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ARTICLE INFO ABSTRACT

Keywords: Modern-designed reinforced concrete walls can typically achieve the primary performance level of collapse
SMA prevention in a moderate-to-large earthquake event. However, the substantial amount of damage sustained by
Core the wall can result in large residual displacements of a building, often requiring costly repairs or even demolition.
Isjiimic Localised replacement of reinforcing steel for a pseudoelastic material, such as shape memory alloys, has been

offered as a potential solution for reducing residual displacements of reinforced concrete walls. This paper ex-
amines two basic assumptions that can be employed for the simulation of reinforced concrete walls with shape
memory alloy rebars using distributed and lumped plasticity line models, namely: plane-sections-remain-plane
and plastic hinge length. To this purpose, the authors analyse the strain and crack distributions using the
experimental data from a recent experimental campaign. Digital image correlation techniques were used to
capture the displacement field of the surface of the walls. Experimental findings are presented, including crack
distributions and salient crack widths, longitudinal strain profiles along the wall length and height, and curvature
profiles. They are used to discuss the validity of the plane-section hypothesis and equivalent plastic hinge length
expressions. A conventional wall reinforced with steel rebars is used for comparison purposes. The experimental
results presented in this paper are useful for the ongoing international investigations on concrete structures

Residual-based
Strain distribution
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Crack widths

detailed with shape memory alloys.

1. Introduction

Reinforced concrete (RC) walls form the backbone of millions of mid-
and high-rise buildings around the world. In the event of strong ground
motions from an earthquake, the RC walls provide the primary resis-
tance against the generated lateral forces due to their large relative in-
plane stiffness. In modern earthquake engineering, RC walls are
designed with the intention of providing sufficient strength and ductility
(i.e., large but controlled deformations) with the aim of avoiding
collapse for a rare earthquake [67]. To provide the required strength,
modern walls are designed with additional (“lumped”) reinforcing steel
at the boundary ends of the wall. The steel bars in these “boundary re-
gions” are expected to perform inelastically to provide the required
deformation capacity and energy dissipation. However, the potentially
high plastic demands of the steel reinforcement in these boundary re-
gions results in permanent damage and is typically the source of the
residual displacements in RC buildings (i.e., the permanent relative
deformation of a structure with respect to its foundation). For example,
25% of buildings in Christchurch, New Zealand were no longer vertical
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after the M,, 6.3 earthquake in 2011 [57], where 60% of RC buildings
over three storeys were demolished because of extreme building tilts and
being declared “uneconomic to repair” [32]. While the primary perfor-
mance level of no collapse for modern-designed RC structures can
typically be achieved, the level of damage to structures and the eco-
nomic losses can be unexpectedly high [31]. In the case of Christchurch,
losses of more than $NZD 40 billion (i.e., 20% of the country’s GDP)
were accumulated from the event [50]. The current design philosophy of
collapse prevention (or life safe), while deemed satisfactory to most
engineers, no longer appears to satisfy the request of building owners
and the public at large, whom are overwhelmed by the extent of dam-
age, cordoning off of the city, and disruption to services [31]. Thus, in
addition to collapse prevention as a performance objective, more
attention needs to be paid - even after rare earthquakes — to the post-
earthquake repairability and serviceability of structures. Both can be
controlled by the peak inelastic displacement demand during the dy-
namic structural response, but residual displacement is also an impor-
tant criterion, and the one directly measurable after shaking. An
abundance of evidence in the last couple of decades, largely from post-
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earthquake reconnaissance missions [32,43,54], has attracted an
increasing number of analytical and experimental research focusing on
reducing residual displacements. Design and assessment provisions
considering residual displacement checks are being included in modern
international codes, either explicitly or through indirect verifications,
with recent studies indicating that a maximum permissible residual drift
(i.e., ratio of the permanent building displacement to the building
height) of 0.005 rad (=0.3°) could be used [52]. A recent investigation
by the authors used an extensive number of experimental results from
RC wall specimens to determine the relationship between the residual
displacement and the in-plane drift [37]. These preliminary results
reveal that conventional RC walls (detailed with steel) exceed, on
average, the residual drift limit of 0.3° when subjected to in-plane drift
demands greater than 1.5%. Therefore, to achieve more robust RC wall
building performances and reduce residual drifts after large earthquake
events, it is clear that engineers will not only have to design for larger
earthquake demands but will also need to implement better structural
technologies and materials [31].

Shape Memory Alloy (SMA) rebars have recently attracted some
interest from researchers and structural engineers because of their
ability to (i) recover displacements upon removal of stress, (ii) dissipate
energy through hysteretic damping, and (iii) provide strength and
displacement capacities comparable to conventional steel reinforcement
[2]. It is for these reasons that SMA bars have the potential to be used as
reinforcement in wall boundary ends, aiming to reduce residual dis-
placements and ultimately decrease societal and economic impacts after
seismic events. Although actual application of SMAs in civil engineering
is still rare, there has recently been a considerable research effort in a
wide range of seismic design applications, such as vibration control
[73,74], base-isolation [14], and retrofitting [28,42]. There has also
been some research using SMA bars to reinforce concrete structures,
particularly in RC columns [7,10,64,65,66]. The authors also acknowl-
edge the three wall specimens tested with SMA bars [2,21,45], which all
experienced some experimental or laboratory limitations that essentially
restricted the seismic performance of these specimens, including: (i) no
axial load was applied to all three wall specimens, which has been
shown to greatly reduce the residual displacements [24,37,49] and (ii)
low shear spans (i.e., ratio of wall height to length) were used for all
three specimens, representing low-rise buildings only. Regarding the
latter of these issues, the construction and testing of considerably taller
and more expensive units is not always possible [33].

An experimental program was undertaken at Université catholique
de Louvain (UCLouvain) in the Institute of Mechanics, Materials and
Civil Engineering (iMMC), where two large-scale (2:3) RC walls were
subjected to quasi-static cyclic loading protocols. In one specimen, rib-
bed steel rebars were replaced by nickel titanium (NiTi) SMA bars over a
limited height above the base and inside the wall boundary element
regions. The employed test setup allowed imposing an axial load as well
as a large shear span, forcing the walls to behave in flexure as repre-
sentative of medium to high-rise buildings. The full experimental test
setup, loading procedures, material properties, and initial test observa-
tions for the two wall specimens is described in Almeida et al. [5]. For
sake of brevity, only a brief overview of the experimental test setup will
be provided here. The primary purpose of this research paper is to
examine two basic assumptions that can be employed for the simulation
of reinforced concrete walls with shape memory alloy rebars, namely
plane-sections-remain-plane and plastic hinge length. They are based on
a critical analysis of new experimental findings from the tests, which
were not examined or reported before, using the results from different
instrumentation, including digital image correlation techniques that
captured the displacement field of the surface of the wall specimens.
Strain profiles are calculated from the displacement fields, which are
also used to calculate curvature profiles and crack distribution with
salient crack widths. These findings will help future validation and
calibration of models that attempt to simulate the behaviour of these
types of walls. They can also be used to modify or derive mechanical
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models for the seismic assessment of RC walls, which will help to
develop more robust guidelines in future building codes for the design of
RC walls detailed with conventional steel and shape memory alloys.

2. Testing instrumentation and analysed experimental data

A summary of the tests by Almeida et al. [5] - focusing on the in-
formation required for this investigation — is given in the following
sections, including the loading protocol and the instrumentation used.
The original dataset from these wall tests, which is used for the subse-
quent analyses herein, is also publicly accessible through the UCLouvain
Dataverse platform under the https://doi.org/10.14428/DVN/2QBQVJ
[6].

Two wall units at 2:3 scale with identical geometry were tested. A RC
wall detailed completely with conventional steel (herein denoted spec-
imen RC) was designed in accordance to the Eurocode 8 [15], an iden-
tical RC wall was also tested but detailed with four SMA rebars at the
base of each boundary element (herein denoted as specimen RC 4+ SMA).
Each wall unit was 2000 mm tall, 200 mm thick, and 1200 mm long, and
included a top loading beam (450 x 400 x 2400 mm3) and a foundation
block (600 x 400 x 2800 mm?®). Fig. 1a illustrates the main geometry
and the reinforcement layout of the two test specimens. For the RC +
SMA specimen (Fig. 1a), SMA rebars made of nickel titanium (NiTi)
alloy were used with a diameter dy; = 12.7 mm, which replaced the
bottom 270 mm of longitudinal steel reinforcement in the wall. The NiTi
rebars were selected such that their uniaxial strength after full
martensitic transformation was smaller than the steel rebar yield
strength, hence guaranteeing that the SMA cyclic pseudoelastic response
could be well explored before yielding of the steel rebars. The applica-
tion of these capacity design principles in the axial direction of the
longitudinal rebars was completed by the simultaneous verification that
the NiTi rebar ultimate strength was higher than the yield strength of the
steel rebars. In this way, a spread of plasticity throughout the wall
(above the SMA rebar) is also assured for larger inelastic displacement
demands. Note that this phase of SMA response is accompanied by a
regain in stiffness of the NiTi rebars in their martensitic phase, which
contributes to limit the displacement demand in the wall during strong
ground motions. Finally, the ultimate strength of the SMA rebars is also
higher than the ultimate strength of the steel reinforcement, which
avoids rebar failure in the SMA region. Mechanical couplers with an
approximate length of 140 mm were used to connect the SMA and
conventional steel rebars (Fig. 1c¢). More information regarding the
specifics of the material and mechanical properties of the concrete, steel,
and SMAs can be found in Almeida et al. [5].

The test setup was assembled at the technological platform Labo-
ratoire Essais Mécaniques, Structures et Génie Civil (LEMSC) of the iMMC at
UCLouvain. The setup is shown in Fig. 1d and consisted of two inde-
pendent steel frames fixed to the laboratory strong floor, one supporting
the vertical actuators and the other serving as a reaction frame for the
horizontal actuator force. The vertical actuators apply an axial load of
350 kN to the specimens, corresponding to an axial load ratio (ALR) of
approximately 3.0%, as well as applying a varied bending moment that
corresponds to a constant shear span (M/VL,, = H./L,,) of 3.6. The out-
of-plane displacement at the height of the RC beam was prevented by
using sliding supports that were attached to lateral bracing frames (i.e.,
blue lateral frames in Fig. 1d). The horizontal actuator applied the
reverse cyclic displacement history to the top RC beam of the specimens,
which followed an exponentially increasing displacement envelope.
Almeida et al. [5] and Steinmetz & Wyckmans [69] developed this ad
hoc quasi-static loading protocol from the results of nonlinear dynamic
analyses.

Throughout testing, the wall behaviour was monitored with con-
ventional instrumentation, including linear variable differential trans-
ducers, potentiometers, inclinometers, and a laser to monitor global
horizontal (in-plane) displacements of the loading beam. Nine Mitutoyo
digital micrometre sensors (Fig. 2a) were also placed at the base of the
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Fig. 1. Cross-section and longitudinal reinforcement layout of test units (a) RC + SMA and (b) RC, (c) SMA-steel rebar assembly and mechanical coupler photo, and
(d) test setup assembly at the technological platform LEMSC for the test of the two walls.

Fig. 2. (a) Mitutoyo digital micrometres at the base (b) speckle pattern in Zones A and B captured by the digital image correlation technique for specimen RC and RC

+ SMA respectively.

wall, one in the centre and four on each side along the wall length, to
determine the vertical deformations caused by the expected large, pri-
mary crack between the foundation and the wall. The four sensors on
each side at the base were distributed over the 300 mm confined
boundary end (see Fig. 1a), spaced at 100 mm. These Mitutoyo sensors
determine the displacement to the micrometre. A speckle pattern for
digital image correlation (DIC) measurements was applied to the surface
of each specimen (Fig. 2b) by a stencil to produce a random pattern of
black dots with an approximate diameter of 4 mm. High resolution (12
Megapixel) cameras recorded monochrome (i.e., black and white) im-
ages at a frequency of 0.1 Hz (i.e., every 10 s) during testing. Two
different zones captured the surface of the wall for the separate speci-
mens (Fig. 2b): for the RC unit, a lens with a focal length of 25 mm was
placed at 3.8 m from the wall, which limited the maximum height (from
the base of wall) that could be captured by the camera. Zone A in Fig. 2b

for specimen RC corresponds to the full length of 1.2 m and a height of
1.3 m. For unit RC + SMA, Zone B was achieved, which captured the
entire wall surface (i.e., length of 1.2 m and height of 2 m). The images
were processed using vIC-2D (Correlated [20], where the displacement
and strain fields were exported into a binary data container format for
MATLAB [51] to be analysed. The red circle markers in Fig. 3 indicate
the cyclic peak displacement and force values corresponding to the DIC
results that will be used later in this paper to derive the salient experi-
mental observations.

3. Strain and crack distributions
This section presents strain and crack distribution results using the

DIC data for the two wall units. More specifically, this section presents
the strains distribution across the face of the walls in the form of heat
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Fig. 3. Circles indicate the load steps captured by the digital image correlation (DIC) that were used for this investigation (a) unit RC + SMA and (b) unit RC.

maps. Furthermore, the principal strains from the DIC data are used to
calculate crack patterns and crack widths, which are compared to the
sketches documented during the experiments.

The longitudinal strain distributed across the face of the walls was
determined from the DIC data and using a base length of 100 mm. This
base length was the same as that used in Hoult & Beyer [38] to derive
vertical strains from DIC data for RC U-shaped walls. The displacement
field from the speckle pattern on the walls (Fig. 2b) does not capture the
strain penetration into the foundation. This is particularly important for
the two wall specimens investigated in this paper, which were both
found to have a large, primary crack forming at the base that resulted in
much of the plastic rotation occurring at the foundation level [5]. Thus,
instead of relying solely on the DIC data, the micrometres (Fig. 2a) were
used to estimate a more reliable value of the tension strain at the base,
which included an approximate length of strain penetration into the
foundation. The micrometres measured the vertical deformation of the
wall at the base over a length of 60 mm, in addition to the vertical
deformation from the strain and slip of the reinforcing bars below the
foundation level. The vertical length in the foundation over which this
additional deformation occurs is defined here as the strain penetration
length (Lg), which can be estimated using Equation (1) from Priestley
et al. [61] for deformed longitudinal steel according to:

L,, = 0.022f,,dy )]

where f;, is in MPa.

Using the mechanical properties for the steel bars in Almeida et al.
[5] (fsy = 517 MPa), the Ly, for the dy = 12 mm reinforcing steel was
estimated to be 136 mm. Therefore, the longitudinal tensile strains at the
base were calculated from the micrometres assuming that the vertical
elongation is captured over a base length of 196 mm (i.e., 60 mm base
length of the micrometres in addition to the Lg,). Given the paucity of
research focusing on the yield penetration length of smooth SMA rebars,
a Ly, of 140 mm is used for these bars, which corresponds to the length of
the SMA bars into the foundation and terminating in the mechanical
coupler, which in view of its bulky dimensions is considered to be fixed
inside the foundation.

The resulting longitudinal strains are presented in Fig. 4 for unit RC
+ SMA in the form of a heat map at a drift of 0.4% and 1.4% in the East
and West directions (according to the cardinal points that are given in
Fig. 1a). A drift level of 1.4% drift corresponds to the peak strength
attained by unit RC + SMA (see Fig. 3a). The reinforcement detailing of
the wall is also superimposed in the heatmaps. Fig. 4 illustrates that the
largest strain demands are concentrated at the base of the wall. While it
is not immediately obvious in Fig. 4, due to the magnitude of the tensile
strains at the foundation-wall level, some strain demands also

accumulate over some length across the section of the wall into web. At a
drift of 1.4% to the East (Fig. 4d), large tensile strains can be observed in
the web of the wall at approximately 250 mm from the base, i.e. within
the SMA rebar region length of 270 mm. This type of strain distribution,
with large demands reaching the web, could explain the steel rebar
ruptures heard during testing [5]. Steel rebar rupture in the web section
of the wall, prior to the SMA bars in the boundary ends, have also been
reported in other testing on walls with similar detailing [2,45]. There
are several reasons for this behaviour, including the light amount of steel
used to reinforce the web region of the wall. However, it is believed that
a significant cause for this accumulation of strain into the web is the
large difference in axial stiffness between the SMA rebars used in the
extremities of the wall and the conventional steel used in the web, due to
the difference between the Young’s modulus of the SMA and the steel,
respectively 31 GPa and 205 GPa. This is an important point for design
and assessment, which should be further explored.

For the specimen RC (Fig. 5), the longitudinal strains could only be
calculated up to a wall height of 1200 mm due to the aforementioned
DIC limitations during this unit test [5]. The resulting longitudinal
strains in Fig. 5 for unit RC are presented for drift levels of 0.4% in both
the East and West, 1.3% (West), and —1.0% (East). The strain distri-
butions at 0.4% drift for this wall unit represent those prior to the for-
mation of the foundation cone at —0.9% drift [5]. Drift levels of 1.3%
and —1.0% correspond approximately to the peak strengths attained by
RC unit in either of the directions (see Fig. 3a). At these two drift levels
(1.3% and —1.0%), one can observe some, albeit limited, distributed
inelastic strains up the height of the wall prior to a concentration of
strain at the base crack, which ultimately resulted in failure of this
specimen governed by rebar rupture. The strain heat maps for specimen
RC at these drift levels are typical of a flexurally-governed wall, with
large tension or compression strains being reach in the respective
extreme fibre regions.

The documented crack patterns that were sketched by hand during
testing are presented in Fig. 6. Previous research investigations have
produced crack patterns of RC specimens from DIC strain fields
[26,34,38]. A more recent research study developed a method for
automated-crack detection and crack measurement (ACDM) using the
DIC principal tensile strain data [29-30]. Using the ACDM procedure,
crack patterns and salient crack widths were determined for specimens
RC + SMA and RC in the two tested directions and for two drift levels.
The large base crack that formed between the foundation and the wall
for both specimens cannot be obtained from these analyses since it oc-
curs along the bottom edge of the zone monitored by the DIC. As such,
only the principal strains from the DIC data are used here, and not those
derived from micrometres previously in this section. The high resolution
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Fig. 4. Heat map of longitudinal strains of wall specimen RC + SMA using a base length of 100 mm at drifts levels of (a) 0.4% West, (b) —0.4% East, (c) 1.4% West,

and (d) —1.4% East (note the different scales).

(approximately 3.7 mm x 3.7 mm grid) principal strains determined by
vIC-2D (Correlated [20] were used in the ACDM method to estimate the
crack patterns and salient crack widths.

Fig. 7 illustrates the crack distributions using the ACDM procedure
for specimen RC + SMA, which correspond well to that documented
during testing illustrated in Fig. 6a. The largest crack widths estimated
from the ACDM procedure are indicated in Fig. 7 (above each crack, in
millimetres). For comparison, the manual crack measurements during
testing are also indicated in Fig. 7 (below each crack in between
parenthesis, in millimetres). The manual measurements were taken for
the cracks in the extreme tension boundary region of the wall using an
electronic crack measuring device, the values of which were only
released in the digital laboratory notebook available in the online
dataset [6]. Overall, the manual crack measurements taken during
testing correspond reasonably well to those determined using the ACDM

method in Fig. 7. The small discrepancies between the crack measure-
ments can be attributed to the two different methods used (i.e., human
error) as well as slight variations in the locations at which the crack
widths have been measured. As explained in the previous paragraph, the
salient crack widths of the large base crack that formed during testing of
the unit RC 4+ SMA could not be calculated using the ACDM procedure.
However, the digital laboratory notebook noted the largest crack width
at the base to be 2.592 mm and 11.665 mm for drift levels of 0.4% and
1.4% (to the West) and 1.863 mm and 8.425 mm for drift levels of
—0.4% and —1.4% (to the East); these crack widths are also indicated in
Fig. 7. A large crack, which forms in both loading directions, appears to
extend diagonally upward from the base in the extreme tension fibre
region and across into the web of specimen RC + SMA. The crack pat-
terns and estimated crack widths are consistent with a concentration of
strain demands at the base of the wall. The small length of the SMA
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Fig. 5. Heat map of longitudinal strains of wall specimen RC using a base length of 100 mm at drifts levels of (a) 0.4% West, (b) —0.4% East, (c) 1.3% West, and (d)

—1.0% East.

rebars, the use of mechanical couplers in the plastic hinge region, the
smooth surface of the SMA bars (and corresponding reduced bond
strength), and above all the capacity design principles employed to
select the SMA rebars (as explained in Section 2), contributed to control
the crack distribution. In particular, those factors limited the number of
cracks and respective width above the SMA region at the base, until the
yield strength of the longitudinal steel rebars was eventually reached.
Before this point, an essentially flag-shaped force-displacement
response was obtained, with strain demand concentrations at the base of
the wall. The latter will be further explored in Sections 4 and 5.

Fig. 8 illustrates the crack distributions using the ACDM procedure
for specimen RC (largest crack widths indicated above each crack, in
millimetres). A reminder that only the lower 1200 mm of this wall
specimen was captured using DIC techniques, and hence the top 800 mm
of the illustrated wall has been shaded. For comparison, the manual
crack measurements taken during testing [6] are also indicated in Fig. 8
(below each crack in between parenthesis, in millimetres). Near-
horizontal cracking occurs for this wall specimen, which was initially
noted in Almeida et al. [5], confirming the predominantly flexural
behaviour of the structure. At larger drift levels, some inclined flexure-
shear cracks can be observed high up the wall (Fig. 8b). It is noted that
an overall comparable shear-flexure crack pattern between the two wall
units can be observed for similar levels of large drifts above the base (see
Fig. 7d and Fig. 8d); however, this apparent similarity reflects in fact a

pre-failure condition for the RC + SMA unit, and post-failure for the RC
wall. As discussed later, the unexpected formation of a large foundation
“cone” was partly responsible for the concentration of strains at the base
of unit RC [5]. A more representative view on the behaviour of the units
should therefore be searched at drift levels preceding this cone forma-
tion. For example, by comparing Fig. 7a and Fig. 8a, or Fig. 7c and
Fig. 8¢, i.e. at 0.4% drift West and East, one can see that — above the base
— the number of cracks in the RC specimen is higher than for the unit RC
-+ SMA, and simultaneously that the maximum crack width is roughly
twice as large. In general, and although the RC wall plasticity concen-
trated primarily at the base crack for the larger drifts, the flexural cracks
up the wall height (Fig. 8b,d) are large enough to make a contribution to
the overall plastic rotation, which will be explored further in Section 5.
At large enough drifts, the RC wall specimen loaded to the East (Fig. 8d)
formed a large crack above the base in the web of the wall at a height of
approximately 75 mm, or the spacing between the foundation and the
first layer of shear reinforcement. The smaller amount of transverse
reinforcement in the web with respect to the boundary elements
(considering confinement reinforcement) can also help to explain the
larger average crack spacing in the web. The crack patterns produced
here from the strain maps correspond reasonably well to the sketches
drawn manually during the experiment (Fig. 6b). It is also interesting to
see the documented crack patterns higher up in the wall in Fig. 6b,
which were not captured by the DIC due to the discussed restrictions for
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Fig. 6. Sketches of final crack patterns documented during testing [5]: (a) unit RC + SMA (b) unit RC.
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this specimen. The outermost micrometre in the tension fibre region was
used to gage the approximate width of the primary base crack at the
foundation level, indicated in Fig. 8. The vertical uplift from the
micrometre was measured to be 9.93 mm at —1.5% to the East (Fig. 8d),
which was the direction of the formation of the foundation cone;
compare this to just 1.085 mm measured at the base at 1.0% drift to the
West (Fig. 8b).

4. Strain profiles and euler-bernoulli hypothesis

A linear strain profile across the wall length is typically assumed in

the design of RC walls using displacement-based design and assessment
procedures [70] and is inherent in moment-curvature estimates using a
sectional analysis. The linear-strain hypothesis is also used to determine
the flexural capacity of walls, which is compared with the demand ob-
tained in the scope of classical force-based design methods. This
assumption comes from the elementary theory of bending, or the
Bernoulli-Euler assumption, that plane sections remain plane after
bending. The application of this approximation is known to be only
appropriate when there is no shear stress or for when the structural
element has infinite shear stiffness [46]. This assumption is also not
necessarily justifiable for non-rectangular sections (e.g., U-shaped),
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Fig. 8. Crack distributions for unit RC overlaying principal strains (magnitudes not indicated) at drift levels of (a) 0.4% (b) 1.0% (c) —0.4% and (d) —1.5%. Crack
widths determined from the ACDM procedure are indicated above each main crack, whereas manual crack measurements are below the crack and in parenthesis (in

millimetres, not to scale).

where the effects of shear lag can substantially influence the strain
gradient across the wall section [19,38,40,56]. Even for slender
flexurally-governed rectangular walls with relatively high shear span
ratios, such approximation appears to hold only for elastic or relatively
incipient inelastic material demands according to numerical simulations
[4]. Such nonlinear strain gradients have been shown to occur experi-
mentally rectangular walls, appearing to be more pronounced with
higher concrete strengths [71]. Variation of the longitudinal reinforce-
ment ratio along the wall length has been found to exaggerate this
behaviour [22,23], particularly when walls have lumped reinforcement
in the boundary ends [35]. With a view to continue improving the
critical relation between material and member response, it is funda-
mental to investigate the strain gradient across the wall section. This is
performed below at the wall base and at different heights, and for the
first time when these two different reinforcing materials, conventional
steel and SMAs, are used.

Using the longitudinal strains derived from both the DIC data and
micrometres, Fig. 9a plots the distributed strain across the wall length
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and at four different vertical distances up from the base: 0-100 mm,
100-200 mm, 200-300 mm, and 300-400 mm. The strains for specimen
RC + SMA, at an in-plane drift of 1.4%, are used for this example. A
fluctuation of strain at different heights can be observed in Fig. 9a. This
fluctuation was also observed for the walls tested in Hoult & Beyer [38],
albeit more pronounced due to the non-planar section and the absence of
an axial load (i.e., no pre-compression to the wall). Some micrometres
detached from the walls during the experiments, which explains the
value of zero strain at an horizontal wall distance of 850 mm, marked
with the dashed line in Fig. 9a. Therefore, the same method used in
Hoult & Beyer [38] will be employed here, which uses the maxima
tensile or compressive strain found within 400 mm vertical distance
from the base and at each 100 mm increment across the wall length,
resulting in the strain distribution in Fig. 9b. This method was found to
be useful only for when large tensile strains could be observed in the web
region at some height up from the foundation (as observable in Fig. 4
and discussed in Section 3). However, for most of the drift levels
investigated here, the maximum strains at the base were found to be
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Fig. 9. RC + SMA wall at an in-plane drift (5) of 1.4% (to the West): (a) strain distributions along different vertical distances from the base and (b) resulting strain

distribution using the maximum (or minimum) strain values.
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within the bottom 0-100 mm, as expected. It can be observed, from
Fig. 9b, that the resulting strain distribution does not differ significantly
from a linear Bernoulli-Euler profile. However, there is clearly a
heightening of the tensile strain in the extreme tension fibre region,
which does diverge from the linear strain gradient assumption. For this
wall unit, it is likely that the difference in material stiffness of the
lumped SMA rebars in the boundary end compared to that of the con-
ventional steel used in the web is responsible for the observed strain
gradient behaviour.

Fig. 10 presents the vertical strain profiles, obtained with the above
method, for unit RC + SMA for a range of drift levels up to 1.4%. The
yield strain of the reinforcing steel used in both wall units was measured
as 0.0025 mm/mm [5], which is superimposed in Fig. 10 along the
length of the wall where longitudinal steel bars were used (see Fig. 1a).
A “pseudo-yield” strain of 0.01 mm/mm has also been indicated in
Fig. 10 in the tension boundary end of the wall where SMA bars have
been used. This pseudo-yield corresponds to the strain level at the end of
the austenite phase of the SMA rebar [37]. First yielding of the outer-
most steel for unit RC + SMA (located approximately 350 mm from the
tension wall edge) occurs at a drift ranging between 0.2 and 0.4%.
Pseudo-yield is reached at a drift ranging between 0.4 and 0.6%, at
which the nonlinear strain gradients for this wall are more pronounced,
particularly towards the East (Fig. 10b). At these drift levels of 0.4-0.6%
and to the East, there appears to be a spike in tensile strain in the
extreme tension fibre region, where the SMA rebars are located, which
does not conform to the linear strain profile assumption. Post-pseudo-
yield, the strains gradients are clearly more consistent with a linear
strain profile, although some nonlinearity still persists. Thus, these re-
sults indicate that, pre-pseudo-yield, the Bernoulli-Euler hypothesis,
that plane sections remain plane, may not necessarily be justifiable for
RC-SMA walls. Whether this greatly impacts moment—curvature esti-
mates using a sectional analysis requires further experimental and nu-
merical investigations.

Fig. 11 presents the vertical strain profiles at the base of unit RC, for a
range of drift levels up to 1.5%. First yield occurs at drift levels of around
0.4-0.6%, with strains in the extreme tension fibre region reaching
approximately 0.25%. Pre-yield, the strain profiles appear to be
approximately linear. After yielding, the strain profiles deviate gradu-
ally into a more nonlinear distribution. This is particularly true for the
RC wall at a drift of —1.5% (Fig. 11b), where there is a large rate of
increase in the tensile strains occurring in the boundary end. A nonlinear
distribution of strain post-yield was also observed in the planar RC walls
investigated in Dashti et al. [23]. In this latter investigation, a consid-
erable shift of the neutral axis at yielding and post-yielding stages of RC
wall specimens caused a nonlinear strain profile, which was found to be
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heavily dependent on the variation of the reinforcement ratio along the
wall length. It is also worth noting that, for this wall unit, an unexpected
foundation “cone” formed at a drift of —0.9% (to the East, Fig. 11b),
wherein the failure surface “dived” several centimetres into the foun-
dation. This resulted in a concentration of strains at the base crack and a
non-ductile performance of the wall [5]. This foundation cone could
provide another explanation for the peak observed in the bars in the
extreme tension fibre region, which is only observable when pushing the
wall to the East and is more pronounced after drifts of approximately
—0.8% (Fig. 11b). In comparison to the strain gradients of the RC + SMA
unit (Fig. 10), the strain profiles for the RC unit (Fig. 11) appear to be
more linear at earlier drift levels, which is very likely a consequence of
using an identical reinforcement material along the length of the wall,
with the same elastic modulus and roughly uniformly distributed. The
strain results here indicate that the assumption that plane sections
remain plane after bending may only be applicable to RC sections with
more uniform longitudinal reinforcement detailing. In particular, RC
walls with low amounts of longitudinal reinforcement detailed in the
web, in comparison to the boundary regions, are likely to have a more
nonlinearized strain profile across the wall.

To further investigate the Bernoulli-Euler hypothesis for these wall
units, the longitudinal strains calculated from the DIC and micrometre
data were plotted across the wall length at different wall heights. Fig. 12
illustrates the variation of longitudinal strains for wall unit RC + SMA
for two distinct drift levels towards the East: at —0.8% drift (Fig. 12a),
where the wall unit had yielded and concrete had started to crush [5],
and —1.4% drift (Fig. 12b), where the wall unit had reached its
maximum strength and started to degrade. At these two drift levels, the
variation of strains look very similar, although the magnitudes of the
strains are different. While the magnitude of the longitudinal strains at
the base crack vary marginally between the two drift levels (e.g., strain
increases of approximately 13%, although accompanied by an extension
along the section length), the strains above the base crack almost double.
Conforming with the previous results in Section 3, most of the vertical
strains appear to be concentrated at the base, which accounts for the
strains into the foundation (i.e., strain penetration). Just above this re-
gion, the largest vertical strains appear to be in the web of the wall, as
indicated previously in Section 3. The shape of maximum vertical strains
experienced above the base crack of this unit appear to be bell-shaped
across the length of the wall, with a peak in the web occurring at
approximately 400 mm from the base. It is also interesting to note that
the total height of the SMA rebars from the base, including the length
into the mechanical coupler, is approximately 410 mm. As postulated in
Section 3, it is likely that these unexpected strain gradients concen-
trating into the web of the wall are due to the difference in axial stiffness
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0
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Fig. 10. Longitudinal (vertical) strains at the base of wall unit RC + SMA when being pushed in the (a) West direction and (b) East direction.
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Fig. 11. Longitudinal (vertical) strains at the base of wall unit RC when being pushed in the (a) West direction and (b) East direction.
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Fig. 12. Longitudinal strain profiles (or gradients) across the wall of unit RC + SMA at different heights being pushed towards the East (i.e., in the direction of right

of page) at drifts of (a) —0.8% and (b) —1.4%.

between the SMA rebars and the conventional steel, as well as the light
amount of steel used to reinforce the web of the wall. The presentation of
these strain results in Fig. 12 further highlight the issue with assuming a
linear strain profile across the wall section, which may be an inappro-
priate assumption for the design and analysis of RC-SMA walls.

Fig. 13 illustrates the variation of longitudinal strains for wall unit
RC for two distinct drift levels towards the East: at —0.8% (Fig. 13a),
which is the drift level prior to the formation of a large foundation cone
and likely rebar fracture [5], and —1.5% drift (Fig. 13b). Unlike the
strain variations for the RC + SMA unit (Fig. 12), which appeared to be
consistent across the drift levels, there are some noticeable variations for
the RC unit. For example, at drift levels prior to the onset of the unex-
pected foundation cone (i.e., 5§ < 0.9%), the vertical strains up the wall

10

height and across the length of the wall appear to be consistent with a
flexurally governed wall with well distributed cracks. The magnitude of
the vertical strains at the base crack of the RC unit are much less than the
strains experienced at the base by the RC + SMA unit for the same level
of drift of —0.8% (e.g., compare Fig. 13a with Fig. 12a). Furthermore, a
more distinct compression zone can be observed in Fig. 13a for the RC
unit in comparison to the RC + SMA unit (Fig. 12a), particularly at the
base. At this level of drift (5 = -0.8%, Fig. 13a), the strain profiles across
the wall and clear compression zone indicate that a simple linear strain
gradient assumption could be applicable for this wall. Eventually, the
formation of the foundation cone was accompanied by a sudden increase
of the base crack width (at the tip of the cone), which also corresponded
to a reduction of widths of the cracks above this primary base crack [5].
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Fig. 13. Longitudinal strain profiles (or gradients) across the wall of unit RC at different heights being pushed towards the East (i.e., in the direction of right of page)

at drifts of (a) —0.8% and (b) —1.5%.

This observation conforms with the strain variations in Fig. 13b, where
the magnitude of the vertical strains at the base crack substantially in-
crease, while the strains above this base crack at a drift of —1.5% appear
to be of similar magnitude to those at —0.8% (in Fig. 13a). There also
appears to be a spike of strain concentration in the lightly reinforced
web after the formation of the foundation cone (Fig. 13b), which is
consistent with the crack patterns presented in Section 3. The unin-
tended consequence of the concentration of strains at the base, as
indicated in Fig. 13b, question the validity of the assumption that plane
section remains plane after bending for RC walls that behave in this non-
ductile manner.

5. Equivalent plastic hinge lengths

A plastic hinge analysis (PHA) is one of the most widely used and
simplest methods for calculating the displacement capacity of RC
structures that are susceptible of being idealised as single-degree-of-
freedom systems [4]. This method appeals to design engineers because
(i) it is straightforward, (ii) it is based on familiar engineering quantities
(e.g., moments and curvatures), and (iii) it has been partly incorporated
into many seismic building standards [3]; Canadian Standards
[13,16,17,41,68]. The PHA acknowledges that the top displacement of a
cantilever wall is the summation of the deformation components pri-
marily due to flexure, shear, and strain penetration, and where the ul-
timate displacement capacity is the summation of yield and plastic
displacement contributions. In reality, the inelastic strains and curva-
tures will vary considerably up the height of the wall. However, in a
PHA, the inelastic curvature is assumed to be uniform over a height
equal to the plastic hinge length (L,) [27]. Many empirical expressions
are available in the literature for calculating L,, which have been pri-
marily derived from experimental or numerical investigations on beams,
columns, highly confined walls, or bridge piers
[12,44,55,60,59,61,63,70,72]. These expressions are generally limited
to the range of design parameters that were used in each study. Based
mostly on RC beam tests, an approximation for L, as half the length of
the wall (Equation (2)) was thought by many researchers to provide a

safe and lower bound estimate [55,59,62,72].
L,=05L, (2

Subsequently, Equation (2) was embedded in building standards to
determine the design L, for walls [41,68], or used to determine other
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design expressions, such as defining when confinement is needed in wall
boundaries (Canadian Standards [13]. Yet, numerous numerical studies
[12,18,39,44] and experimental studies [1,25,48] have shown that
Equation (2) can significantly overestimate the actual L, of RC walls,
which results in unconservative estimates of the displacement capacity
of the structure. More recently, a study by one of the authors derived the
plastic hinge length for 487 numerical and 234 experimental walls
detailed with conventional steel to propose Equation (3) [36] for the
assessment of RC walls detailed with steel rebars. While there are many
empirical equations available for calculating the Ly, it is assumed that
Equation (3) reflects the latest developments in this area of research.

3

where r is the secondary cracking ratio (=1.0 for the walls, as in the
present study), L,, is the wall length (=1200 mm), H, is the effective
height of the wall (=4320 mm), ALR is the axial load ratio (=0.03), and v
is the shear stress parameter defined with Equation (4).

L, = r(0.13L, + 18HX%) (1 — 0.3ALR)(1 — 0.13Inv)

V= Vmax (4)

An/f.

where Vo is the maximum base shear, A, is the gross cross-
sectional area of the wall (=240,000 mmz), and f is the compressive
strength of concrete (=49.2 MPa). Using the experimentally determined
Vinax (Fig. 3), the shear stress parameters (v, Equation (4)) for specimen
RC and RC + SMA is estimated to be 0.09 and 0.08, respectively. These
low shear stress values reflect a planar wall governed by flexure.

A series of studies have also focused on deriving L, for RC structures
detailed with SMA rebars. Billah and Alam [11] numerically investi-
gated the L, of circular RC bridge piers detailed with SMAs for a range of
design parameters, and derived Equation (5).

L H ,
[-=1.05+(025ALR)+0.08 (f) +0.0002f, g1 —0.16p,—0.019f. —0.24p,

(5)

where f,.sma is the pseudo-yield strength of the SMA bars (=319
MPa), p; is the longitudinal reinforcement ratio (=0.85%), p; is the
transverse reinforcement ratio (=0.67%), and f . is the concrete strength
(=49.2 MPa).

More recently, a numerical study investigated the plastic hinge
length of rectangular concrete columns reinforced with NiTi SMA bars
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[47] and derived Equation (6).
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(6)

where E7 / E4 is the strain hardening ratio of the SMA rebar (=0.08)
and s;/dp; is the transverse reinforcement spacing to longitudinal rein-
forcement diameter ratio (=11.8).

The authors have some reservations with regards to using Equations
(5) and (6) for comparisons to the L, values derived here for the RC +
SMA wall unit. Firstly, these two expressions have been derived for RC
columns, not walls, with a specific range of design values. Additionally,
the methods employed to determine the inelastic strain profile, and thus
the resulting equivalent L, involved a number of less refined assump-
tions that can limit the validity of the resulting predictive equations.
Moreover, neither of these studies to derive Equation (5) and (6)
modelled the bond behaviour between the concrete and the SMA rebars,
which is likely to make a significant contribution to the performance of
these structures. These equations also involve a large number of input
parameters to derive an estimated L, value.

Instead, what has been proposed by the authors is that the L, of RC
walls detailed with SMA bars at the base is simply equivalent to the SMA
bar length used (i.e., L, = Lp.sma)- The results from state-of-the-art finite
element modelling of RC walls detailed with SMA rebars support this
supposition [37]. Recent experimental testing on two RC columns were
also found to have plastic hinge lengths of approximately 343 mm and
457 mm [47,58], which were equivalent to the two different SMA bar
lengths used at their base. Thus, the authors believe that Ly gp4, which
excludes the overlap length in the mechanical couplers (see Fig. 1c),
could be used to determine a conservative estimate of the L, for RC walls
detailed with smooth SMA rebars. More experimental testing on RC
walls detailed with SMA rebars is needed to confirm the validity of this
assumption (i.e., that L, = Ly sua for RC 4 SMA walls).

Curvature profiles are herein calculated with the intention of
deriving the experimental L, to compare with the expression above. The
curvature profiles for units RC + SMA and RC are given in Fig. 14 for a
range of significant drift levels. These curvatures were determined from
the strain values in the extreme compression and tension fibre regions
using the DIC and Mitutoyo micrometre data. The Bernoulli-Euler
principle (i.e., linear strain profile through the section) was assumed
in these calculations. As observed in Section 4, this assumption is not
always necessarily justifiable, however, for simplicity, a linear strain
profile is assumed in this section for calculation of the curvature profiles.

The nominal yield curvature (&) profile is superimposed in the
following figures, where a linear yield curvature profile up the wall
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height is assumed [61]. For simplicity, the curvature at first yield (¢ )
was calculated using a sectional analysis for the RC unit [8], and thus ¢,

at the base is found by linear extrapolation (e.g., @y, = d);}d “, where My,
Y

and M, are the first yield and ultimate moments, respectively).
Furthermore, for the RC + SMA unit (Fig. 14a), a nominal “pseudo-
yield” line is superimposed, which was obtained through the method
similar to the one indicated above for the RC specimen cross-section. As
defined in Section 4, the “pseudo-yield” here corresponds to the strain at
the end of the austenite phase of the SMA rebar [37], which approxi-
mately corresponds to the start of a plateau in the stress—strain relation.
Fig. 14a shows that the nominal “pseudo-yield” for the RC + SMA
specimen was attained very early on, at drifts between 0.2 and 0.4%,
which appears to be visually consistent with the force-displacement
curve in Fig. 3a and the results in Section 4 (Fig. 10). Unlike the RC
specimen, which showed some distributed plasticity up the wall height
prior to the premature failure (see Section 3), the curvature profiles for
RC + SMA specimen show a concentration of the curvature at the base of
the wall with very limited curvature demand higher up in the wall.

The curvature profiles for the RC unit (Fig. 14b) show that yield is
attained at a drift of approximately 0.4%, consistent with the observa-
tions made in Section 3, after which the curvature varies considerably up
the wall height. At a drift of approximately 1.4%, the RC specimen to the
West shows spread of plasticity occurring up to heights of around 1.2 m
from the base (i.e., the maximum height captured by the DIC cameras for
this specimen). Conversely, to the East at 1.4% drift, the plastic curva-
tures are observed to concentrate at the base of the wall in Fig. 14b. This
observation is consistent with the preliminary summary of experimental
results in Almeida et al. [5], where an increase in the base crack width
accompanied by a small reduction of the widths of the cracks above,
could be observed for this specimen after 0.9% drift. These curvature
profile observations in Fig. 14 are consistent with the strain heat maps
presented in Fig. 4 and Fig. 5 for the RC and RC + SMA specimens,
respectively.

The equivalent plastic hinge length (L) can be determined from the
experimental results by assuming that the plastic rotation (6,) is
equivalent to an area with height of L, and width &, (Equation (7)):
0, 0,

L, ="

o, O,-0, @

where @, is the curvature at the ultimate limit state and 6, is the
plastic rotation.

The curvature distribution up the height of a cantilever wall can be
used to determine 6. As is well known from the first moment area
theorem, the rotation is equal to the area under the curvature distribu-
tion. The plastic rotation can hence be determined using Equation (8).
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0, = /OH |D(x) | — @, (x) dx €))

where @(x) is the curvature found at a height of x along the canti-
lever wall, @,(x) is the curvature at a height of x when the nominal yield
curvature @, is attained at the wall base, and H is the point of contra-
flexure (i.e., the application height of the actuators for these experi-
mental units). Only curvatures @(x) that are larger in absolute value
than @, are considered in the integral above. It is also worth empha-
sising, as previously discussed, that a linear yield curvature profile is
assumed and depicted in Fig. 14a,b. Furthermore, for calculating the L,
estimates of the RC + SMA unit, the nominal pseudo-yield curvature is
substituted in Equation (8) for the @,.

Fig. 15 plots the equivalent plastic hinge lengths (L) as a function of
drift for units RC + SMA and RC, which were derived from the curvature
profiles in Fig. 14 and Equations (7) and (8). The L, results for specimen
RC + SMA, shown in Fig. 15a, are consistent throughout the range of
drifts. This is indicative of a concentration of strain demands at the base
of the wall unit throughout the drifts imposed during testing, where the
increase in magnitude of plastic curvature at the base is consistent with
that of the plastic rotation (Equation (7)). It is likely that many factors
have resulted in the concentration of strain demands at the base for this
wall unit, including the small SMA bar length used, as well as the surface
condition of the SMA bars and corresponding reduced bond strength
[53]. The results in Fig. 15a further substantiate that a L, equivalent to
the SMA bar length used (i.e., L, = Lp.sma) can provide a reasonable
estimate. The expression from Billah and Alam [11] (Equation (5)) also
predicts a reasonable and slightly conservative estimate of the L, for this
wall unit in comparison to the experimentally derived values. However,
it is interesting to note that numerical research previously conducted by
the authors indicated that the shear span had no effect on the resulting L,
for flexurally governed RC walls detailed with SMA bars at the base [37].
In contrast, if the wall in question had, say, double the shear span, the L,
estimate using Equation (5) from Billah and Alam [11] would more than
double. And so, while Equation (5) from Billah and Alam [11], derived
for RC columns, has shown to produce a reasonable prediction for this
wall unit, it is not clear if this expression would be accurate for other
mid- or high-rise walls with SMA bars used at the base. More experi-
mental results are needed to further verify these findings before any
recommendations can be made with confidence. The expression from
Lee et al. [47] (Equation (6)) estimated an unrealistically low L, of just
60 mm, which is possibly a result of being specifically derived for RC
columns and not walls.

The experimentally derived L, values for the RC unit in Fig. 15b
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appear to decrease as a function of drift, before starting to plateau when
reaching the 0.9% drift. This is consistent with previous experimental
results that have found the value of L, of RC walls (detailed with con-
ventional steel) generally decrease asymptotically as a function of drift
prior to a plateau [9,25,38]. The L, values plateau towards magnitudes
less than what is predicted by the two relevant L, expressions (Equation
(2) and Equation (3)), particularly for those estimated in the East di-
rection. However, there are several points to consider to understand this
difference. Firstly, the DIC data for this specimen, used to derive the
strain and curvature profiles, was restricted to a height of 1200 mm from
the base of the wall (Fig. 14b). It is probable that some inelastic strains
(and consequent plastic rotation) were not captured above this height,
which would have resulted in larger plastic hinge lengths. In fact, the
documented crack distributions in Fig. 6b support this supposition.
Furthermore, the reported hysteresis shape of the RC unit was thinner
than usual for RC members after the formation of the large base crack
and foundation crack (i.e., after a drift of 0.9% is achieved, indicated in
Fig. 15b), indicative of a restrained spread of plasticity [5]. Thus, it is
likely that this wall had the potential for a larger L, corresponding to a
better distribution of strains and curvatures up the wall height, but this
was prevented due to the premature damage observed. The foundation
cone that formed when pushing the RC wall unit towards the East could
also explain the smaller L, values in comparison to those obtained for the
West direction in Fig. 15b for the entire drift range.

6. Conclusions

New experimental research findings were presented for the seismic
performance of planar RC walls detailed with shape memory alloy rebars
using digital image correlation techniques. They were employed to
investigate the applicability of the Euler-Bernoulli hypothesis by
computing strain distributions and the plastic hinge length. The two wall
specimens were tested at the LEMSC laboratory of the iMMC at
UCLouvain, Belgium. The initial test observations for the two wall
specimens were described in some detail in Almeida et al. [5]. A sum-
mary of the new research findings herein investigated are given below:

e The specimen detailed with shape memory alloys was found to
concentrate strains at the base throughout the entire drift range until
failure, in contrast to the unit fully detailed with steel rebars, which
was in agreement with the design approach and allowed the spread
of plasticity above the base. Notably, some concentration of large
tensile strains in the lightly reinforced web of the wall was also
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Fig. 15. Equivalent plastic hinge lengths derived from experimental (“Exp.”) curvature profiles, and some expressions available in the literature for specimen (a) RC

+ SMA and (b) RC.
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observed, which can be related with the large difference of the
Young’s modulus between SMA and steel rebars. Further research
needs to be carried out to investigate this important point for design
and assessment.

The crack distribution and crack widths further confirmed the con-
centration of strains at crack locations close to the base of the walls.
A large crack in the web for both specimens was likely due to the
light amount of steel used in the web, both longitudinal and trans-
verse, and emphasises the need for careful detailing in this area.
Overall, the Bernoulli-Euler assumption, ‘plane sections remain
plane’, reasonably simulated the near-linear strain profiles across the
section for both specimens. However, the wall section was not very
long, which may have limited the deviation of the strain profile from
linearity, which has been pointed out in other studies. Some
nonlinear branches of the post-yield strain profiles across the section
could be observed, particularly for the specimen detailed with steel.
The RC wall unit detailed with SMA rebars experienced a spike in
tensile strains in the boundary ends, which did not conform with the
linear strain profile assumption. This “spike” in tensile strain was
likely to be due to the large difference in axial stiffness between the
SMA rebars used in the extremities of the wall and the conventional
steel used in the web, which may be an important consideration for
the future design and assessment of these types of structures - it is
recommended that this be further explored in future research.

The equivalent plastic hinge length of the specimen detailed with
shape memory alloys was near constant throughout the drift range. A
plastic hinge length value equal to the shape memory alloy bar
length used at the base was found to reasonably predict the experi-
mentally observed values, further substantiating other recent
research. This is a useful finding for engineering practice, which
should be further confirmed by future experimental and numerical
investigations varying the reinforcement detailing of the SMA rebars
in the wall.

The equivalent plastic hinge length computed for the specimen
detailed solely with steel was found to be less than the predicted
length as found by other common or state-of-the-art proposals. It is
likely that the unexpected and premature formation of a large base
crack for this specimen restricted the growth of plasticity up the
height of the wall from the base and ultimately resulted in a reduced
plastic hinge length.

Numerical data

The dataset from the research investigation undertaken in this paper
can be downloaded from the publicly accessible platform Dataverse,
https://doi.org/10.14428/DVN/EBOKYW. The structure of the data
folders is described in the report ‘Data_-
organization_Hoult_and_Almeida_2022.pdf’, also available for down-
load. The following data is provided: (1) Digital Image Correlation
output files (2) MATLAB processing scripts to reproduce results and
figures. This readily available dataset allows transparency of the data
and files that were used to compile the results in this paper.
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