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Abstract: Reinforced concrete (RC) shear walls are generally designed to resist the lateral actions in
buildings. Recent changes in the Australian Concrete Standard (AS3600) emphasise that RC walls should
be provided with double layers of reinforcement in the horizontal and vertical directions to be considered as
ductile, whereas RC walls with centrally placed single layer reinforcement are regarded as non-ductile. The
behaviour of RC walls under in-plane shear loading is complex as many parameters influence their lateral
load-displacement characteristics. To extend the knowledge on the structural performance of RC walls with
single- and double-layer reinforcements, an experimental testing program was undertaken in this study.
This experimental study involved the testing two RC walls with the same percentage of reinforcement
arranged in either single or double layers under cyclic in-plane shear loading. The geometry of the tested
walls was 1600 mm (length) x 1600 mm (height) x 190 mm (thickness). Prior to applying the in-plane cyclic
shear loading, a pre-compression stress of 0.3 MPa was applied to the walls. Experimental results indicated
that the change in reinforcement configuration did not affect the failure behaviour considerably. Doubly
reinforced concrete shear wall depicted slightly higher in-plane load capacity and displacement ductility than
the singly reinforced concrete shear wall by 32% and 9.5%, respectively. To further investigate the
differences in the performance of single and double layered RC walls, additional research studies are
required with a range of material and geometric parameters variation.
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Introduction

RC walls are frequently used in seismic hazard zones due to their higher stiffness and strength
characteristics under lateral forces. These RC walls can be designed and constructed either as coupled
shear walls or as interacting elements with RC frames to resist the lateral actions. Predicting the load and
displacement capacities of RC walls is complicated due to different influencing interrelated factors such as
material properties, reinforcement configuration, boundary condition, level of vertical load and geometrical
dimensions. Some studies have been conducted to understand the influence of these factors, such as
Sritharan et al (1), Alarcon et al (2), Hidalgo et al (3), Thomsen et al (4).

RC walls in low seismic hazard zones are commonly built with nominal or non-ductile reinforcement
detailing, as the design is generally governed by gravity and wind effects. Nevertheless, minimum
reinforcement requirements are necessary by the design standards to avoid local cracking, brittle failure,
mitigate shrinkage and thermal effects ACI 318-14 (5), CEN (6), NZS (7), Lu et al (8). Provisions for the
minimum reinforcement percentages of RC walls vary in different standards. RC walls with single layer of
reinforcement are regarded as non-ductile for seismic actions and have lower ductility under in-plane
loading, Blandon et al (9-10), Arroyo et al (11), Quiroz et al (12). The end regions of these RC walls
experience cyclic tensile -compressive stresses, when subjected to cyclic lateral actions, due to which the
unconfined end regions in single layered RC walls are prone to early local instability failure. In contrast, the
double layers of reinforcement and confined end regions can considerably increase the ductility. Double



layered RC walls with minimum reinforcement configurations have been widely studied, however few
research studies have examined the load-displacement characteristics of single layered RC walls.

Almeida et al (13) studied the effects of in-plane and out-of-plane cyclic loading on single and double layered
RC walls with reduced thicknesses of 80 mm and 120 mm, respectively. Their findings revealed that the
double layered RC walls showed higher load capacity and drift ratio by around 15% and 50%, than the
single layered RC shear wall.

Australian Concrete Standard AS 3600 (14) discourages the use of single-layered RC walls with ductility
factor of one in earthquake design. This revision was made after the damages observed in RC walls in New
Zealand 2010/2011 Canterbury earthquakes. Menegon et al. (15-16) studied the cyclic behaviour of limited
ductile double layered RC rectangular and box-shaped wall systems. They found that these systems
achieved adequate lateral displacements with limited ductile reinforcement. However, many concrete
buildings with single layer of reinforcement have already been built before this revision which could be
vulnerable to the seismic actions. It is therefore important to investigate the performance of single layered
RC walls with nominal reinforcement detailing, under in-plane loads. The differences in the behaviour of
single and double layered RC walls with varying parameters such as pre-compression, reinforcement,
aspect, and slenderness ratios have also not been adequately explored.

The primary objective of the current study is to evaluate and compare the in-plane capacities of single-
layered and double-layered RC walls through an experimental testing program, especially when same
reinforcement ratios are provided without changing the other influencing parameters stated above. This
study aims to provide a better understanding on the in-plane cyclic behaviour of RC shear walls with nominal
reinforcement in buildings in Australia -considered to be a low seismic zone. Test results are presented in
terms of observed failure modes, displacement ductility factors and hysteresis curves which can be helpful
for comparing the structural performance of RC shear walls having same reinforcement percentages placed
in single and double layers.

Experimental Program

Testing scheme

Two RC shear walls were constructed and tested under cyclic in-plane shear loading conditions. Each wall
was constructed on a reinforced concrete base slab measuring 2100 mm (length) x 600 mm (width) x 200
mm (thickness). Configurations of the two constructed RC shear walls are depicted in Figure 1 with further
details provided in Table 1. The first RC wall, named SLRC, was built to investigate the influence of single-
layered reinforcement, while the second RC wall, named DLRC, was made with double layers of
reinforcement. To compare and verify the effectiveness of these reinforcement detailing on the in-plane
shear capacity of the RC walls, the reinforcement ratios (for horizontal and vertical bars) were kept closely
similar in both the tested walls. Minor differences in the steel ratios in the RC walls, as observed in Table 1,
were due to the limitation of available bar diameters used in the walls. These minor differences however
should not significantly influence the overall performance of the walls. The thickness and aspect ratio of the
RC walls were also identical, and both representative walls had a height of 1600 mm and a thickness of 190
mm. The amount of reinforcement provided, and its detailing were based on the AS 3600 (14) requirements.
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Figure 1 RC Shear Wall Configurations (a) Elevation and Cross-Sections of (b) SLRC and (c) DLRC



Table 1 Geometrical and reinforcement configurations of the walls tested

H L ( Axial Vertical Steel Horizontal Steel
Wall ID H/L  HiA load . ) i )
(mm)  (mm) (mm) (kN)  Ratio Detail Ratio Detail

SLRC 1600 1600 190 1 8.4 90 0.53% N16@200 0.29% N12@200
DLRC 1600 1600 190 1 8.4 90  0.58% 2N12@200 0.33% 2N12@400

Material properties

The RC walls were constructed using concrete with a designated compressive strength of 32 MPa and a
slump of 170 mm. During the construction process, concrete cylinders of dimensions (200 mm height x 100
mm diameter) were cast, and their compressive strength was measured in accordance with AS 1012.9 (17).
The concrete used had a mean compressive strength of 31.4 MPa with a coefficient of variation (COV) of
6.0%. The vertical and horizontal reinforcements of the walls were comprised of 16 mm (N16) and 12 mm
(N12) steel bars, respectively. The yield strengths of the N16 and N12 steel bars were 566.7 MPa
(COV=1.02%) and 465.3 MPa (COV=0.66%), respectively.

Construction and testing

The formworks and reinforcement cages were initially prepared to construct the walls. To maintain a slab
cover thickness of 30 mm, reinforcement cages were installed in the formwork with plastic spacers. It was
necessary to install 50 mm diameter PVC conduits in the formworks to create holes for the bolts to anchor
the wall base to the strong floor for testing. Vertical starter bars were placed within the reinforcement cage
for each slab after ensuring their verticality in the walls. Accordingly, the base slabs were made and cured
for about 28 days. Figure 1(a) illustrates locations of the strain gauges installed on the reinforcement bars
in the walls. The reinforcement spacing was maintained in both the single and double layered RC walls
using a steel template to ensure proper alignment of starter bars with the vertical reinforcements. Laminated
Veneer Lumber (LVL) was employed to construct the formwork for the wall portions above the base slab.
Concrete was then poured into the formwork and compacted with vibrators. Prior to concrete pouring, the
wires from the strain gauge were taken out from the formwork to avoid any damage to the connections
during compaction. The walls were then left to cure for 28 days before being subjected to cyclic in-plane
shear loading.

Figure 2(a) displays the cyclic in-plane testing arrangement used, while Figure 2(b) illustrates the in-plane
loading protocol employed to test the walls. To prevent lateral movement during the test, the RC shear walls
were anchored to the strong floor. Hydraulic jacks were utilised to provide a pre-compression axial load to
the walls, and they were fixed at the top beam of the loading frame as shown in Figure 2(a). Additionally, a
distribution beam was placed on top of the wall, and a series of hydraulic jacks were provided over it to exert
axial load to the walls. To enable wall rotation at the top and the distribution of vertical loading to the walls,
steel roller bearings were placed between the distribution beam and the in-plane shear loading capping
plate, as illustrated in Figure 2(a). RC shear walls were subjected to a pre-compression axial load of 90 kN.
To apply cyclic in-plane shear loading, a dual-purpose servo-controlled actuator of 1000 kN capacity was
employed. As depicted in Figure 2(a), the loading end of the actuator was secured to the top of the wall
using a steel capping. Laser sensors were installed at specific locations on the walls, as shown in Figure
2(a), to measure the displacements during testing. Additionally, a monochrome camera was used to capture
the strain fields on the wall surfaces using the Digital Image Correlation (DIC) method (Zahra et al (18)) and
determine the local deformations of the walls.
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Figure 2 In-Plane Shear Testing Arrangement of Walls (a) Testing Setup (b) In-Plane Loading Protocol

Experimental results

Results of the experiment were analysed in terms of the failure modes of the walls and their hysteresis
curves. In addition, the ductility parameters were obtained to investigate the effect of single and double
layers of reinforcement on the ductility of the walls.

Failure patterns

Regardless of the reinforcement arrangement in single or double layers, both tested walls experienced
flexural-shear failure. At peak loads, cracks formed at the bottom corners of the walls, which propagated
upwards to the middle portion of the walls as the lateral displacement was increased. This failure pattern
can be seen in Figure 3. Any significant difference in the failure patterns of the two tested walls was not
observed, indicating that single or double layers of horizontal and vertical reinforcement did not markedly
affect the failure patterns of the RC walls tested in this study.
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Figure 3 Failure Patterns of DLRC Wall (a) and SLRC Wall (c) Crack initiation at corners (b) Crack propagation to
middle portion DLRC (b) and SLRC (d)

Load displacement hysteresis response

The load-displacement hysteresis curves of the tested RC shear walls were plotted using top displacement
and the actuator loading as shown in Figure 4(a) and (b). These hysteresis plots demonstrated a symmetric
load-displacement response despite the change in reinforcement detailing. The walls initially displayed a
linear-elastic response until reaching the initial cracking point, followed by non-linear behaviour up to the
peak loads. During this phase, crack propagation was observed, and post-peak behaviour was
characterised by spalling mainly at the toe and heel regions. The double-layered RC shear wall (DLRC)
exhibited a higher in-plane load capacity of approximately 32% than the single-layered RC wall. Envelop or
backbone curves (as shown in Figure 4(b)) were derived from the hysteretic curves to compare the load-
displacement behaviours effectively. The envelop curves were idealised into elastic-plastic load-
displacement relationships as shown in Figure 4(d) to derive the limiting load and corresponding
displacement parameters.

Table 2 presents the data obtained from the backbone envelope curves. The initial stiffness of the double
layered RC shear wall (DLRC) was approximately 23% higher than the single layered RC shear wall (SLRC).
Similarly, the cracking and yield loads were also higher by 38% and 31% respectively, compared to the
single layered RC wall (SLRC). The increase in in-plane shear load capacity observed in the double layered
RC shear wall can be attributed to the confinement provided to the concrete by the double layers of
reinforcement, particularly in the heel and toe regions, under cyclic tension-compression stresses. Although
higher load limits were observed for the double layered RC wall, the drift limits (cracking, yield, peak and
ultimate) were comparable for both tested walls. Therefore, it can be concluded that the change in
reinforcement configurations from single to double layers, while maintaining the same reinforcement ratio,
enhanced the in-plane shear capacity and stiffness of the tested walls, without significantly affecting the
displacement characteristics of these walls.



Ductility parameters

Ductility of RC shear walls has been studied through various approaches in the past (Mugurumu (19) and
Tomazevic (20)) and it is defined as the ability of structural elements to withstand displacements beyond
the elastic limits before deteriorating. One of the objectives of this study was to compare the ductility levels
of single-layered and double-layered RC walls to verify the changes in AS 3600 (14) regarding the ductility
levels of single-layered RC walls. Ductility was determined using a method explained in Muguruma (19) by
modelling the load-displacement curve as a bilinear (elastic-perfectly-plastic) curve, and the yield and
ultimate displacements which were required to calculate the ductility were determined from the points
marked in Figure 4(d). The displacement ductility of the DLRC wall was measured as 2.99, whereas it was
found as 2.73 for the SLRC wall.. These findings confirmed that RC walls with two layers of reinforcement
have a greater displacement ductility than those with one layer of reinforcement.

Table 2 In-plane load capacity and drift parameters derived from the idealised load-displacement curves

Initial Cracking limit Yield limit Peak limit Ultimate
Wall ID stiffness Load Drift Load Drift Load Drift drift Ductility
(kN/mm)  (kN) (%) (kN) (%) (kN) (%) (%)
SLRC 78.2 175.4 0.33 240.3 0.58 322.8 0.97 1.59 2.73
DLRC 95.5 242.8 0.48 315.3 0.56 420.4 0.97 1.66 2.99
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Figure 4 In-Plane Load Displacement Hysteresis Curves of RC Shear Walls (a) SLRC (b) DLRC (c) Backbone Curves
(d) Idealised Load Displacement Response

Conclusion

Two reinforced concrete shear walls were tested under cyclic in-plane shear loading to investigate the effect
of single and double layers of reinforcement arrangement on the in-plane shear capacity and displacement
characteristics. To make meaningful comparison, the reinforcement percentages both for horizontal and
vertical bars, aspect and slenderness ratios and pre-compression load levels were kept unchanged in the
tested walls. Results showed that by changing the reinforcement layers from single to double, the in-plane
load capacity limits (cracking, yield, and peak) were increased considerably, however, the corresponding
displacements or ductility of the tested walls was not significantly increased. The increase in in-plane load



capacity in the double layered RC wall may be attributed to the confinement effect developed in the core of
the wall. However, the same reinforcement ratio with single layer of reinforcement bars achieved similar
displacement/ductility levels. From these findings, it can be postulated that merely providing double layered
reinforcement (in vertical and horizontal directions) in RC walls may not necessarily increase the ductility of
the walls under in-plane loading, as it may also be associated with the increase in reinforcement ratio.
However, in the study, only two RC shear walls were investigated with limited variations and further research
is needed to fully understand the effects of changing reinforcement layers in RC shear walls with different
material properties, slenderness, and aspect ratios.
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