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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 the incorporation 13 

of longitudinal steel reinforcement and understanding their structural performance under earthquake loads. 14 

This study examines the performance of longitudinal steel reinforcement in the cavities of 3D printed 15 

concrete shear walls evaluates their structural behaviour under in-plane reversed cyclic loading. The work 16 

also investigates the influence of boundary element reinforcement detailing, shear wall aspect ratio (ratio 17 

of the wall height to its length), and the type of horizontal shear reinforcement (steel versus glass fiber-18 

reinforced polymer (GFRP) bars), and axial load on wythe behaviour. Digital image correlation (DIC) is 19 

used to capture full-field displacement and strain distributions in the walls as well as crack widths. Results 20 

show that 3DPC shear walls exhibit cyclic behaviour that is different when compared to conventional 21 

reinforced concrete design. The response of the walls was found to be highly dependent on the strength of 22 

the base connection, and in cases when the base connection was under-designed, the wall behaved more 23 

like a precast or rocking wall system under in-plane loads. The use of horizontal shear reinforcement 24 

between layers of 3DPC was found to be effective at improving the diagonal tension capacity of the walls. 25 

Keywords: 3D concrete printing, additive manufacturing, shear walls, earthquake loading, longitudinal, 26 

reinforcement, in-plane loading, digital image correlation 27 

mailto:alexander.hentschel@queensu.ca
mailto:amir.fam@queensu.ca
mailto:joshua.woods@queensu.ca


2 

 

INTRODUCTION 28 

The global construction industry is increasingly challenged by skilled labour shortages and the need to 29 

improve productivity, driving interest in innovative construction methods. Compared with sectors such as 30 

manufacturing, construction has traditionally been slower to adopt technological advancements due to the 31 

complexity of site conditions and the unique nature of individual projects [1]. Nevertheless, recent years 32 

have seen growing attention toward technologies capable of enhancing construction efficiency through 33 

automation and robotics. One such technology is three-dimensional concrete printing (3DCP), an additive 34 

manufacturing process in which a robotic arm or gantry system deposits layers of fresh concrete to create 35 

structural components. By eliminating the need for conventional formwork and reducing reliance on skilled 36 

labour, 3DCP offers the potential to increase construction efficiency while minimizing material waste 37 

relative to traditional construction practices [2,3]. 38 

Despite its promise, 3DCP remains an emerging technology, and significant uncertainties persist 39 

regarding its structural performance [3]. Existing knowledge has been comprehensively reviewed in several 40 

recent state-of-the-art studies [4–6]. To date, research has largely concentrated on material-level behaviour, 41 

including printability requirements, rheological properties, mixture composition, compressive and tensile 42 

strength, and interlayer bond performance [4–6]. 43 

In contrast, comparatively limited attention has been devoted to the structural response of 3DCP 44 

components and assemblies, such as walls and columns. Experimental investigations have examined wall 45 

performance under concentric axial compression [7–9], eccentric compression [10], and in-plane cyclic 46 

lateral loading [11–13]. A recurring challenge across these studies is the incorporation of longitudinal 47 

reinforcement. For multi-storey structures or buildings located in regions of elevated seismic hazard, 48 

longitudinal reinforcement is essential to satisfy strength requirements and ensure adequate ductility during 49 

earthquake events. Extensive evidence demonstrating the poor seismic performance of unreinforced 50 

masonry under both in-plane [14,15] and out-of-plane loading [16] suggests that similar vulnerabilities may 51 

exist in unreinforced 3DCP structures. 52 
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Although the necessity of longitudinal reinforcement in 3DCP elements is widely acknowledged, 53 

there remains no consensus regarding an efficient and practical implementation strategy [17,18]. In 54 

conventional reinforced concrete construction, vertical reinforcement is installed prior to concrete 55 

placement. However, this approach is incompatible with the layer-by-layer printing process, as the 56 

reinforcement would obstruct the movement of the printing nozzle. While recent reviews have 57 

demonstrated that reinforcement oriented parallel to the printing plane can be successfully integrated 58 

between layers without adversely affecting bond or pull-out performance [19–21], equivalent solutions for 59 

reinforcement perpendicular to the printed layers remain limited. 60 

Several methods have been proposed to address this challenge, including the incorporation of 61 

reinforcement within cavities formed during printing, followed by grouting either during or after the 62 

printing process [11]. This approach is analogous to reinforced masonry construction and has proven 63 

effective; however, it diminishes some of the productivity advantages associated with 3DCP due to the 64 

additional labour and time required for reinforcement placement and grouting. Nonetheless, it is considered 65 

one of the most practical and readily implementable reinforcement strategies for near-term industry 66 

adoption and was therefore selected for the present study. Despite its potential, considerable uncertainty 67 

remains regarding the seismic behaviour of reinforced 3DCP walls. Fewer than five experimental studies 68 

have reported on the in-plane response of 3DCP shear walls under earthquake-type loading, highlighting 69 

the need for additional experimental evidence. In particular, further research is required to evaluate the 70 

influence of reinforcement detailing and the layered construction process on the seismic performance of 71 

3DCP wall systems. 72 

This study aims to address some of these knowledge gaps and evaluates the seismic behaviour of 73 

eight full-scale 3DPC shear walls with varying design details under in-plane reversed cyclic loading. The 74 

specific objective of this research is to: (1) examine the in-plane stiffness, strength, ductility, and energy 75 

dissipation capacity of 3DPC shear walls under in-plane loading, (2) study the influence of axial load ratio, 76 

boundary element reinforcement detailing, and the presence of horizontal shear reinforcement (both steel 77 
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and GFRP bars) on strength and ductility, and (3) Use digital image correlation to study the displacement, 78 

strain (and stress) distributions in full-scale 3DCP wall panels.  79 

EXPERIMENTAL PROGRAM 80 

The experimental program consisted of 8 full-scale 3DPC shear wall panels with varying reinforcement 81 

details. The specimens included those with varying boundary element detailing (e.g., with and without 82 

confinement), and reinforcement configuration, including the presence of diagonal reinforcement as well 83 

as horizontal steel shear or GFRP reinforcement.    84 

Wall Panel Specimens 85 

Figure 1 shows the geometry of the shear wall specimens. The walls panels measured 2650 mm tall and 86 

300 mm thick, which consisted of two exterior wythe veneers and an interior zig-zag pattern. The length of 87 

the wall was either 1350 mm or 1950 mm, which resulted in height-to-length aspect ratios of approximately 88 

2.0 and 1.35, respectively. These aspect ratios were selected to investigate two different types of shear wall 89 

behaviour: (1) slender wall behaviour in walls with aspect ratios of 2.0 or more, the response of which is 90 

governed predominantly by flexural deformations, and (2) intermediate wall behaviour in walls with aspect 91 

ratios between 1.0 and 2.0, in which the response of the wall is expected to be governed by a both shear 92 

and flexural deformations. Each wall specimen included a heavily reinforced foundation block and cap 93 

beam, which measured 350 mm and 320 mm tall, respectively, and were designed to remain uncracked 94 

during testing of the walls. This specimen geometry resulted in a flexural lever arm of approximately 2815 95 

mm to the centre of the cap beam, which would be representative of a wall in a single storey home or the 96 

first-storey wall of a multi-storey structure. One of the unique aspects of the shear wall design relative to 97 

conventional reinforced concrete or masonry construction was the configuration of the longitudinal 98 

reinforcement and the presence of lap splices along the wall height, which are shown in Figure 1. These 99 

were necessary to accommodate the space requirements of the printer and the construction sequence to 100 

accomplish this design is discussed in a subsequent section of this paper.  101 
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  102 

Figure 1. Specimen geometry: (a) 2.0 aspect ratio walls, (b) 1.35 aspect ratio walls. 103 

  Figure 2 shows the cross-sections of the shear walls tested in this study. Different boundary 104 

element details and horizontal shear reinforcement types were considered, which are summarized in Table 105 

1. For the 2.0 aspect ratio walls, referred to as the ‘slender walls’ and denoted walls S1-S4 in Table 1, the 106 

area of the longitudinal reinforcement in the boundary element remained constant, which included either 1-107 

20M (db = 19.5 mm, Ab = Ar = 300 mm2) in Wall S-1, S-2, and S-3 or 3-10M (db = 11.3 mm, Ab = 100 mm2, 108 

Ar = 300 mm2) in wall S-4. The walls with a single longitudinal reinforcing bar at each end were intended 109 

to represent conventional construction practices that an engineer might use in low-seismic zones, where 110 

confinement and design for higher ductility may not be required. In contrast, the wall with three longitudinal 111 

reinforcing bars in a tied column were intended to be achieve a higher level of seismic performance. 112 

Because the wall cavity was small, fabricating closed ties for the vertical reinforcement was a challenge. 113 

Instead, a spiral wire (9 gauge with db = ~3.76 mm) was used with a spiral spacing of approximately 50 114 

mm. The final design parameter varied amongst the slender walls (2.0 aspect ratio) was the presence and 115 

type of horizontal shear reinforcement. One was tested without shear reinforcement and potentially force a 116 

diagonal tension shear failure. The other slender walls had either steel or GFRP shear reinforcement spaced 117 
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at 200 mm on centre, which was determined to be sufficient to carry the shear associated with the predicted 118 

flexural strength of the walls.  119 

 120 

Figure 2. Shear wall cross-section details: (a) slender walls with aspect ratio of 2.0, including walls with 121 

and without shear reinforcement and different boundary element details, (b) intermediate walls with 122 

aspect ratio of 1.35, including walls with different boundary element details (see Table 1).  123 

Table 1. Test matrix and specimen geometry 124 

Name Dimension 
(lw × tw) (mm) 

Aspect Ratio 
(hw/lw) 

Vertical Steel 
Reinforcement 

Horizontal steel 
Reinforcement  

S1 1350 2.0 1-20M -  
S2 1350 2.0 1-20M 10M@200  
S3 1350 2.0 1-20M #4@200  
S4 1350 2.0 3-10M 10M@200  
I1 1950 1.35 1-20M 10M@200  
I2 1950 1.35 3-10M 10M@200  
I3 1950 1.35 7-15M 10M@200  
I4 1950 1.35 2-10M+Diagonal* 10M@200  
* Reinforcement consisted of 2 diagonally oriented 20M bars in a grouted cavity 

The four full-scale intermediate walls (aspect ratio of 1.35) had several similar design details to the 125 

slender walls. All walls had either steel horizontal shear reinforcement. As shown in Figure 2, two had with 126 

similar longitudinal reinforcement areas, including one wall (Wall I1) with 1-20M bar (db = 19.5 mm, Ab = 127 
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Ar = 300 mm2) and confined column boundary elements (Wall I2) with 3-10M (db = 11.3 mm, Ab = 100 128 

mm2, Ar = 300 mm2) in a tied column. The two new design details tested in the intermediate walls included 129 

a wall with distributed reinforcement (Wall I3), which had 1-15M bar (db = 15.9 mm, Ab = 200 mm2, Ar = 130 

1400 mm2). This design detail was intended to be representative of a section of a longer shear wall along a 131 

building length, where the designing may choose to reinforce and grout each cell. The last shear wall in the 132 

series (Wall I4), had a unique cross-section detail that attempted to maximize the benefits of 3DCP. In this 133 

wall, four cavities were printed, including two at the wall ends and two diagonal cavities, as shown in Figure 134 

3. The diagonal cavities are formed by varying the wall cross-section at each layer. To reinforce the wall, 135 

1-20M bar (db = 19.5 mm, Ab = Ar = 300 mm2) was placed in each cell.  136 

  137 

Figure 3. Design details for diagonally reinforced shear wall:  138 

Shear Wall Fabrication 139 

To fabricate the full-scale walls, a three-axis gantry-type extrusion system (COBOD BOD2) was 140 

used. The printer speed varied between approximately 100 mm/s and 180 mm/s, which resulted in a layer 141 

time of approximately 10-15 minutes, which was selected to represent a layer time that might be used in 142 

practice. It is noted that a slightly slower print speed and layer time was required in the diagonally reinforced 143 
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wall (Wall I4), because of the need for the overhanding layer to harden more compared to the other walls 144 

in which a fresh layer was always fully supported by an underlying layer.  145 

The walls were printed in several phases to accommodate placement of the vertical reinforcement, 146 

as summarized in Figure 4. First, the reinforced concrete foundation block was cast followed by printing of 147 

the first 4 layers of each wall. At this point, the first stirrup was placed, which continued every 4 layers 148 

throughout the entire construction sequence. As previously noted, because of the space requirements of the 149 

printer during printing, the longitudinal reinforcement could not be continuous. Consequently, a lap splice 150 

was used at the base of the wall, as typical detail for this is shown in Figure 4. In this configuration, the first 151 

10 layers (roughly 500 mm of wall height) was printed first, and then a ~1000 mm long segment of bar was 152 

bonded into the wall foundation using an epoxy adhesive. The total design embedment length was 300 mm 153 

into the foundation block and a 500 mm long lap splice. After installation of the bar, the next 24 layers of 154 

the wall were printed (1700 mm of total wall height). At this point, a second bar was placed in the cavity, 155 

again with a target lap splice length of 500 mm and the cavity was filled with a grout material. Finally, the 156 

wall was printed up to its final height of 53 layers (2650 mm of total wall height) after which the final 157 

reinforcing bar segment was placed and the cavity was grouted to the top of the wall. After completing the 158 

printed layers, a reinforced concrete cap beam was added to the top of the wall specimen, in which the 159 

longitudinal reinforcement was embedded approximately 265 mm. 160 

 This procedure was used for all wall specimens, irrespective of specific boundary element detail, 161 

and select photos of the wall specimens during the printing process are shown in Figure 5. It is noted that 162 

the need to top to place vertical reinforcement and grout the cavities for structural stability of the wall does 163 

result in a cold joint at several locations along the wall height (including at 500 mm and 1700 mm), the 164 

structural implications of which are discussed in subsequent sections of this paper. This same construction 165 

sequencing would likely be required on site during construction of a house or multi-storey structure, and 166 

so, it is a realistic scenario that could occur in the field for the same reason or between work shifts.  167 

 168 
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 169 

 170 

Figure 4. Shear wall fabrication sequence: (a) cast foundation block, (b) print first four layers and place 171 

first stirrup (subsequently spaced at 200 mm on centre), (c) drill holes in foundation and place embed 172 

vertical reinforcing bars, (d) print up to layer 34 and place subsequent reinforcing bar, (e) print up to layer 173 

53 and place final reinforcing bar, (f) place reinforcement and pour concrete cap beam. 174 
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 175 

Figure 5. Shear wall fabrication sequence: (a) completion of printing up to approximately layer 30, (b) 176 

typical placement of a steel stirrup (subsequently spaced at 200 mm on centre), (c) typical installation of 177 

the vertical steel reinforcing bar, (d) typical placement of a GFRP stirrup, (e) completed shear wall 178 

specimens after printing and casting reinforced concrete cap beam. 179 

Material Properties 180 

3D Printed Concrete: material properties of the 3DCP in this study were assessed using specimens that 181 

were saw-cut from the printed shear wall. The 3DCP mix included GUL cement (650 kg/m3), fine aggregate 182 

(1100 kg/m3), 5 mm coarse aggregate (420 kg/m3), and water (120 L/m3). Additives to the concrete mixture 183 

included superplasticizer, air entrainment (0.6L/m3), and monofilament microsynthetic fiber (0.6kg/m3) to 184 

reduce plastic shrinkage cracking. The mortar used to fill the printed cavities has the same properties as the 185 

printed concrete, with the exception of additional superplasticizer, which was used to improve flowability. 186 

The only other unique requirement during printing was for wall I4, which had the ‘X-shaped’ cavity. The 187 
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cross-section geometry required that a portion of the printed layer overhand relative to the previous layer, 188 

as shown in Figure 3, to provide additional stability for the printed layer, additional stiffener was required 189 

at the tip of the printer to increase the curing time.   190 

To the compression strength of the tests were carried out on prisms, which were saw-cut from the 191 

wall samples. The prisms were nominally 50 mm × 50 mm and were 155 mm tall, representing 192 

approximately three layers of printed material. The average compressive strength of the 3DCP prisms was 193 

44.1 MPa (SD = 6.61 MPa). The modulus of rupture of the material was also evaluated through tests on 194 

prisms that were saw-cut from a 3DCP element. The modulus of rupture specimens followed the guidelines 195 

outlined in ASTM C78/C78M [31] and the printed concrete prisms had nominal dimensions of 50×50×240 196 

mm. The modulus of rupture of the printed concrete prisms was 5.97 MPa (SD = 0.52 MPa). 197 

Steel Reinforcement: the steel reinforcement was grade 400W and included bar sizes of 10M, 15M, and 198 

20M with Ab = 100, Ab = 200, and Ab = 300 mm2, respectively. Tensile tests on steel bars taken from the 199 

test samples were conducted according to the procedures outlined in ASTM E8/E8M [36]. Based on the 200 

results of the coupon tests, the steel reinforcement had average yield stresses (fy) of 450 MPa.       201 

GFRP Reinforcement: The horizontal shear reinforcement in select walls (see Table 1) was #4 GFRP 202 

reinforcement (MST-Bar Grade III) was a ribbed bar with Ab = 125 mm2 cross-sectional area and had a 203 

reported elastic modulus of 60 GPa, a minimum tensile strength of 1000 MPa, and an ultimate strain of 1.7 204 

% [35].                                         205 

Test Setup and Instrumentation 206 

The 3DCP shear walls were tested under a combination of axial load and in-of-plane loading, and Figure 6 207 

shows a typical experimental test setup. The shear wall was fixed to the laboratory strong floor at its base 208 

and three servo-controlled hydraulic actuators were used to apply the load. Two vertically oriented actuators 209 

(+/- 250 kN, +/- 150 mm) were used to apply the gravity load. The vertical load was applied through a 210 

310×158 steel spreader beam located in the centre of the top of the wall. The lateral displacement was 211 

applied using a horizontally-oriented actuator (+/- 500 kN, +/- 250 mm), which was connected to a steal 212 
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reaction frame at one end and fixed around the wall cap beam using four 1” grade B7 threaded rods at the 213 

other. The actuator had hinges at both ends, ensuring no moments were produced at the top of the wall and 214 

that it behaved as a cantilever wall. A lateral restraint system prevented out-of-plane displacements at the 215 

top of the specimen, as shown in Figure 6.   216 

 217 

Figure 6. Illustration of multi-actuator experimental test setup and discrete instrumentation.  218 

 To measure the response of the wall during the test, both discrete and distributed sensors were 219 

employed. The loads were measured using load cells connected to the hydraulic actuators. Several discrete 220 

displacement transducers were used, including to measure the lateral displacement at the mid-height and 221 

top of the wall, sliding displacements at the base, and uplift at the base, and any sliding of the foundation 222 

block.  223 

 In addition to discrete sensors, strain distributions and displacement fields were also measured 224 

using distributed fiber optic strain sensors and digital image correlation. Digital image correlation was used 225 
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to measure shear and flexural displacements over the surface of the wall as well as to monitor crack 226 

evolution. Figure 7 shows a photo of a typical test setup in the lab as well as the wall surface used for DIC 227 

analysis. Photos were taken throughout each test using two stereo cameras (5MP 2488x2048 with 228 

F1.4/17mm lenses) oriented vertical to enable the region of interest to span the entire wall surface. The 229 

surface of the wall was painted with a white basecoat and speckle pattern, which is also shown in Figure 230 

7(b), where the speckle size (approximately 5 mm in diameter) was selected based on the position of the 231 

cameras relative to the region of interest and the size of the region of interest. DIC is particularly well-232 

suited for this application because the surface of the concrete is so irregular, meaning installation of sensors 233 

and marking of cracks is a challenge. Furthermore, assessing whether cracks form along the layer-layer 234 

interfaces can also be difficult. In this study, the VIC-3D software was used for data analysis combined 235 

with the VIC-Snap software for data acquisition (Correlated Solutions, 2026). The rate of image capture 236 

during the test was 3-5 images/second.  237 

 238 

Figure 7. (a) typical experimental test setup in the laboratory, (c) digital image correlation configuration.  239 

To measure distributed strain along the steel reinforcement in the 3DPC walls, select reinforcing bars 240 

were instrumented with distributed fibre optic strain sensors. Distributed fibre optic sensors use a laser with 241 

an optical fiber and measures changes in the reflected wavelength over the length of a fibre optic cable to 242 
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infer mechanical/thermal strain. Additional background on the technology can be found in Hoult et al. 243 

(2010). In this study, Rayleigh backscattered-based fibre optic sensing technology was used, which 244 

combines high-resolution strain measurement (1–3 microstrain) with small sensor spacing (0.5-5 245 

millimeters) and long fibre lengths (10-50 m). An ODiSI 6104 analyzer was used and data was sampled at 246 

1 Hz throughout the test.  247 

Figure 8 shows the configuration of the optical fiber on a typical longitudinal reinforcing bar as well 248 

as a stirrup. In both cases, nylon coated fibre optic cables (outer diameter 900 µm with core diameter of 249 

250 µm) were used, which were adhered along the longitudinal ribs of the reinforcing bar. Both sides of 250 

the bar were instrumented to capture bar bending. Steps to installing the sensors included first sanding the 251 

longitudinal rib smooth, cleaning the rib with alcohol, and finally adhering the optical fiber using a 252 

cyanoacrylate adhesive. Finally, a thin layer of silicone was used to cover the fiber and provide protection 253 

during wall fabrication. Additional information on the use of fiber optic strain sensors in civil engineering 254 

applications as well as details on the background technology can be found in Hoult et al. [42]. 255 

 256 

Figure 8. Typical installation of optic fibers on: (a) the longitudinal steel reinforcement and (b) the 257 

horizontal steel reinforcement.  258 



15 

 

Loading Protocol 259 

To simulate the drift damage and damage to a 3DCP shear wall during a design-level earthquake, the walls 260 

were tested under quasi-static reversed cyclic loading up to failure. Figure 9 shows the cyclic loading 261 

protocol, which involved the application of both vertical (gravity) loading and in-plane cyclic loading. The 262 

vertical load was applied first over a period of 2 minutes. The total vertical load applied during the tests 263 

was 380 kN. It is noted that the resulting axial load ratio is small compared to what might be considered 264 

typical in reinforced concrete construction, however, because 3DPC structures are currently limited to 1-3 265 

storeys in most applications while the cross section thickness is controlled by the need for stability during 266 

printing and space for insulation rather than structural demands, this leads to comparatively small axial load 267 

and larger wall cross-sectional areas, leading to lower anticipated axial load ratios. The computed axial load 268 

was based on the load in a first storey shear wall of a three storey structures.  269 

After application of the gravity loading, it was maintained using load control and the in-plane cyclic 270 

loading protocol was applied. The protocol involved the application of two repeated cycles at increasing 271 

drift levels up to failure. Target drift levels were calculated based on the distance from the top of the wall 272 

foundation to the centreline of the cap beam (2815 mm in Figure 6). Panels were loaded in displacement 273 

control at an initial rate of 0.5 mm/min up to yielding of the reinforcement Subsequently, the loading rate 274 

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 275 

a lateral deflection of ~100 mm (corresponds to drift of 4 %), whichever occurred first.  276 

 277 

Figure 9. Loading protocol: (a) gravity loading, (b) reversed cyclic loading protocol.  278 
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EXPERIMENTAL RESULTS AND DISCUSSION 279 

Table 2 summarizes the key structural response parameters for the 3DCP shear walls panels tested in this 280 

study, including the initial stiffness (ki), cracking load (Pcr), deflection at yield (Δy), maximum load (Pmax), 281 

deflection and drift at ultimate (Δult). The initial stiffness was determined by fitting a line through the load 282 

versus deflection response of the specimens between 10% of the maximum load and the cracking load.  283 

       Table 2. Summary of test results 284 

Wall 
Name 

Pgravtiy ki Vcr Δy Vmax Mmax Δult Δult 
Failure Mode (kN) (kN/mm) (kN) (mm) (kN) (kN-m) (mm) (%) 

S2 - 23.9 
37.0 10.6 66.9 184 15.4 0.56 Lap Splice 
-50.0 - 27.4 75.4 -56.0 2.0 Pullout 

S3 390 69.0 
119 - 103 282 54.9 2.0 Yielding/Pullout 
-147 -16.1 155 -427 -40.8 1.5 Pullout 

S4 390 80.6 
159 14.0 164 453 82.0 3.0 Yeilding/Rupture 
-192 -16.2 -140 -394 -82.0 -3.0 Yielding/Rupture 

Note: 
Load-Deflection Behaviour and Failure Modes 285 

Figure 5 shows the load-deflection hysteretic behaviour for wall panels S1 and S2 tested in this study. The 286 

results show that both walls exhibit a complex hysteretic behaviour, depending on the observed failure 287 

mode and level of axial load. In wall S2, which was tested without axial load, the wall exhibited an initial 288 

stiffness of 23.9 kN/mm, up to the average cracking load of approximately 43.5 kN on average. In the 289 

negative displacement direction, the wall experienced a premature pullout of the reinforcing bar embedded 290 

in the foundation block. Figure 11 shows the wall during testing, which showed significant uplift 291 

concentrated at the wall base. In the positive loading direction, the wall did not experience premature failure 292 

and the longitudinal reinforcement yielded at a moment of approximately 150 kN-m, which corresponds to 293 

the expected yield moment based on the geometry shown in Figure 1 and the properties of the bar. After 294 

yielding in the positive direction, the lap splice failed at a drift of approximately 0.56 %, which resulted in 295 

a sudden drop in the load carrying capacity. For conventional construction, in which significant ductility 296 

would not be required from a shear wall, this behaviour is acceptable and the wall achieves a maximum 297 
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ductility of approximately 1.5. Finally, one of the novelties of this work was the use of closed stirrups at 298 

the layer-to-layer interfaces, which included both steel or GFRP stirrups in this work. Results of the study 299 

demonstrated that premature diagonal tension shear failure was prevented in both cases and diagonal 300 

cracking was limited, suggesting that these stirrups were an effective reinforcement configuration for 3DCP 301 

shear walls. No challenges associated with layer-to-layer bond at the levels of the stirrups were observed. 302 

 303 

Figure 10. Moment versus displacement hysteretic behaviour of walls: (a) S2, (b) S3.   304 

One of the observed challenges associated with the performance of the S2 wall was premature 305 

pullout of the longitudinal reinforcement from the foundation block, as highlighted in Figure 11. After 306 

removing the wall from the foundation block, it was discovered that the required embedment length 307 

(approximately 200 mm) was less than the target design embedment length of 300 mm. This discrepancy 308 

likely led to premature failure of the shear wall in that loading direction. This highlights the challenges 309 

associated with placement of reinforcement in 3DCP and the need to ensure construction tolerances are 310 

maintained as much as possible during what it a busy printing process. Future work could consider the use 311 

of mechanical coupling devices for the longitudinal reinforcement at the wall base, which would eliminate 312 

the need to rely on a post-installed adhesive and potentially be installed prior to the start of printing.  313 
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 314 

Figure 11. Observed failure mode in wall S2.    315 

Figure 10(b) shows the moment versus drift hysteretic behaviour for wall S3, which included the 316 

application of axial load. The results show that the addition of axial load results in a significant increase in 317 

the initial stiffness of the wall, which was 69 kN/mm, which is approximately 35 % higher than the 318 

nominally identical wall without axial load. In the positive loading direction, wall S3 once again experience 319 

premature pullout failure, similar to wall S2 because of inadequate embedment of the longitudinal 320 

reinforcement. However, in the negative direction the wall exhibited the expected behaviour and the 321 

longitudinal reinforcing bar yielded in tension. The wall achieved a maximum moment resistance of 427 322 

kN-m, which once again matches the design target, indicating suitable performance. At a lateral drift of 323 

approximately 1.25 %, the bar pullout from the foundation block after yielding, as noted by the drop in the 324 

moment-resistance beyond 1.5 % drift. However, this occurred at a ductility of 2.5, which is above what 325 

would be required for conventional construction in Canada, indicating that the wall exhibited adequate 326 

seismic performance in that loading direction.  327 

Figure 12 shows the moment versus lateral drift response of wall S4, which had gravity load applied 328 

during the test and included confined boundary elements at the wall ends. The results show that because of 329 

the smaller bar size (3-10M bars instead of 1-20M bar) and a similar bar embedment depth, the walls did 330 

not experience the premature pullout failure that was observed in other wall specimens. The initial stiffness 331 

of the wall was 80.6 kN/mm, which is similar to Wall S3 because it had a similar area of longitudinal 332 
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reinforcement. Small differences in the initial stiffness between these specimens is attributed to specific 333 

placement of the longitudinal bars in the cross-section, as bars in Wall S4 would have been placed closer 334 

to the wall ends, increasing the flexural lever arm. The longitudinal reinforcement yielded at a lateral drift 335 

of approximately 0.5 %, and the wall achieved an average maximum moment-resistance of 425 kN-m in 336 

each direction. No extensive diagonal cracking was observed in these tests, indicating that the horizontal 337 

shear reinforcement was once again effective at preventing premature diagonal tension shear failure.  338 

 339 

Figure 12. Moment versus displacement hysteretic behaviour of wall S4.   340 

Post-yield response of the wall was characterized by uplift at the wall base and rupture of the longitudinal 341 

reinforcing bars in tension. Figure 13 show the deformed shape of the shear wall at the maximum drift of 342 

approximately 3.5% as well as photos of the damage experienced by the shear wall during the test. The 343 

results show that after yielding, extensive cracking and crushing at the toes of the wall was observed, as 344 

shown in Figure 13(b). This type of behaviour is expected in conventional reinforced concrete construction, 345 

and so, it is encouraging to see that type of behaviour in 3DCP walls. In addition to concrete crushing, 346 

rupture of the longitudinal reinforcement initiated at a lateral drift between 0.5 and 1% drift, starting first 347 

with the reinforcing bars located closest to the ends of the wall and progressively moving towards the centre 348 

of the wall. This behaviour is expected and is not detrimental to seismic performance because yielding 349 

occurred prior to rebar fracture. Ultimately, the wall achieved a displacement ductility above 5, which meets 350 

the requirements for a ductile shear wall according to Canadian design standards, indicating that 3DCP 351 
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walls can achieve highly ductile seismic performance if they are adequately detailed. Furthermore, because 352 

of the unique deformation mechanisms in 3DCP walls, in which the comparatively low vertical 353 

reinforcement ratio relative to a conventional reinforced concrete wall leads to significant deformations at 354 

the wall base, resulting in ‘rocking’ behaviour under lateral loading. Because of the presence of gravity 355 

loading, this rocking behaviour results in a self-centering type hysteresis loop, in which the wall returns to 356 

its original position following a load cycle. This type of behaviour is advantageous from a seismic 357 

performance perspective because it reduces residual drifts following an earthquake.  358 

 359 

Figure 13. Observed failure modes in wall S4: (a) deformed shape at the ultimate drift, (b) typical rupture 360 

of longitudinal reinforcement, (c) observed crushing at the shear wall toes. 361 

Analysis of Compression Strains from Digital Image Correlation 362 

 In addition to conventional discrete sensors to measure the wall performance, this study also examined the 363 

potential use of digital image correlation to measure surface strains and crack fields during a test. Figure 364 

14 shows a sample result from the test on Wall S2. The results show that DIC was able to accurately localize 365 

the crack locations, even in a 3DCP shear wall with a very large region of interest. The cracks are shown 366 

to form at distinct locations along the wall height, including at the top of the lap splice of the vertical 367 
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reinforcement, shown in Figure 1. This was expected as this location has the lowest reinforcement area 368 

relative to the applied moment over the height of the wall. Furthermore, the results from DIC showed that 369 

cracks had a tendency to form at the interface between 3DCP layers, rather than through the middle of a 370 

layer. This is partially attributed to the fact that there was no axial loading applied to this particular wall, 371 

and similar crack distributions in the other walls tested with gravity loading did not exhibit this tendency. 372 

These results show that the presence of axial load has a positive effect on the formation of cracking between 373 

layers.  374 

 375 

Figure 14. Typical strain and crack distribution in wall S2 (without gravity load).  376 

CONCLUSIONS 377 

This paper presents the results of an experimental study on the structural behaviour of 3DCP shear walls 378 

tested under axial and in-plane reversed cyclic loading. The influence of shear wall aspect ratio, boundary 379 

element reinforcement details, and axial load were investigated. Overall, the results of the study 380 

demonstrate that 3DCP shear walls can achieve the adequate seismic performance that is comparable to 381 
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conventional reinforced concrete shear walls, if careful attention is paid to the reinforcement detailing and 382 

construction specifications. The specific conclusions of this study include: 383 

1. The construction of a single-storey shear wall with longitudinal reinforcement can be achieved in 384 

practice, but requires careful consideration of construction sequencing and reinforcement detailing prior 385 

to construction.  386 

2. Yielding of longitudinal reinforcement can be achieved without boundary element confinement, 387 

meeting the ductility requirements for conventional construction (ductility of 1.5 in this study).  388 

3. 3DPC shear walls exhibit unique deformation mechanisms in their response under in-plane loading 389 

because of the strength of the base connection relative to the concrete wall panel, something that is 390 

more typical of precast concrete construction. This loads to more rocking in the shear wall response 391 

leading to self-centering hysteretic behaviour.  392 

4. The use of horizontal stirrups of either steel or GFRP was found to be very effective at increasing the 393 

shear capacity of the 3DCP walls tested in this study. No issues associated with layer-to-layer bonding 394 

were observed during the experiments.  395 

5. The use of confined boundary elements in 3DCP shear walls is very effective at improving ductility 396 

and energy dissipation capacity. The wall with confined boundary elements in this study achieved a 397 

displacement ductility of over 5, indicating that it could meet ductile shear wall performance according 398 

to Canadian standards.  399 

6. Special attention needs to be paid during the construction of 3DCP walls to ensure that dimensions and 400 

tolerances are achieved. Because of the rapid nature of the construction technology, this means that 401 

crews need to be prepare for efficient and accurate construction. In this study, premature pullout failure 402 

was encountered because of inadequate embedment length during construction. This could be avoided 403 

in future work through the use of mechanical coupling devices, which could also potentially improve 404 

the speed of construction.  405 
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NOMENCLATURE 414 

The following symbols are used throughout this paper: 415 

Ar Area of longitudinal reinforcement (mm2) 

Ab Area of reinforcing bar (mm2) 

f’c Concrete compressive strength (MPa) 

fr Stress in the reinforcing bar (MPa) 

fy Yield stress (MPa) 

hw Wall height (mm) 

ki Initial stiffness (kN/mm) 

lw Wall length (mm) 

Mr Moment resistance (kNm) 

Pcr Cracking load (kN) 

Pmax Maximum load (kN) 

tw Overall wall thickness (mm) 

Δy Yield displacement (mm) 

Δult Ultimate displacement (mm) 

ρ Reinforcement ratio (%) 
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