinforced 25 

panels with a 0.6% reinforcement ratio failed by rupture of the GFRP bars, while those with a 0.8% ratio 26 

experienced bond failure for both epoxy and mortar materials, although epoxy adhesive enabled a 40% 27 
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increase in load compared to cementitious mortar. The experimental results are compared with existing 28 

approaches to predict their flexural performance, and the results show the strength can be predicted within 29 

10% on average. A recommended design thickness is proposed given the inherent variability in the 30 

thickness of 3D printed concrete wythes, which improves strength predictions. 31 

Keywords: 3D concrete printing, additive manufacturing, walls, near surface mounted reinforcement, out-32 

of-plane loading, fibre reinforced polymer, digital image correlation 33 

INTRODUCTION 34 

Shortages of skilled labour and the need to improve construction productivity have driven demand to 35 

innovative the way that homes and buildings are constructed around the globe. Historically, construction 36 

has been a field that has been slow to adapt to advances in technology in comparison to other fields, for 37 

example, industrial manufacturing, which is due in part to the challenging site conditions in construction 38 

and the uniqueness of each project [1]. Despite these challenges there has been increasing focus in recent 39 

years on technologies that can improve the efficiency of construction using robotic systems. One such 40 

technology is 3D concrete printing (3DCP), which uses a robotic arm or gantry system to extrude fresh 41 

concrete using an additive manufacturing approach. This approach permits construction of concrete walls 42 

or columns without the need to temporary formwork or as many skilled labourers as are required using 43 

conventional construction practices, resulting in the potential for improved construction efficiency and 44 

reduced waste when compared with traditional construction methods [2,3].  45 

Despite the promise of 3DCP technology for the construction of homes and buildings, it is still in 46 

its infancy, and many questions remain surrounding its performance as a structural material [3]. This work 47 

has been summarized in several state-of-the-art reviews [4-6]. Recent research pertaining to the mechanical 48 

behaviour of 3DPC have largely focused on the performance at the material level, including studying the 49 

flowability/curing requirements, different mix constituents, compressive and tensile strength, and the inter-50 

layer bond behaviour [4-6].    51 
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In comparison, there have been fewer studies focused on examining the structural behaviour of 52 

3DCP structural components or sub-assemblies (e.g., walls or columns). This work has included 53 

experimental testing to evaluate wall behaviour under concentric axial compression [7-9], eccentric axial 54 

compression [10], and the in-plane lateral cyclic loading [11-13]. One aspect that varies amongst these 55 

studies and continues to be a challenge in 3DCP is the incorporation of longitudinal reinforcement. 56 

Particularly for taller structures or structures in regions of high seismicity, the incorporation of longitudinal 57 

reinforcement is critical to meet ultimate limit states resistance requirements and also to ensure ductile 58 

behaviour during an earthquake. There is a significant body of evidence on the poor seismic performance 59 

of unreinforced masonry structures under in-plane [14,15] and out-of-plane loads [16], which would also 60 

apply to the performance of unreinforced 3DCP structures.  61 

While it is commonly recognized in the literature that there is a need to incorporate longitudinal 62 

reinforcement in 3DCP elements there is no consensus on how this can be efficiently achieved in practice 63 

[17,18]. Because of the nature of 3DCP construction in which a nozzle sequentially extrudes the layers in 64 

a structural component vertically, the conventional approach of placing vertical reinforcement prior to 65 

casting the concrete would interfere with the printer, and consequently, this approach cannot be directly 66 

transferred to 3DCP construction. Recent state-of-the-art reviews have highlighted that reinforcement can 67 

be readily integrated between printed layers when aligned parallel to the printing plane while maintaining 68 

the same characteristics in terms of bond strength and pull-out strength [19-21], however, these same 69 

techniques cannot be used for reinforcement perpendicular to the printed layers.  70 

To address the challenge of incorporating longitudinal reinforcement in 3DCP construction, there 71 

have been several proposed solutions in the literature, including placement of reinforced inside printed 72 

cavities, either before or after printing is complete, and then filling the cavities with grout [11]. This 73 

approach mimics what is currently done in masonry construction and despite its effectiveness, it reduces 74 

the efficiency of 3DCP because of the time required to place reinforcement and grout cavities. Furthermore, 75 

it also results in reinforcement that is located inefficiently in the cross-section (near the neutral axis) and 76 
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often requires splicing of reinforcement over the element height during printing. Alternatively, more novel 77 

approaches researchers have focused on include directly printing material around longitudinal 78 

reinforcement, either through a multi-nozzle approach [22] or by using shotcrete [23], resulting in a 79 

structural component that is more representative of reinforced concrete. The disadvantage of this approach 80 

is that it is not compatible or easily applied to commercial 3DCP technology being used in practice. 81 

Alternatively, work has also focused on printing of modular components that are joined together using 82 

longitudinal reinforcement [19]. While potentially effective, questions remain surrounding the applicability 83 

of this approach at scale, as it does not follow the typical construction sequence adopted in practice. Finally, 84 

more innovative approaches have included printing the concrete and steel reinforcement simultaneously 85 

using additive manufacturing techniques [24] or using modular steel elements [25]. While these techniques 86 

have the potential to eliminate the need altogether for human labour, they are not sufficiently developed to 87 

be rapidly applied at-scale. A review of the literature has identified that there is an ongoing need to develop 88 

novel reinforcing solutions for 3DCP structures.  89 

To the authors’ knowledge, this is the first study of its kind to examine the use of near surface 90 

mounted (NSM) reinforcement for 3D printed concrete structures. The specific objective of this research is 91 

to: (1) study the feasibility of using both wet-formed grooves as well as cut grooves for the placement of 92 

longitudinal reinforcement in 3DCP walls, (2) study the influence of reinforcement type, reinforcement 93 

ratio, and type of bonding material used to install the NSM reinforcement in terms of strength and failure 94 

mode, (3) Use digital image correlation to study the strain (and stress) distributions in 3DCP wall panels 95 

with naturally varying geometry, and (4) study how the variable geometry of the layered 3DCP walls 96 

influences their flexural strength and compare the experimental results with theoretical predictions.  97 

EXPERIMENTAL PROGRAM 98 

The experimental program consisted of 16 single-wythe wall panels with NSM reinforcement. The 99 

specimens included those with varying groove forming techniques (e.g., wet-formed and saw-cut), 100 
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reinforcing bar types (e.g., steel and GFRP reinforcement), adhesive material (e.g., epoxy, mortar, and 101 

concrete), and reinforcement ratio.    102 

Wall Panel Specimens 103 

Figure 1 shows the geometry of the wall panel specimens and the larger sections from which they were cut. 104 

The single-wythe wall panels measured 1650 × 600 × 50 mm (l × w × h). While 3DCP walls are typically 105 

double-wythe with crossties and an insulation layer in between, the degree of composite action is generally 106 

very small. Consequently, it is not unusual for each wythe to experience both compressive and tensile 107 

flexural stresses (i.e. each has its own neutral axis) as in some precast sandwich panels [26].  As such, this 108 

study is focused on single-wythe specimens.  109 

To fabricate the wall panels, a three-axis gantry-type extrusion system (COBOD BOD2) was used. 110 

To enable printing of the wall and to ensure they remained stable during fabrication, four four-sided towers 111 

were printed and the individual wall panels were cut from the towers after they were cured and shipped to 112 

the laboratory. The printer speed was approximately 100 mm/s, which resulted in a layer time of 113 

approximately 12 minutes. The walls were printed in two phases, which included first printing to a height 114 

of approximately 500 mm, followed by a second phase the next day to a final height of 1650 mm. This 115 

means that there was a cold joint in the wall panels at approximately 30% of the wall height, the structural 116 

implications of which are discussed in subsequent sections of this paper. While the construction in two 117 

stages occurred in this case due to some challenges with the equipment, it is a realistic scenario that could 118 

occur in the field for the same reason or between work shifts. 119 



 

6 

 

 120 

Figure 1. Specimen geometry: (a) four-sided 3DCP towers, (b) single-wythe panel cross-sections. 121 

 To reinforce the wall panels, an NSM technique was adopted. While the use of NSM reinforcement 122 

in repair or strengthening applications is a concept that has been extensively applied to reinforced concrete 123 

structures [27], however, its application to 3DCP elements has not been studied in the literature. Two 124 

techniques for installing the NSM reinforcement were considered in this study. The first method is novel 125 

and is intended for rapid on-site installation specific to 3DCP construction. This technique, referred to as a 126 

wet-formed groove, involves forming a groove in the printed material during the printing process prior to 127 

the material reaching its hardened state. The advantage of using a wet-formed groove is that the 128 

reinforcement can be installed immediately on-site and could be bonded using the same material that its 129 

extruded from the printer, something that is also considered in this study. The second technique for 130 

installation of NSM reinforcement considered follows the traditional method used in the literature for 131 

reinforced concrete or masonry applications and involves cutting a groove after the concrete is cured.  132 

 Figure 1(b) shows the cross-sections of the reinforced wall panels tested in this study. Different 133 

reinforcement types, NSM bonding material types, and reinforcement ratios were considered in this study, 134 

which are summarized in Table 1. The first series of specimens were reinforced with steel rebar and 135 

included either 2-10M (db = 11.3 mm, Ar = 200 mm2) or 2-15M (db = 16.0 mm, Ar = 400 mm2) bars, resulting 136 
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in reinforcement ratios (ρ = Ar/bd) of 0.88% and 1.75%, respectively, based on the nominal effective depth 137 

d of 38 mm (nominal h = 50 mm minus 12.5 mm cover (Fig. 1(a)). The second series had GFRP reinforcing 138 

bars, with either 3-#2 bars (db =  6.2 mm, Ar =  90.6 mm2) or 2-#3 bars (db =  9.5 mm, Ar = 142 mm2), 139 

resulting in reinforcement ratios of 0.40% and 0.62%, respectively. The GFRP reinforcement ratios were 140 

established based on equivalent ultimate forces in the reinforcement as the steel reinforcement (Arfr), based 141 

on the design ultimate and yield strengths of the two materials (see materials sections). These forces are 142 

72.5 kN and 80 kN for the GFRP and steel at the lower reinforcement ratios of 0.4% and 0.88%, 143 

respectively, while they were 142 kN and 160 kN for the GFRP and steel at the higher reinforcement ratios 144 

of 1.75% and 0.62%, respectively.    145 

Table 1. Test matrix and specimen geometry 146 

Name Groove 
Type 

Bond 
Material 

NSM 
Bar 

fy 
(MPa) 

No - Size 
of Bars 

db 
(mm) 

ρ   
(%) 

hmin 
(mm) 

havg 
(mm) 

GFRP-0.4-E 
Saw-cut Epoxy GFRP 

- 3 - #2 6.2 0.40 50 62 
GFRP-0.6-E-1 - 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 

Saw-cut Epoxy Steel 

509 2 - 10M 11.3 0.88 46 59 
Steel-0.9-E-2 521 2 - 10M 11.3 0.88 38 51 
Steel-1.8-E-1 524 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 

Saw-cut Mortar GFRP 
- 3 - #2 9.7 0.40 45 59 

GFRP-0.6-M-1 - 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 

Saw-cut Mortar Steel 

518 2 - 10M 11.3 0.88 47 58 
Steel-0.9-M-2 454 2 - 10M 11.3 0.88 48 56 
Steel-1.8-M-1 417 2 - 15M 16.0 1.75 38 54 
Steel-1.8-M-2 433 2 - 15M 16.0 1.75 44 54 
Steel-0.8-C-1 Wet-

formed Concrete Steel 503 2 - 10M 11.3 0.88 48 60 
Steel-0.8-C-2 499 2 - 10M 11.3 0.88 45 57 
Note: fy – yield stress, db – bar diameter, hmin – minimum wythe thickness, havg – average wythe thickness 

Three different materials were used to bond NSM reinforcement into the groove, depending on the 147 

specimen (see Table 1). This included either: (1) the 3DCP material taken from the printer during 148 

fabrication of the four-sided towers, which was used for installation of bars into wet-formed grooves and 149 

hereafter referred to as concrete, (2) a cementitious mortar (Sika Monotop 623 F) used with saw-cut 150 

grooves, or (3) an epoxy adhesive (SikaDur30) used with saw-cut grooves. Different bond materials were 151 
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selected to examine the influence of varying bond properties, as well as ranging costs. The use of concrete 152 

from the printer would likely result in much lower costs when compared to an off-the-shelf adhesive 153 

product, especially when coupled with the wet-formed groove technique, which requires significantly less 154 

on-site labor when compared with traditional saw cutting techniques. 155 

 The naming convention used for the specimens included first the NSM reinforcement type (e.g., 156 

GFRP or Steel), followed by the reinforcement ratio (e.g., 0.XX), NSM bonding material type (e.g., E – 157 

epoxy, M – mortar, C – concrete), and finally the specimen repetition (if applicable). For example, specimen 158 

GFRP-0.4-G-2 had GFRP reinforcement, a reinforcement ratio of approximately 0.4%, used grout as the 159 

adhesive material for the NSM bars, and was the second repetition.   160 

Specimen Fabrication 161 

Figure 2 highlights select steps in the specimen construction process. Generally, fabrication of the single-162 

wythe wall panels included printing of the towers, installation of the NSM reinforcement, and extracting 163 

the single-wythe panels using a wet saw. The reinforcement was installed prior to cutting the wall panels 164 

from the towers to simulate the realistic conditions under which the NSM reinforcement would be installed 165 

in the field, which required consideration for vertical application of the adhesive.  166 



 

9 

 

 167 

Figure 2. Specimen fabrication: (a) custom trowel for wet-formed groove, (b) four-sided 3DCP tower,  168 

(c) formation of wet-formed groove, (d) process for saw cut groove, (e) installation of NSM bars. 169 

Installation of the NSM reinforcement began with formation of the grooves, which was either wet-170 

formed during printing or saw-cut after curing. For the wet-formed grooves, a specialized trowel designed 171 

for this application, shown in Figure 2(b), which has a protruding rectangular section that is used to form a 172 

groove while the concrete was still workable. The saw-cut grooves were formed by first cutting parallel 173 
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grooves measuring ~3 mm wide and ~25 mm apart, vertically, along the length of the panels using a 174 

concrete saw. Concrete material between the saw cuts was then removed using a chisel (Figure 2(d)).  175 

Irrespective of groove type, the NSM reinforcement installation was completed in four stages: (1) 176 

the grooves were cleaned to remove any leftover debris, (2) the groove was partially filled (half of the 177 

depth) with either concrete, epoxy, or mortar (depending on the specimen type), (3) the reinforcement was 178 

then placed and pressed into the grooves and alignment along the groove length was ensured, (4) the 179 

remaining half of the groove was filled with the same material, and (5) the specimens were left to cure for 180 

at least 7 days before handling. After the reinforcement had been installed, the panels were cut from the 181 

box sections into single-wythe panels for testing. The as-built dimensions of the panels were then assessed. 182 

Because of the nature of the 3DCP fabrication process, there was some variability in the layer width along 183 

the length of the specimens due to localized bulging caused by the printing of subsequent layers, which 184 

exerts pressure on the underlying layer. This geometric irregularity complicates the definition of the 185 

thickness of the wall panel, which was non-uniform along the length.  186 

Figure 3 shows a typical section of a 3DCP wall panel in this study. To determine the thickness 187 

along the length of the panels, an image processing technique was developed to accurately measure the 188 

cross-sectional dimension of each wall panel. The technique involved first taking an image of the side of 189 

each wall panel, an example of which is shown in Figure 3(a). The image was then converted to a binary 190 

black and white image (Figure 3(b)) and imported into the Inkscape software [28]. An automatic contour 191 

matching algorithm was then used to determine the contour of the wall panel (Figure 3(c)). Based on the 192 

contour and the scale in the original image, the thickness of the panel along its length was determined, 193 

including both the minimum thickness (hmin) and average thickness (havg) as well as the minimum and 194 

average depths to the reinforcement (dmin) and (davg), respectively. The results of this technique are 195 

summarized in Table 1 and are used in the theoretical assessment of the strength of the specimens in a 196 

subsequent section of this paper.  197 
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 198 

Figure 3. Process to determine the minimum and average member height along the length of the 3DCP 199 

wall panel: (a) original image, (b) binary image, (c) extracted contour and dimensions. 200 

Material Properties 201 

3D Printed Concrete: One of the challenges associated with the use of 3D printed concrete is determining 202 

the properties of the materials, which similar to masonry, should be based on the in-situ geometry of the 203 

material (i.e., in printed layers for 3DCP), because this can influence the strength [29]. To evaluate this 204 

assumption, material properties in this study were assessed both using the traditional approaches that would 205 

be used in reinforced concrete, including mold cast cylinders and prisms, in addition to 3DCP specimens 206 

that were saw-cut from the wall panel material. It is noted that the mold cast samples were prepared on the 207 

same day as the 3DCP materials and the cast concrete was taken directly from the printer head, such that it 208 

would have material properties that were as close as possible at the printed materials.  209 

 The 3DCP material used in this study were proprietary to the manufacturing company, and thus, 210 

detailed mix design information is not available. However, generally, the mix included a cement content 211 

from 400-600 kg/m3, fine aggregate, superplasticizer, accelerator, and a hardener at the nozzle. The concrete 212 

had maximum coarse aggregate size of 6.4 mm, was air entrained (6-8%), and included synthetic 213 

monofilament microfiber to reduce plastic shrinkage cracking. 214 
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To identify the compressive strength of the concrete cylindrical specimens (100 × 200 mm) were 215 

first tested under uniaxial compression, following the procedures specified in ASTM C39/C39M [30]. This 216 

resulted in a compressive strength of 64.9 MPa (standard deviation (SD) = 3.19 MPa). To better reflect the 217 

material behaviour of printed concrete, additional compression tests were carried out on prisms, which were 218 

saw-cut from the wall samples as indicated earlier. The prisms were nominally 50 mm × 50 mm and were 219 

155 mm tall, representing approximately three layers of printed material. The average compressive strength 220 

of the 3DCP prisms was 44.1 MPa (SD = 6.61 MPa), which is 32 % lower than the mold cast cylinders. 221 

This phenomena between the strength of mold-cast and printed concrete materials in compression has been 222 

noted by other researchers in the literature [29].   223 

In addition to compressive strength, the modulus of rupture of the material was also evaluated 224 

through tests on conventional mold cast prisms as well as prisms that were saw-cut from a 3DCP element. 225 

The modulus of rupture specimens followed the guidelines outlined in ASTM C78/C78M [31] and the cast 226 

concrete prisms were 80×80×280 mm, while the printed concrete prisms had nominal dimensions of 227 

50×50×240 mm. The modulus of rupture of the cast and printed concrete did not vary significantly as the 228 

average modulus of rupture in the cast concrete prisms was 5.97 MPa (SD = 0.52 MPa) compared to 5.68 229 

MPa (SD = 0.97 MPa) in the printed mortar prisms. While the averages are similar, there was more variation 230 

in the results from the printed concrete, which is attributed to the variation in the cross-section of the prisms 231 

along their length. 232 

NSM Reinforcement Bonding Materials: three different materials were used to bond the NSM 233 

reinforcement in the concrete, which depended on the type of groove (i.e., formed or cut). For the wet-234 

formed grooves during printing, the bars were installed into the grooves using printed material during 235 

specimen fabrication. Consequently, the material has the same properties that were noted in the previous 236 

section. For the cut grooves, which were formed after the concrete had cured, the effectiveness of both a 237 

cementitious mortar as well as an epoxy adhesive were examined. The cementitious grout (Sika MonoTop 238 

623 F) is a one-component, polymer modified, fibre-reinforced cementitious mortar intended for vertical 239 
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and overhead repair applications. The material has a pull-off strength greater than 3 MPa, an elastic modulus 240 

of 18 GPa, and a flexural tensile strength of 10.1 MPa at 28-days according to the manufacturer [32].  241 

 The epoxy adhesive (SikaDur 30) used to bond the NSM reinforcement is a two-component epoxy 242 

paste adhesive intended for bonding of composite materials to concrete or masonry and is suitable for use 243 

in vertical or overhead applications. The product has a modulus of elasticity of 2.69 GPa, a tensile strength 244 

of 24.8 MPa, and a shear strength of 15 MPa [33].  245 

GFRP Reinforcement: the #2 GFRP reinforcement (V-ROD Grade I) was a sand-coated bar with Ab = 31.6 246 

mm2 cross-sectional area and had a reported elastic modulus of 40 GPa, a minimum tensile strength of 800 247 

MPa, and an ultimate strain of 2.1% [34]. The #3 GFRP reinforcement (MST-Bar Grade III) was a ribbed 248 

bar with Ab = 71 mm2 cross-sectional area and had a reported elastic modulus of 60 GPa, a minimum tensile 249 

strength of 1000 MPa, and an ultimate strain of 1.7 % [35].   250 

Steel Reinforcement: the steel reinforcement was grade 400W and included bar sizes of 10M and 15M 251 

with Ab = 100 and Ab = 200 mm2, respectively. Tensile tests on steel bars taken from the test samples were 252 

conducted according to the procedures outlined in ASTM E8/E8M [36]. Based on the results of the coupon 253 

tests, the steel reinforcement had average yield stresses (fy) as summarized in Table 1. It is noted that the 254 

steel reinforcement came from different batches of material, and so, repeated coupon tests were conducted 255 

on samples taken from each wall panel.                                             256 

Test Setup and Instrumentation 257 

The reinforced 3DCP wall panels were tested in out-of-plane bending in a four-point bending configuration, 258 

with simple boundary conditions and point loads located at one-third of the span length. Figure 4 shows the 259 

experimental test setup. The load was applied using a hydraulic actuator (+/- 500 kN, +/- 75 mm) through 260 

a steel spreader beam. To ensure the panel was level at the support and load locations, grouted pads were 261 

used to form a level surface (as noted in Figure 4).  This was required to compensate for the variability in 262 

the thickness of the 3DCP along the panel length, as discussed previously.  263 
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 264 

Figure 4. Typical experimental test setup and digital image correlation configuration 265 

The panels were loaded in displacement control at an initial rate of 0.5 mm/min up to yielding of 266 

the reinforcement (in steel reinforced specimens) or significant cracking (in GFRP reinforced specimens). 267 

Subsequently, the loading rate was increased to 1.0 mm/min up to the end of the test. The test was stopped 268 

at the onset of brittle failure or a midspan deflection of ~80 mm (corresponds to deflection of L/20), 269 

whichever occurred first.  270 

To measure the structural response of the panels, two linear potentiometers were placed at midspan 271 

to measure the deflection. To track crack formation, measure crack widths, and estimate 272 

tensile/compressive strain in the constant moment region, digital image correlation (DIC) was employed. 273 

Due to the variability in the thickness of the panel along the length, DIC was particularly advantageous in 274 

this application because of the potential for full-field displacement/strain results, eliminating the need for a 275 

priori knowledge of the locations of maximum and minimum strain. The process for DIC analysis included 276 

first painting the surface of the panel with a white basecoat and speckle pattern. Two cameras (5 MP) were 277 
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focused on the constant moment regions of the panel (i.e., central ~600 mm) and images were taken at 0.2 278 

Hz throughout the test. Post-processing of the images was conducted using VIC3D analysis software [37]. 279 

EXPERIMENTAL RESULTS AND DISCUSSION 280 

Table 2 summarizes the key structural response parameters for the 3DCP wall panels tested in this study, 281 

including the initial stiffness (ki), cracking load (Pcr), deflection at yield (Δy), maximum load (Pmax), 282 

deflection at ultimate (Δult), and average crack spacing (savg). The initial stiffness was determined by fitting 283 

a line through the load versus deflection response of the specimens between 10% of the maximum load and 284 

the cracking load. The average crack spacing was determined using DIC analysis, the results of which are 285 

discussed in a subsequent section of this paper.  286 

       Table 2. Summary of test results 287 

Specimen 
Name 

ki Pcr Δy Pmax Δult savg Failure 
Mode (kN/mm) (kN) (mm) (kN) (mm) (mm) 

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 43.9 157 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 

 288 

Load-Deflection Behaviour and Failure Modes 289 

Figure 5 shows the load-deflection relationship for the GFRP-reinforced wall panels tested in this study. 290 

The wall panels exhibit an initial elastic response followed by an abrupt change in the slope at the onset of 291 
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cracking. The initial stiffness and cracking load were found to be variable amongst the tested wall panels, 292 

even for nominally identical specimens. While past research has shown that the cracking load can vary 293 

significantly in reinforced concrete beams (Kim et al. 2010), the observed differences are also attributed to 294 

the irregularity of the section along the length resulting in variations in the thickness and the depth of the 295 

reinforcement as well as the NSM bonding material. For example, comparing the wall panels with #3 GFRP 296 

reinforcement (ρ = 0.6 %) with mortar as the NSM bond material in Figure 5(c), the results show that the 297 

specimens had a cracking strength that were 25 % different between two nominally identical specimens, 298 

which is, in part, attributed to differences in geometry, as the average thickness (havg) varied between the 299 

two panels by 15 % (panel with larger average thickness had higher cracking load). Comparing epoxy and 300 

mortar NSM bonding materials, the panels that used mortar had a 50 % lower cracking strength (on average) 301 

when compared to the specimens with epoxy, even though the specimens had comparable minimum and 302 

average thicknesses (listed in Table 1).  These differences are attributed to the higher tensile strength of the 303 

epoxy material, indicating that both geometry and NSM bonding material influence the panel behaviour. 304 

 305 

Figure 5. Load versus deflection behaviour of the GFRP reinforced wall panels with:  306 

(a) ρ = 0.4% (#2 GFRP bars), (b) ρ = 0.6% (#3 GFRP bars) with epoxy adhesive and (c) ρ = 0.6 % with 307 

cementitious mortar bonding material. All specimens had saw-cut grooves.   308 
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After cracking, the wall panels exhibit a reduced stiffness, including several load drops, which are 309 

indicative of the formation of new cracks along the member length. The panels that used epoxy adhesive to 310 

bond the NSM reinforcement were able to achieve very large displacements (>L/20) prior to failure. As 311 

expected, increasing the reinforcement ratio from 0.4% to 0.6% resulted in a 56% increase in the ultimate 312 

load carrying capacity of the wall panels on average. Comparing the use of mortar and epoxy to bond the 313 

NSM reinforcement, for a reinforcement ratio of 0.4%, the ultimate displacement and load-carrying 314 

capacity were within 5% of one another for the nominally identical panels. In contrast, the wall panels that 315 

had a reinforcement ratio of 0.6% had a decrease of 40% in the ultimate displacement (L/40) and ultimate 316 

load-carrying capacity, when compared to the nominally identical wall panels that used epoxy to bond the 317 

NSM reinforcement. This is attributed to the higher bond stresses for the larger bar size in the beams with 318 

the higher reinforcement ratio. Generally, it can be concluded that the two bonding methods (epoxy and 319 

mortar) enabled small GFRP reinforcement ratios (e.g. 0.4% in this study) to achieve rupture, however, 320 

bond failure occurred for larger reinforcement ratio (0.6% in this study) with both epoxy and mortar, except 321 

that with epoxy, it occurred at a 72% higher load.   322 

Figure 6 compares the load-deflection behaviour of the steel-reinforced wall panels. The results 323 

show once again that the panels exhibit a behaviour that is similar to what would be expected from a steel 324 

reinforced concrete beam, including an abrupt change in stiffness at the cracking load, followed by an 325 

elastic cracked response up to the yield load. The results in Table 2 once again show some discrepancies 326 

between the cracking loads of the specimens, which is attributed to variations in the geometry of the 327 

specimens and NSM bond material. Panels with a reinforcement ratio of 0.9% were able to achieve very 328 

large deflections and exhibit a ductile load-deflection response. The wall achieved an average ultimate load 329 

of 18.7 kN, which was roughly 3-4 times the cracking load. Very similar behaviour was observed in the 330 

wall with a reinforcement ratio of 1.8% that used epoxy adhesive. In contrast, wall panels with a 331 

reinforcement ratio of 1.8% that used mortar achieved an ultimate deflection that was approximately 50% 332 

of those with the smaller reinforcement ratio, but with an average load-carrying capacity of 32.7 kN. The 333 
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lower displacement capacity of these specimens is attributed to the onset of a brittle failure mode, something 334 

that is discussed in the next section of this paper.  335 

 336 

Figure 6. Load versus deflection behaviour of the steel reinforced wall panels with: (a) epoxy 337 

adhesive (saw-cut groove) (b) mortar (saw-cut groove), and (c) concrete (wet-formed groove).  338 

 Comparing the behaviour of the specimens that had a wet-formed groove and used the printing 339 

material to bond the NSM reinforcement, shown in Figure 6(c), the results show that the walls had a strength 340 

that was comparable (average capacity of 17.8 kN compared with 19.2 kN) to those that used mortar or 341 

epoxy adhesive to bond the NSM reinforcement. The smaller load carrying capacity of wall panel Steel-342 

0.9-C-2, which yielded at a 10 % lower than its counterpart, is attributed to the presence of a very thin 343 

section within the constant moment region, which had a minimum thickness that was approximately 10 % 344 

smaller than its counterpart. This resulted in localized yielding and a smaller force couple between the steel 345 

reinforcement in tension and the concrete in compression. Generally, it can be concluded that all bonding 346 

methods (epoxy, mortar and concrete) enable small steel reinforcement ratios (e.g. 0.9% in this study) to 347 

achieve yield strength, however, for larger reinforcement ratio (1.8% in this study) only epoxy enabled steel 348 

to sufficiently yield considering that concrete bonding material was not tested for the larger ratio. 349 

Nonetheless, these results suggest that the wet-formed groove during printing and using the printed concrete 350 
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material to bond the NSM reinforcement can be an effective approach to reinforce a 3DCP wall, something 351 

that has several advantages over traditional techniques, as noted previously.  352 

Failure Modes 353 

Figure 7 summarizes the failure modes observed in the GFRP-reinforced wall panels, which were 354 

characterized by either rupture of the reinforcement in tension or bond splitting failure. Figure 7(a) shows 355 

a typical tensile rupture, which occurred in the specimens with a reinforcement ratio of 0.4 % (3 - #2 GFRP 356 

bars) for both epoxy and mortar adhesives, and the failure was characterized by very large displacements 357 

in the wall panel and a typical broomstick failure in the GFRP bars (Figure 7(a)). In specimens with a higher 358 

reinforcement ratio of 0.6 %, bond splitting failure was observed, which was characterized by longitudinal 359 

cracking along the length of the wall panel at the location of the reinforcing bar (Figure 7(b)). Interestingly, 360 

the onset of bond failure occurred at significantly different ultimately loads (22.4 kN and 13 kN) and 361 

deflections (74 mm and 43 mm) in specimens with epoxy and mortar, respectively, suggesting that the 362 

epoxy adhesive provided better bond performance when compared to the mortar as was also indicated 363 

earlier in the manuscript.  364 

 365 

Figure 7. Observed failure modes: (a) rupture of GFRP reinforcement (b) bond splitting failure.  366 
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In the steel reinforced specimens, the failure mode was characterized by either yielding of the steel 367 

reinforcement or bond failure. In specimens that experienced yielding, failure was typically characterized 368 

by large deflections and dilation of cracks along the span with deflection. Yielding was consistently 369 

observed in panels that used epoxy to bond the steel NSM reinforcement, even for the larger reinforcement 370 

ratio of 1.8%. Both wall panels with a wet-formed groove during printing and bonding of the reinforcement 371 

using concrete also experienced a yielding failure. In contrast, specimens that used mortar with steel 372 

reinforcement consistently experienced bond failure (with the exception of specimen Steel-0.9-M-1), 373 

suggesting once again that the epoxy adhesive or concrete during printing provided improved bond 374 

performance when compared to the mortar, as also indicated earlier.    375 

After testing was completed, the panels were saw-cut at midspan in the constant moment region to 376 

observe the shape of the groove for the reinforcement and bonding material. Figure 8 shows a set of typical 377 

cross-sections of the panels after cutting. The images generally show a high-quality construction process. 378 

Both bonding materials were able to consolidate around the bar without any significant voids or 379 

discontinuities. Also, the bars were well-centered at roughly half the groove depth. Figure 8(b) shows a 380 

cross-section of the steel reinforcement bonded with concrete, the results show that the concrete placed to 381 

bond the reinforcement was able to consolidate with the surrounding concrete, as there is no visible 382 

evidence of the groove perimeter after cutting. Some discontinuities were observed in the concrete 383 

surrounding the bar after cutting, however, both wall panels failed in flexure due to yielding of the steel 384 

reinforcement and no bond failure was observed, suggesting that this was not detrimental to performance.  385 
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 386 

Figure 8. Observed cross-sections of the panels after testing: (a) 10M steel with epoxy, (b) 10M steel 387 

with concrete (wet-formed groove), (c) #3 GFRP bar with epoxy, (d) #3 GFRP bar with mortar 388 

Comparison of Crack Spacing  389 

In addition to studying load-displacement behaviour and failure modes, a comparison of the crack 390 

distributions throughout the tests is made. Figure 9 shows the typical crack distributions, which were based 391 

on manually marked cracks during the test and were comparable amongst nominally identical specimens, 392 

and Table 2 summarizes the average crack spacing. The results for the GFRP-reinforced wall specimens, 393 

shown in Figure 9(a), show that multiple cracks formed along the length of the panel, suggesting that the 394 

bond strength was sufficient to permit distributed cracking. The average crack spacing was similar amongst 395 

the specimens with a reinforcement ratio of 0.4 % as well as in the panels that used epoxy to bond the NSM 396 

reinforcement. In the panels GFRP-0.6-M, fewer cracks formed along the member length, suggesting that 397 

the bond strength was lower, something that was also reflected in the failure mode. Figure 9(b) shows the 398 

crack distributions for the steel-reinforced wall panels. Generally, the steel-reinforced panels formed fewer 399 

cracks along the member length, which is attributed to the higher reinforcement ratios. This was especially 400 
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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 401 

along the member length. 402 

 403 

Figure 9. Typical crack distributions for each specimen type: (a) GFRP-reinforced wall panels, (b) steel-404 

reinforced wall panels.   405 

 One of the interesting nuances of having a 3DCP element is the layered nature of the structural 406 

component as well as the variation in the thickness of the section along the member length, both of which 407 

have the potential to influence the formation of cracks along the member length. Figure 10 shows the 408 

locations of where cracks formed in two GFRP-reinforced wall panels (GFRP-0.6-E-1 and GFRP-0.6-M-409 

2), as well as the sections of the wall panel that were thinner and the average thickness (in red), similar to 410 

the average thickness (in gray), or more than the average thickness (in green). It is noted that these results 411 

were typical of most of the specimens tested in this research. The results show that for specimen GFRP-412 

0.6-E-1 (Figure 10(a)), most cracks initiate in locations where the thickness of the panel was less than the 413 

average thickness, which makes sense because these sections would have the lowest moment of inertia. 414 

These results are similar to the locations that cracks formed at in specimen GFRP-0.6-M-2 (Figure 10(b)), 415 

however, fewer cracks formed along the length, which could be attributed to the bond performance of the 416 

mortar or the locations of the thinnest sections of the wall panel (i.e., locations shown in red where h < havg). 417 



 

23 

 

Ultimately, these results suggest that panel thickness variation and the locations of thinner sections in a 418 

printed wall panel influences where the cracks form and potentially how many cracks form along the 419 

member length.   420 

 421 

Figure 10. Panel thickness distribution and its influence on crack location in the constant moment region 422 

for specimen: (a) GFRP-0.6-E-2 and (b) GFRP-0.6-M-2. 423 

A final observation that can be drawn from the results shown in Figure 10 is the crack formation 424 

locations relative to the printed layer interfaces, which are indicated with the short vertical lines above the 425 

section (Figure 10). The results show that cracks not only consistently initiated at locations where the 426 

member thickness was less than the average thickness of the wall panel (in red), but also they do not 427 

necessarily initiate or propagate at the interface between two layers. This is a promising result, as this 428 

suggests that the bond strength between layers is not necessarily lower than the tensile strength of the 429 

material and thus failure in tension is at the strength of the material, something that was also observed in 430 

the modulus of rupture tests.  431 

Analysis of Compression Strains from Digital Image Correlation 432 

One of the key differences in the study of 3DCP structural components compared with traditional reinforced 433 

concrete members is the variation in the thickness of the cross-section along the member length, which has 434 
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implications for the stress distribution in the compression zone. To better understand the distribution of 435 

strain, and thus stress, in the compression zone, digital image correlation was used to plot the strain 436 

distribution in the constant moment region. Figure 11 shows the distribution of compressive strains through 437 

the thickness of two steel-reinforced wall panels (Steel-0.9-M-2 and Steel-1.8-E-1). It is noted that 438 

compressive strains are limited to -500 με to visualize the strain gradients through the panel thickness but 439 

strains were much higher in some cases (local strain concentrations above -3000 με). The results show that 440 

a complex state of strain exists in the compression region of the 3DCP panels. In comparison with a 441 

conventional prismatic reinforced concrete beam in which a uniform compression zone would be expected, 442 

the results show that the depth of compression varies significantly along the length. Generally, the sections 443 

of the specimen that are thicker than the average thickness (i.e., h > havg) carry higher compressive strains. 444 

Examining the influence of reinforcement ratio by comparing Figure 11(a) and Figure 11(b), the results 445 

show that, as expected, the depth of compression increases, however, the non-uniformity in the strain 446 

distributions remains. Given the non-uniformity in the strain distributions, these results lead to questions 447 

surrounding the classical assumptions of a rectangular stress block in estimating the flexural strength of a 448 

reinforced concrete element, something that is examined in the following subsection of this paper.  449 

 450 

Figure 11. Typical compressive strain distributions in the constant moment region for wall panel: (a) 451 

Steel-0.9-M-2 and (b) Steel-1.8-E-1. Tensile strains are shown in white and compressive strains are 452 

limited to a maximum value of -500 με.  453 
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COMPARISON WITH THEORETICAL PREDICTION OF MOMENT RESISTANCE 454 

The complexity of the strain distribution through the thickness of the wall panel leads to questions about 455 

how the theoretical approaches to compute the flexural strength of a reinforced concrete element apply to 456 

a 3DCP component with a variable cross-section. To compute the moment resistance, the approach from 457 

CSA A23.3:24 [38] is adopted, which is a stress-block approach similar to the approach used by ACI 318-458 

24 [39] except that it assumes a maximum usable compressive strain of 0.0035 in the concrete, as opposed 459 

to 0.003. In this approach, the stress block factors are computed using Eq. (1): 460 

𝛼𝛼1 =  0.85− 0.0015𝑓𝑓𝑐𝑐′ < 0.87𝑓𝑓𝑐𝑐′
𝛽𝛽1 =  0.97 − 0.0025𝑓𝑓𝑐𝑐′ < 0.67𝑓𝑓𝑐𝑐′

                                                 (1) 461 

where f’
c is the compressive strength of the concrete, taken as 44.1 MPa based on material test results. Using 462 

equilibrium, the depth to the neutral axis is determined using Eq. (2):  463 

𝑐𝑐 =
𝜙𝜙𝑠𝑠𝐴𝐴𝑟𝑟𝑓𝑓𝑟𝑟

𝜙𝜙𝑐𝑐𝛼𝛼1𝑓𝑓𝑐𝑐′𝛽𝛽1𝑏𝑏
                                                                            (2) 464 

where φs and φc are material resistance factors, which were taken as 1.0 to compare with experimental 465 

results, Ar is the area of longitudinal reinforcement, fr is the stress in the reinforcement at the ultimate load, 466 

and b is the width of the wall panel, which was 600 mm for all specimens in this study. Based on the stress 467 

in the reinforcement and the corresponding neutral axis depth, the moment resistance (Mr) is computed 468 

based on Eq. (3):  469 

𝑀𝑀𝑟𝑟 = 𝜙𝜙𝑠𝑠𝐴𝐴𝑟𝑟𝑓𝑓𝑟𝑟(𝑑𝑑 − 𝛽𝛽1𝑐𝑐 2⁄ )                                                         (3) 470 

where d is the effective depth of the reinforcement. For the analysis of the wall panels in this study, 471 

the cross-section was idealized as a rectangle and the depth of the reinforcement was computed either based 472 

on the average thickness of the wall panel (havg in Table 3) or the minimum thickness (hmin in Table 2), 473 

using the as-built cover measured for each specimen after testing (sample cross-sections shown in Figure 474 

8). Because the wall panels are comparatively thin the difference in the moment resistance when 475 

considering the minimum or average wall panel thickness is significant (can change the moment resistance 476 

by 25 % or more).  477 
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Based on the procedure outlined in Eq. (1)-(3), a key parameter required to calculate the moment-478 

resistance of the specimens is the stress in the reinforcement (fr) at the ultimate load. For the steel reinforced 479 

panels, the stress in the steel reinforcement was assumed to be equal to the yield stress, as shown in Table 480 

1. It is noted that even for the steel-reinforced wall panels that experienced a bond failure, this failure 481 

occurred at a comparable load (within 5 %) to nominally identical specimens that exhibited a distinct yield 482 

plateau, as shown in Figure 6, and consequently, it was assumed the reinforcement was near its yield stress 483 

in all cases.  484 

For the GFRP reinforced wall panels that failed due to rupture of the reinforcement, it was assumed 485 

that the bars reached their ultimate tensile strength (i.e., GFRP-0.4-E and GFRP-0.4-M). For these 486 

specimens, CSA S806:22 [40] was used to determine if the stress block approach could be used to evaluate 487 

the strength of the panels, which depends on the inequality in Eq. (4):  488 

𝑐𝑐
𝑑𝑑
≤

7
7 + 2000𝜖𝜖𝐹𝐹𝐹𝐹

                                                                            (4) 489 

where is the ultimate tensile strain in the GFRP reinforcement, which was assumed to be 1.7 %. Ultimately, 490 

the panels did not meet this criterion, and so, the stress in the concrete was assumed to be linearly distributed 491 

and the forces in the GFRP and concrete were based on compatibility conditions. In the other GFRP 492 

reinforced specimens that experienced a bond failure, the stress in the reinforcement at failure is difficult 493 

to estimate without strain measurements on the reinforcement. While some researchers have proposed 494 

methods to predict reinforcement strain using surface crack width measurements [41-42], this depends on 495 

an assumed bond-slip model for the reinforcement, amongst other factors, which leads to uncertainty 496 

surrounding the results and varying degrees of effectiveness have been reported in the literature [41-42]. 497 

Consequently, these panels were not analyzed in this study.  498 

Table 3 summarizes the predicted moment resistance computed using the minimum (Mp,min) and the 499 

average (Mp,avg) wall panel thickness and compares the results with the experimentally measured moment 500 

resistance (Mexp). The results show that the experimental moment resistance consistently falls between the 501 
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predicted moment resistance based on the minimum (hmin) and average (havg) cross-section thickness. When 502 

the minimum thickness is used to predict the moment resistance, it consistently underestimates the flexural 503 

strength by approximately 25 % on average (COV = 0.13), suggesting that this will produce conservative 504 

results. Alternatively, while closer to the observed experimental results, the use of the average thickness 505 

has a tendency to overestimate the moment resistance, as the average ratio of the predicted to experimental 506 

moment resistance was 1.08 (COV = 0.16). These results highlight the complexity in determining the 507 

flexural strength of 3DCP wall panels, especially those with very thin cross-sections. Based on the results 508 

of this study, a design thickness (hdesign) is proposed, which results in an Mn/Mexp ratio close to unity. Based 509 

on the analysis, a design thickness of hdesign = 0.4hmin+0.6havg is proposed, which results in a predicted-to-510 

test ratio Mn/Mexp = 1 (COV = 0.12). 511 

Table 3. Comparison of experimental and theoretical moment resistance based on minimum (hmin) or 512 

average panel thickness (havg) 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

CONCLUSIONS 521 

This paper presents the results of an experimental study on the structural behaviour of single-wythe 3DCP 522 

wall panels with NSM reinforcement under out-of-plane loads. The influence of groove type, including a 523 

newly introduced approach (saw-cut versus wet-formed), reinforcement type (steel and GFRP), and 524 

Specimen Name hmin havg Mexp Mp,min Mp,min Mp,avg Mp,avg 
(mm) (mm) (kNm) (kNm) Mexp (kNm) Mexp 

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 0.83  1.08 
    COV 0.13   0.16 
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material used to bond the NSM reinforcement in the groove (epoxy, mortar, and the same printed concrete) 525 

were investigated. Overall, results of the study demonstrate that NSM reinforcement is effective at 526 

improving the flexural strength of 3DCP wall panels and that behaviour similar to that of conventional 527 

reinforced concrete members, even in a thin printed wythe, can be achieved. The specific conclusions of 528 

this study include: 529 

1. Newly developed wet-formed grooves were found to be a very efficient approach to installing NSM 530 

reinforcement in 3DCP wall during construction. A custom trowel is proposed to aid in the formation 531 

of these grooves and the results showed that the groove could be formed in a matter of minutes. This 532 

approach could be automated in future work (e.g., using a robotic arm), and by using the same print 533 

material to bond the NSM reinforcement, this represents a fully autonomous approach to incorporating 534 

longitudinal reinforcement in 3DCP structures. 535 

2. Steel reinforcement of 0.9% and 1.8% reinforcement ratios installed in both saw-cut and wet-formed 536 

grooves consistently achieved ductile flexural failure, including yielding of steel reinforcement, 537 

irrespective of whether printing material, epoxy, or cementitious mortar were used to bond the 538 

reinforcement.  539 

3. GFRP-reinforced wall panels with a reinforcement ratio of 0.4% failed due to rupture of the GFRP 540 

reinforcement at the maximum load. At a higher reinforcement ratio of 0.6%, the specimens 541 

experienced sudden bond failure at the maximum load for both epoxy and mortar bond materials, 542 

however, the specimens that used epoxy adhesive had approximately 1.4 times higher load carrying 543 

capacity when compared to those that used cementitious mortar, suggesting that epoxy can provide 544 

better bond performance.  545 

4. 3DCP wall panels has a significant inherent variability in wythe thickness (of up to 15 % in this study) 546 

due to the additive manufacturing process. This in turn led to high variability in cracking load amongst 547 

the tested wall panels. Cracks were consistently found to form at the thinnest sections and propagated 548 
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through the print material rather than through the layer-to-layer interface, suggesting adequate bond 549 

between layers.  550 

5. Theoretical methods used in design codes to predict the flexural strength of the wall panels using an 551 

equivalent stress block approach were found to be capable of estimating the flexural strength with 552 

reasonable accuracy. The experimentally measured moment-resistance consistently fell within the 553 

predicted resistance computed using the minimum (hmin) and average (havg) wythe thickness. Results 554 

suggest that the use of the average thickness will produce results that are close to those observed 555 

experimentally, while use of the minimum thickness would result in conservative strength estimates.  556 

A design thickness (hdesign = 0.4hmin + 0.6havg) is proposed. 557 

6. Digital image correlation showed that a complex state of strain exists in the compression zone of 3DCP 558 

elements, particularly thin wythes, stemming from the variability in the layer thickness along the panel 559 

length.  560 
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NOMENCLATURE 569 

Ar Area of longitudinal reinforcement (mm2) 

Ab Area of reinforcing bar (mm2) 

b Panel width (mm) 

c Depth of compression (mm) 

db Diameter of reinforcing bar (mm) 

d Nominal effective depth (mm) 

dmin Effective depth based on hmin (mm) 

davg Effective depth based on havg (mm) 

f’c Concrete compressive strength (MPa) 

fr Stress in the reinforcing bar (MPa) 

fy Yield stress (MPa) 

h Nominal wythe thickness (mm) 

hmin Minimum wythe thickness (mm) 

havg Average wythe thickness (mm) 

ki Initial stiffness (kN/mm) 

Mexp Experimentally measured moment resistance (kNm) 

Mp,min Predicted moment resistance based on hmin (kNm) 

Mp,avg Predicted moment resistance based on havg (kNm) 

Mr Moment resistance (kNm) 

Pcr Cracking load (kN) 

Pmax Maximum load (kN) 

savg Average crack spacing (mm) 

α1 Stress block parameter 

β1 Stress block parameter 

φs Steel material resistance factor 

φc Concrete material resistance factor 

Δy Yield displacement (mm) 

Δult Ultimate displacement (mm) 

ρ Reinforcement ratio (%) 
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