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Abstract

Debonding reinforcement—i.e., reducing or preventing the bond between reinforcement and
surrounding concrete—has shown promise as a simple yet effective method for lowering rebar
strains, enhancing ductility, reducing base concrete damage, and improving energy dissipation
and equivalent viscous damping in concrete structures. These promising yet limited findings
raise an important question: should we be intentionally debonding reinforcement to improve
the seismic performance of walls? This paper reviews the small but growing body of
experimental research on this topic and presents recent results experimental studies on
reinforced concrete walls with partially and fully debonded reinforcement. An expression is
derived to estimate the debonded length required to achieve a specified rotation (or drift) level.
The paper advances the hypothesis that this debonding technique may allow engineers to
better control and define the plastic hinge region in walls—a critical yet often ambiguous
feature in seismic design—thereby enabling more reliable displacement-based design and
assessment.
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1 Introduction

Reinforced concrete (RC) walls form the structural backbone of countless mid- and high-rise
buildings around the world, primarily resisting lateral loads from wind and earthquakes. This is
also true in Australia, where RC wall systems are the most common form of multi-storey
construction (Menegon et al., 2019a). Over the past 50 years or so, significant advancements
in the seismic design of RC walls—including the development of capacity design principles
(Park & Paulay, 1975; Paulay & Priestley, 1992)—have given engineers increased confidence
that well-designed RC walls can achieve the required ductility and energy dissipation while
preventing collapse. However, the current Australian Concrete Structures code does not
explicitly mandate the use of capacity design principles (Goldsworthy, 2012). This regulatory
gap has, in some cases, resulted in wall designs that are expected to exhibit limited ductility
and undesirable seismic performance, though few experimental studies have validated this
concern. In particular, strain and stress concentrations in the longitudinal reinforcement can
develop under seismic loading, increasing the risk of non-ductile failure modes and
compromised structural behaviour.
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For instance, a low amount of longitudinal reinforcement can result in the formation of a single
dominant crack at the base of the wall (Hoult et al., 2018; Lu et al., 2016), as shown in Figure
1b, rather than a well-distributed crack pattern (Figure 1a) that promotes ductile behaviour.
This non-ductile response was identified as a contributing factor in the collapse of the Pyne
Gould Corporation building and the near-collapse of the Gallery Apartments building (CERC,
2012) following the 2011 Christchurch earthquake. At the time, the AS 3600:2009 Concrete
Structures (Standards Australia, 2009) code specified a minimum longitudinal reinforcement
ratio of just 0.15%. However, subsequent studies have shown that walls with reinforcement
ratios below approximately 0.50-0.65% are susceptible to single-crack formation, limiting the
development of secondary cracks and significantly reducing ductility (Hoult et al., 2018). It is
worth mentioning that the updated AS 3600:2018 (Standards Australia, 2018) now requires a
higher minimum steel amount to ensure secondary cracking can occur.

Lap splice connections can also contribute to strain concentrations in RC walls. These splices
are formed by overlapping lengths of reinforcement to transfer tensile forces between the wall
and footing reinforcement—a common practice in Australia, particularly in RC walls with limited
ductility detailing (Menegon et al., 2017). The lapped region at the base of such walls effectively
doubles the amount of longitudinal reinforcement, creating a localised zone of overstrength
where only hairline cracks tend to form. This non-uniform stiffness along the wall height
promotes the formation of one or two dominant cracks (Figure 1c): typically, one at the base
and, depending on factors such as the shear span, a second crack just above the lapped
region (Menegon et al., 2017). This concentration of damage limits the development of
distributed cracking and reduces energy dissipation.

Precast RC walls with connectional dowels are also susceptible to strain concentrations,
particularly at the grout bedding layer at the wall base (Weng et al., 2023). Failures of the panel
splices of precast walls were observed following the Christchurch earthquake (SESOC, 2013).
This behaviour is similar to the strain localisation mechanisms described in the previous
paragraphs. Specifically, when there is a high panel-to-connection strength ratio, the wall’s
lateral displacement response becomes dominated by rocking behaviour (Seifi et al., 2019),
resulting in a wide crack forming at the base and effectively creating a localised plastic hinge
in that region.

Finally, the recent shift toward using more durable reinforcement materials—such as fibre-
reinforced polymer (FRP) rebars—in place of steel introduces new challenges for RC wall
design. Embedding these materials in a way that ensures a ductile seismic response may
require alternative design strategies. Although a limited number of experimental studies have
investigated RC walls reinforced with FRP bars (e.g., Arafa et al., 2018; Kian et al., 2018;
Mohamed et al., 2014a; Mohamed et al., 2014b), the results have been mixed, ranging from
limited to moderately improved seismic performance. Despite growing interest, FRP
reinforcement has not yet been incorporated into major international design codes and
guidelines for use as internal reinforcement in lateral load resisting RC walls. One of the key
limitations preventing widespread adoption is the linear-elastic behaviour of FRP, which offers
significantly less energy dissipation than traditional steel reinforcement. In addition, FRP
rebars typically exhibit relatively low ultimate strain capacities (approximately 2%), making
them more susceptible to brittle failure. Design solutions that promote distributed longitudinal
strains—rather than localised strain concentrations—may offer a pathway to improving the
seismic performance of FRP-RC walls, particularly in addressing the limitations associated
with their low reinforcement material ductility.
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(a) traditional plastic (b) single crack (c) two-crack plastic

hinge model with plastic hinge model hinge model
distributed cracking (under reinforced (lap splice at the
section) base of the wall)

Figure 1 Plastic hinge models for RC wall according to Menegon et al. (2016)

These different design approaches for RC walls highlight situations where a premature,
tension-governing failure mode may develop in RC walls (i.e., rebar fracture). Walls exhibiting
such behaviour are unlikely to possess sufficient deformation capacity to withstand moderate
to large earthquake ground motions. Therefore, targeted design solutions are required to
mitigate this performance limitation and enhance the overall seismic resilience of RC wall
systems.

It is argued here that any innovative design solutions to this problem must align with existing
Australian construction practices to enhance their feasibility and support widespread adoption.
Incremental innovation in structural design has proven effective in improving building
performance, with engineers making gradual modifications to established methods to
encourage industry acceptance. In contrast, radical innovations often face resistance due to
their disruptive nature (Henry, 2021). It is argued here that greater adaptability—and ultimately,
broader implementation—can be achieved if the proposed design approach: (i) is cost-
effective, using materials that result in only a marginal increase in total construction cost; and
(i) requires only incremental changes to established design and construction practices already
in use internationally.

This paper proposes a design solution intended to enhance the seismic performance of RC
walls that would otherwise be governed by tension-controlled failure modes, such as rebar
rupture. The proposed approach aims to shift the failure mode toward a more controlled and
desirable compression-dominated response, such as concrete crushing. This is achieved by
debonding the longitudinal reinforcement over a specified, engineered length. The method is
deliberately simple, cost-effective, and practical for integration into current construction
practices.

The following section introduces the proposed design concept and briefly reviews prior
experimental studies that have explored similar techniques. A simplified method is then
presented for estimating the debonded length required to achieve a specified level of rotation
(or drift). The paper concludes with a discussion of future research directions and a summary
of key findings.

2 Debonding - previous case studies

Eliminating the bond between the reinforcing bar and concrete over a specified length helps to
distribute localised deformations more evenly (Figure 2). This unbonded length can be easily
implemented in practice, typically by wrapping the reinforcement in tape or placing it within a
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sealed sleeve. In theory, this straightforward design and construction technique can help
reduce strain and stress concentrations in RC walls subjected to earthquake loading.
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Figure 2 Strain distribution for bonded and unbonded rebars at the foundation level.

The Structural Engineering Society New Zealand (SESOC) promoted the use of debonded
reinforcement for precast wall connections in their interim design guidance (SESOC, 2013)
and has been implemented in several buildings in New Zealand following the Christchurch
earthquake (e.g., Thorton & Cattanach, 2013). According to Alistair Cattanach, Director at
Dunning Thornton Consultants, unbonded bars have been a standard feature in shear wall
designs in New Zealand since 2012 (personal communication, July 31, 2025). This raises an
important question: should this simple and cost-effective design and construction technique
also become standard practice in Australia, particularly to address the risk of non-ductile
performance in certain design scenarios (see discussion in Section 1)?

Several studies have explored the effects of debonding longitudinal reinforcement within the
plastic hinge regions of RC structural elements other than walls. For instance, Kawashima et
al. (2001) tested cast-in-place RC bridge columns and found that debonding reduced concrete
damage and peak rebar strains, while slightly increasing ductility capacity. Nikoukalam and
Sideris (2017) found that concrete damage reduced in partially debonded steel-reinforced
concrete columns tested in axial-flexure. Ibrahim et al. (2017) showed that debonding a length
of just 300 mm significantly reduced residual deformation in their tested columns. Similarly,
Wang et al. (2019) employed a simple debonding technique using high-strength steel rebars
embedded in concrete columns, resulting in reduced residual deformation and increased
ultimate deformability. Deng et al. (2022) demonstrated the benefits of debonding steel rebars
in precast concrete columns, noting improvements in both ductility and energy dissipation
capacity.

More aligned with the current investigation, a limited number of RC wall tests have incorporated
some degree of longitudinal reinforcement debonding. These cases are discussed in detail in
the following subsections.

2.1  Wall Specimen UWS2

Hoult et al. (2025b) tested two large-scale RC U-shaped core walls dynamically on a shake
table. The first specimen (UWS1) was reinforced with conventional steel reinforcement, while
the second (UWS2) used iron-based shape memory alloy (FeSMA) rebars in place of steel.

The motivation for using alternative reinforcement in UWS2 was to reduce residual
displacements, aligning with the growing design paradigm of low-damage structural systems
under large earthquake actions. This was to be achieved by “activating” the FeSMA rebars
through thermal treatment to exploit their shape memory effect—i.e., when deformation in the
FeSMA is constrained (e.g., by surrounding concrete), recovery stresses develop, thereby
inducing a prestressing effect in the wall.
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Thermal activation was carried out using electrical resistive heating. To enable this, the FeSMA
rebars needed to be electrically insulated from the rest of the reinforcement cage (e.g.,
transverse and confining reinforcement). Plastic heat-shrink tubing was used both as an
insulator and, incidentally, to partially debond the FeSMA rebars from the surrounding concrete
over the full height of the first storey (approximately 1.5 m from the foundation).

Although the intended activation and resulting prestressing effect were largely unsuccessful—
due to incomplete electrical isolation—the experiment still provided valuable insights,
particularly regarding the effect of partial debonding.

Most notably, UWS2 (Figure 3b) exhibited larger crack spacing and significantly reduced
flexural cracking at the base compared to UWS1 (Figure 3a), attributed to the partial debonding
of the longitudinal reinforcement. In addition, tensile strains in UWS2 were more evenly
distributed along the first storey height, in contrast to the more concentrated plasticity observed
in UWSA1. This is illustrated in Figure 4, where tensile strain profiles of the boundary end were
obtained from motion capture data (Hoult et al., 2025a) at the time step corresponding to the
largest westward displacement, when the boundary end was in tension. Results are shown for
three unidirectional ground motion (GM) intensity levels: GM3, GM5, and GM7. Across all
cases, tensile strains in UWS2 (partially debonded FeSMA) were reduced relative to UWS1
(bonded steel reinforcement). It should be noted that the maximum westward drift demands
were not identical between the two specimens (particularly for GM3 and GM7), as indicated in
the legends of Figure 4, which influenced the observed strain levels. Moreover, the
reinforcement detailing and materials differed, though the designs were balanced to achieve
similar strengths according to sectional analysis. Despite these differences, the results
demonstrate that even partial debonding reduces peak tensile strains in RC walls. While the
global seismic responses of the two walls were broadly similar under the applied ground
motions, partial debonding clearly offered local performance benefits, including more
favourable strain distributions (i.e., reduced peak strain demands above the foundation) and
less severe flexural cracking of the wall panels.
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Figure 3 Cracking distribution (a) UWS1 (bonded) (b) UWS2 (partially debonded). The grey-shaded
regions indicate areas of the wall where the concrete crushed.
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Figure 4 Longitudinal strain profiles at the flange two boundary end of dynamic test specimens UWS1
and UWS2 at maximum drift () towards position D under uni-directional ground motions: (a) GM3, (b)
GMS5, (c) GM7.

2.2  Wall specimen DBR

An investigation was undertaken by a team of researchers from the University of Auckland
(New Zealand) and the University of Nevada (United States) to evaluate simple design
modifications to conventional steel RC walls to increase their repairability.

The benchmark wall specimen, M5, was tested by Lu (2017), with the data later published in
Lu and Henry (2021), to investigate minimum vertical reinforcement requirements. Wall
specimen M5 had a wall length L, of 1400 mm, thickness t, of 150 mm, and height h,, of 2800
mm, with an applied axial load ratio (ALR) of 3.5%. A subsequent study by Blount et al. (2020)
investigated techniques to enhance the repairability of RC walls after earthquake loading. One
proposed technique involved debonding the longitudinal reinforcement in the foundation to
reduce strain localisation, minimise cracking, and promote rocking behaviour. Wall unit DBR
had identical cross-sectional dimensions and detailing to M5, except that the longitudinal bars
in the foundation were debonded over a 300 mm length below the base (i.e., into the
foundation) using sealed steel sleeves. Aside from this modification, all other design and
testing parameters for DBR matched those of specimen M5.

As reported by Blount et al. (2020), wall unit DBR formed a single dominant base crack, as
expected, and successfully distributed vertical reinforcement strain along the length of the
debonding sleeve under the foundation. While the early performance of this wall was
promising, reinforcement buckling ultimately led to wall sliding. This occurred because the
buckled rebars were constrained from freely re-entering the debonding sleeve during load
reversals. The authors discuss this limitation further in Section 4 (“Future Research”). Due to
this constraint, the onset of failure for both wall units occurred at a similar drift level of
approximately 2.5%.

However, when comparing the force—displacement hysteresis curves of the two walls (see
Figure 5a), unit DBR—with unbonded rebars—achieved a slightly greater drift capacity (within
the range of 0.5-1.0%) in the positive loading direction prior to losing its lateral load capacity.
It is likely that, had the debonded reinforcement not been restricted by the sleeve, this
increased drift capacity would have been observed in both loading directions. The additional
rotation observed in the debonded wall unit will be examined further in the next section.
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The cracking patterns of both walls mirrored those seen in the U-shaped walls discussed
previously (Figure 5b,c): unit DBR (with debonded reinforcement) exhibited fewer and more

widely spaced cracks than the fully bonded counterpart, unit M5.
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Figure 5 (a) Force-displacement hysteresis of specimen M5 (bonded) and DBR (unbonded) with
shaded region indicating additional rotation (or drift) achieved, cracking patterns (b) M5 (c) DBR
(Blount et al., 2020).

Figure 6 compares reinforcement strains in both walls at drifts of 1.0% and 2.0%. The 300 mm
debonded length into the foundation in unit DBR was effective in reducing strain magnitudes
above the foundation, particularly when compared with the fully bonded specimen M5.
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Figure 6 Longitudinal tensile reinforcement strains captured experimentally for units M5 and DBR
(Blount et al., 2020).
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3 Defining the debonding length

The following section outlines guidance on determining an appropriate debonded length to
achieve a targeted level of deformation, expressed here as wall rotation or drift.

Following a similar simplified approach to that outlined in SESOC’s Interim Design Guidance
(2013), the required debonded length can be estimated using the wall geometry and expected
rotation (Figure 7). In the approach undertaken here, wall rotation (or drift, 8), defined with
Equation 1, is used in place of direct displacement.

0 = Aw/hw = ®Lgp 1

where Ay is the lateral displacement at height hy, @ is the curvature at the base of the wall and
Lan is the debonded length of the rebar

For this exercise, it is assumed that the unbonded length (La) is provided at the base of the
wall, either extending into the foundation or just above it. Assuming rocking behaviour (Figure
7), the base curvature, @, can be conservatively estimated using the Bernoulli-Euler
assumption that plane sections remain plane, while neglecting compression strains. A
maximum tensile strain of 4% is adopted, consistent with some New Zealand design practices,
and more conservative than the 6% limit proposed by others (e.g., Priestley et al., 2007).
Notably, a 4% tensile strain limit has been recommended for limited-ductile walls to meet
collapse prevention performance objectives and to avoid local reinforcement buckling
(Menegon et al., 2019b).

Thus, rearranging Equation 2 can give an expression for L4, based on the additional rotation
(6) required and the wall length (Lv).

th = 25LW6 3

If a limiting rotation (or drift) of 2.0% is adopted for seismic design, Equation 3 yields a required
debonded length of Lq» = 0.5L.. Interestingly, this aligns with the commonly used expression
for equivalent plastic hinge length, L, = 0.5L,, which has been subsequently used in several
design codes, including the UBC, NZS 3101, ACI 318, and CSA A23.3. However, recent
research based on extensive wall test databases has shown that this expression often
overestimates the actual plastic hinge length (Hoult, 2022). In practice, the spread of
plasticity—reflected in the distribution of tensile strains up the wall height—is generally
confined to a length shorter than 0.5L,.

If, however, the longitudinal reinforcement is effectively debonded over a length of 0.5L., it is
reasonable to expect that the resulting strain distribution would approximate the idealised
plastic hinge model—i.e., a region of constant curvature over the plastic hinge length, L,. This
suggests that debonded reinforcement at the base of RC walls could effectively cap the extent
of plasticity to the debonded length, L4, thereby defining a more reliable and controlled plastic
hinge length, L,. Since plastic hinge analyses (PHA) are highly sensitive to the assumed L,,
having greater confidence in this parameter can improve the accuracy of predicted ultimate
displacements (or drifts). This, in turn, enhances the reliability of both seismic assessment
methods using PHA and displacement-based design approaches (e.g., Priestley et al., 2007)
for RC structures.
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Figure 7 Wall geometry and expected wall rotation for the simplified calculation of the debonded length
(SESOC, 2013)

Using Equation 2, the additional rotation 6 was calculated as a function of the debonded length
(Lan) for wall lengths ranging from 1 m to 5 m in 1 m increments. The results are plotted in
Figure 8. As shown, even modest debonded lengths can produce non-negligible increases in
rotation, depending on the wall length. The figure also shows that as wall length increases, the
additional rotation decreases—consistent with trends observed in previous studies (Lu &
Henry, 2017). To help validate these results, refer to the earlier section where experimental
testing on wall unit DBR demonstrated an additional rotation (or drift) of 0.5-1.0% compared
to a fully bonded benchmark wall. Using L» = 1400 mm and Ly, = 300 mm—consistent with the
geometry and test setup of DBR—an additional rotation of 6 = 0.86% is calculated using
Equation 2, aligning well with the experimental results. Figure 8 can serve as a reference for

design engineers considering debonding to achieve enhanced rotational capacity using this
simple technique.
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Figure 8 Rotation (or drift) achieved is calculated as a function of the debonded length (Lan)
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4  Future Research

While the benefits of reinforcement debonding are increasingly evident, several practical and
analytical challenges must be addressed before the technique can be standardised in design
guidance. One key issue observed in experimental work is bar buckling within the debonded
length and the inability of bars to freely re-enter rigid sleeves during load reversals, which can
lead to unintended sliding or premature loss of lateral load capacity. This was evident in the
test by Blount et al. (2020) on unit DBR (see Section 2.2), where severe buckling and shear
deformation of the unbonded vertical reinforcement led almost immediately to bar fracture
during subsequent cycles.

This limitation underscores the need for improved sleeve designs that maintain the intended
debonding behaviour while allowing unimpeded bar movement under cyclic loading. One
promising solution, proposed by Blount et al. (2020), involves a telescoping sleeve
arrangement (Figure 9) in which a second steel sleeve is located above the foundation and
extends slightly into it to act as a shear key. The sleeve in the foundation is sized to fit around
the wall sleeve, enabling the two sleeves to slide relative to one another while keeping the
reinforcement fully protected inside.

It is worth noting that these techniques have been proposed primarily for cast in-situ walls,
whereas no clear guidance currently exists on achieving debonding of connection (or starter)
bars in precast walls. As discussed in Section 2, early SESOC (2013) recommendations
suggested debonding reinforcement in precast wall connections; however, more recent
SESOC (2022) design documents do not recommend debonding the connection reinforcement
in Drossbach-type connections (i.e., conventional grouted duct or grout sleeve systems), which
are widely used in the precast industry in both New Zealand and Australia. This shift likely
stems from the limited experimental evidence available (e.g., Blount et al., 2020) and the need
to prevent premature failures such as shear sliding or bar buckling in debonded regions.
Consequently, there remains significant scope for research to establish a robust design
approach for using debonded connection reinforcement in precast walls.

Another critical research priority lies in assessing the long-term durability and constructability
of debonding techniques under realistic site conditions. Factors such as construction
tolerances, placement accuracy, concrete compaction around debonded regions, and the
potential degradation of sleeves or wraps over time must be evaluated to ensure consistent in-
service performance. The technique should also be tested with alternative reinforcement
materials, such as glass- or carbon-FRP bars, which exhibit linear-elastic behaviour and
relatively low ultimate strain capacity. While debonding may help offset these material
limitations, current experimental evidence is minimal (e.g., Hoult & Almeida, 2025). Similarly,
the potential synergy between debonding and low-damage wall systems—such as rocking
walls with replaceable fuses—warrants systematic exploration.

Finally, the simplified expression proposed in this paper for estimating the required debonded
length should be validated against a broader database of experimental and numerical results.
Extending this calibration to a variety of wall cross-sections (rectangular, flanged, U-shaped,
I-shaped), aspect ratios, and both in-plane and bidirectional loading will improve confidence in
its use for displacement-based design. The influence of debonding on other seismic
performance metrics—such as residual drift, equivalent viscous damping, and post-
earthquake repairability—should also be quantified to provide a more holistic understanding of
its benefits. Furthermore, a comprehensive parametric study encompassing a wide range of
design variables, including walls with increased axial load ratios (ALRs), is needed to examine
potential shifts in failure mechanisms from tension-controlled to compression-controlled (e.g.,
crushing).
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5 Conclusions

This paper has reviewed the concept of reinforcement debonding as a practical, low-cost
strategy to enhance the seismic performance of reinforced concrete (RC) walls, particularly
those prone to non-ductile, tension-controlled failure modes. Experimental evidence from both
wall and column studies demonstrates that partial or full debonding of longitudinal
reinforcement can reduce strain localisation, limit severe base cracking, promote more
distributed damage, and, in some cases, increase deformation capacity.

Recent experimental results from shake-table tests on RC U-shaped walls and cyclic tests on
rectangular wall specimens indicate that debonding can achieve a more favourable strain
distribution and reduce peak strain demands in critical regions. A simplified expression has
been proposed to estimate the debonded length required to achieve a targeted drift capacity,
with results aligning well with observed experimental behaviour. This approach has the
potential to provide engineers with a more reliable means of defining the plastic hinge length—
an often uncertain parameter in displacement-based design and seismic assessment.

Overall, reinforcement debonding represents an incremental yet potentially impactful
modification to current RC wall detailing practice. By enabling better control of plasticity spread
and enhancing deformation capacity without major changes to construction methods, it offers
a viable pathway to improving the resilience and repairability of RC wall systems in seismic
regions.
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