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Recent experimental results have shown that current minimum vertical reinforcement limits in many
concrete design standards are insufficient to ensure that large ductility can be achieved during earth-
quakes. A detailed finite element model was developed in VecTor2 to provide a tool for further investi-
gating the seismic behaviour of lightly reinforced concrete (RC) walls. The model was verified using
experimental data from recent RC wall tests with minimum vertical reinforcement, and was shown to
accurately capture both the overall response and local response parameters with good accuracy such
as the cyclic hysteresis response, crack pattern, and vertical reinforcement strains. The model could also
be used to estimate the drifts at which reinforcement buckling initiated and when reinforcement frac-
tured occurred. The results from additional analyses showed that a potential size effect exists when con-
sidering the failure of lightly reinforced concrete walls. When keeping the reinforcement ratio and shear
span ratio constant, the lateral drift capacity decreased significantly as the wall length increased. Using
reinforcement with higher strength and lower ductility did not significantly impact the crack pattern, but
did decrease the lateral drift capacity of the walls. Furthermore, reducing the strain hardening ratio of the
reinforcement, or increasing the concrete strength, both resulted in a reduction in secondary cracking in
the plastic hinge region and a reduced lateral drift capacity. It is recommended that wall length and
average material properties should be accounted for when assessing the seismic behaviour of lightly
reinforced concrete walls or when developing design standard requirements.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In regions of low or moderate seismicity, reinforced concrete
(RC) walls with minimum vertical reinforcement are common
when the dimensions of the wall are larger than that required for
strength, or when axial loads provide sufficient flexural capacity.
Recent research suggested that the minimum vertical reinforce-
ment limits in the current version of the New Zealand Concrete
Structures Standard, NZS 3101:2006 [1], may be insufficient to
ensure that a large number of distributed cracks form in the plastic
hinge region of RC walls [2]. A series of tests were recently con-
ducted on six RC walls designed in accordance with the current
minimum vertical reinforcement requirements in NZS 3101:2006
[3]. The test results confirmed that RC walls designed with mini-
mum allowable distributed vertical reinforcement are unlikely to
form a large number of secondary cracks in plastic hinge region,
with the behaviour of the test walls controlled by 1–3 large pri-
mary flexural cracks at the wall base. The observed performance
of these six test walls was better than that observed in several
lightly reinforced concrete walls that were damaged during the
2010/1011 Canterbury Earthquakes, where a single crack occurred
at the wall base [4]. However, behaviour dominated by a limited
number of wide flexural cracks can still lead to premature fracture
of vertical reinforcement and low lateral drift capacities.

The tests conducted by Lu et al. [3] included six RC walls with
identical dimensions that were approximately 40–50% of full-
scale. Three parameters were varied during the tests, including
shear span ratio, axial load, and anti-buckling ties. Other important
variables such as wall dimension and scale, reinforcing steel prop-
erties, and concrete strength were not investigated during these
tests. The effect of these parameters have been studied by numer-
ous researcher for RC beams, however, there is limited existing
research that highlights how these parameters influence the beha-
viour of RC walls with minimum vertical reinforcement. To inves-
tigate a wider range of parameters for lightly reinforced concrete
walls, a numerical model capable of accurately capturing both
the overall and local response was required. Despite extensive
modelling techniques existing for RC walls, few numerical models
have been developed or verified for flexure-dominant lightly
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reinforced concrete walls. Wibowo et al. [5] proposed a lumped
plasticity model for lightly reinforced concrete walls for use as a
simple design tool, but this technique does not model the local
behaviour and so cannot accurately capture the crack distribution
or lateral drift capacity when considering different failure modes.

The aim of this study was to develop a reliable model of lightly
reinforced concrete walls that can accurately capture the overall
lateral load response in addition to local response parameters such
as crack pattern and reinforcement strains. A detailed finite ele-
ment model was developed using plane stress membrane elements
in VecTor2 and was verified against experimental results from
recent tests on RC walls with minimum vertical reinforcement.
Additional analyses were conducted using the developed model
to investigate the effect of key parameters that were considered
important for lightly reinforced concrete walls, but had not previ-
ously been investigated experimentally. Recommendations are
provided regarding how these parameters should be accounted
for when designing or assessing the seismic behaviour of lightly
reinforced concrete walls.
2. Review of RC wall modelling

A large number of modelling approaches have been proposed
for RC walls. These modelling approaches can generally be divided
into four main categories: lumped plasticity models, macro mod-
els, distributed plasticity fibre element models, and continuum
finite element models. Each modelling technique has advantages
and disadvantages and may be suitable for different applications.
To model the seismic behaviour and drift capacity of lightly rein-
forced concrete walls, it is important to capture both the overall
lateral load response and local response parameters such as crack
formation and reinforcement and concrete strains. Lumped plastic-
ity models are simple and efficient but require extensive calibra-
tion with experimental data and can only predict the overall
response rather than cracking and reinforcement strains at the wall
base [5,6]. Distributed plasticity fibre based elements and macro
models, such as truss models and multi-spring models, are shown
to balance the efficiency of a simplified model and the refinements
of a microscopic model. These models can accurately capture the
lateral load response, energy dissipation, and stiffness degradation,
and also local response parameters in ductile flexure dominant RC
walls [7–10]. However, fibre element or macro models cannot
accurately predict the behaviour of lightly reinforced concrete
walls that exhibit limited flexural cracking and localisation of
strains prior to and during failure. Continuum finite element mod-
els that use membrane, shell, or solid elements can provide the
most detailed global and local response parameters in RC walls,
but require increased computational effort and accurate multi-
axial, nonlinear cyclic constitutive material models. When cor-
rectly implemented, finite element models can provide accurate
estimation of RC crack development and local material strains
[11–14].

VecTor2 [15] is a two-dimensional nonlinear finite element pro-
gram specifically designed for modelling RC members. It imple-
ments both Modified Compression Field Theory [16] and the
Disturbed Stress Field Model [17] to predict the response of ele-
ments subject to in-plane normal and shear stresses. Additionally,
VecTor2 uses state-of-the-art material models that can account for
compression softening, tension stiffening, tension softening, and
tension splitting. In order to accurately capture both the overall
response and local crack development, VecTor2 was selected for
modelling lightly reinforced concrete walls.

VecTor2 has been used by numerous researchers to model the
lateral load behaviour of RC walls. For example, Palermo and Vec-
chio [18] built VecTor2 models for both shear-dominant walls and
flexure-dominant walls. The comparison of modelling and test
results showed that VecTor2 could capture overall response for
both shear-dominant and flexure-dominant walls with reasonable
accuracy. In addition, Model reports by Sritharan et al. [4] and
Ghorbani-Renani et al. [12] showed that VecTor2 can accurately
simulate the lateral-load response of flexure-dominant RC walls,
including initial stiffness, shear deformations, energy dissipation,
failure mechanisms, and cracking behaviour. Despite the suitability
of VecTor2 for modelling lightly reinforced concrete walls, most
previous studies have used it to model ductile RC walls with heav-
ily reinforced end regions that generate well distributed secondary
cracks. Luu et al. [13] used VecTor2 to model a slender 8-story
lightly reinforced concrete wall with debonded reinforcement that
was tested on a shake table and more recently Almeida et al. [19]
built a VecTor2 model for a T-shaped lightly reinforced concrete
wall with a total vertical reinforcement ratio of 0.51%. However,
the walls considered by both of the studies were not representative
of the lightly reinforced flexure-dominant concrete walls that exhi-
bit discrete cracking behaviour. Validation of a numerical model
capable of capturing the discrete flexural cracks and localisation
of inelastic reinforcement strains was required to investigate a
wider range of parameters for lightly reinforced concrete walls.
3. Finite element model

As discussed previously, VecTor2 [15] was selected for analys-
ing lightly reinforced concrete walls that controlled by discrete
cracking behaviour. Cracked concrete in VecTor2 is modelled as
an orthotropic material using a smeared rotating crack approach
where the cracks can re-orientate to align with the changing direc-
tion of the principal concrete compressive stress field [16]. The
post-cracking rotation of the principal stress field is related to
the post-cracking rotation of the principal strain field by a rotation
lag [17]. Cracking strength is calculated depending on different
stress states using Mohr-Coulomb Stress model [15]. In addition,
crack shear-slip deformations are accounted for by relating shear
slip along cracks to local shear stresses at cracks [20].
3.1. Model description

Diagrams of the lightly reinforced concrete walls tested by Lu
et al. [3] and the corresponding models developed in VecTor2 are
shown in Fig. 1. The test walls all had the same height, but were
subjected to loading that represented three different shear span
ratios equal to 2, 4 and 6. Test walls with a shear span ratio of 2
were subjected to horizontal force and axial load at the top of
the wall, as shown in Fig. 1-a, while test walls with a shear span
ratio of 4 or 6 were subjected a combination of horizontal force,
axial load, and moment at the top of the wall, as shown in Fig. 1-
c. The models were built for the test wall region with identical
dimensions, material properties and vertical reinforcement details.
For the walls with a shear span ratio of 2, a rigid beam element was
used to model the steel loading beam and the loading height was
the same as that of the test, as shown in Fig. 1-b. For the walls with
shear span ratio larger than 2, a rigid region was also modelled to
simulate the increased height of the prototype wall and to generate
the same moment and shear actions at the top of the test wall, as
shown in Fig. 1-d. For the model, the lateral displacement was
applied on the top of the rigid region of the wall, but the lateral
drift was monitored at the same height as the test walls to achieve
a comparable lateral displacement loading protocol. For all the wall
models, the axial load and lateral drift targets applied during the
model analyses were identical to those applied to the test walls.
Axial compression was applied at the top of the test wall region
uniformly and held constant during the model analyses.
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Fig. 1. Model illustration.
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Four-node rectangular elements with a uniform thickness were
used for the wall section. The horizontal shear reinforcement and
additional transverse reinforcement ties were distributed uni-
formly over the wall height, and so were modelled as smeared
reinforcement with an appropriate reinforcement ratio in either
the transverse or/and out-of-plane directions. It should be noted
that the legs of transverse reinforcement or anti-buckling ties were
not accounted for in the model because of the 2D modelling tech-
nique adopted. The reinforcement ratio in the transverse or/and
out-of-plane direction was calculated in accordance with the test
specimens. For walls with transverse reinforcement ties in the
ends of the wall, two different regions were modelled consisting
of unconfined concrete with smeared horizontal shear reinforce-
ment, and confined concrete with smeared horizontal shear rein-
forcement and smeared transverse and out-of-plane
reinforcement ties, as shown in Fig. 1-b and d.

In order to discretely model the vertical reinforcement location
and strains, two-node truss elements with uniform cross sectional
area were used to represent each layer of vertical reinforcement. It
was observed that the behaviour of all six test walls was controlled
by 1–3 large flexural cracks at the wall base. The failure for all the
six test walls was controlled by vertical reinforcement buckling
and subsequent reinforcement fracture, with no significant bond
slip or longitudinal splitting observed during the test. Previous
research has indicated that bond slip and yield penetration can
be significant to the overall deformation of RC walls [21]. However,
the model that did not include bond-slip was found to provide suf-
ficient accuracy to capture the behaviour of the lightly reinforced
test walls when using an appropriately refined mesh size. When
concrete cracks, the reinforcement strain peaks at the location of
the crack and the length of the yield penetration is typically esti-
mated to be 3–5 times the reinforcement diameter on each side
of the crack. Although perfect bond was assumed in the model,
the stress and strains were averaged over the element length.
The element size in the model was 75 mm which was equal to
7.5 times of the reinforcement diameter. By adjusting the mesh
size the average strain was somewhat equivalent to the average
strain in the test when considering the effects of reinforcement
bond and yield penetration without having to include bond-slip
elements.

The concrete foundation beam was also modelled at the base of
the wall. The bottom edge of the foundation was fixed in the model
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to represent the anchorage of the foundation to the laboratory
strong floor. The vertical reinforcement in the wall extended con-
tinuously to the bottom of the foundation to simulate the anchor-
age of the reinforcement. The mesh size in the wall and foundation
was chosen to be 75 mm � 75 mm as this size was found to best
represent the wall behaviour after conducting a mesh sensitivity
study. The mesh size used for the concrete cover was
25 mm � 75 mm as governed by the wall cover dimensions.

3.2. Steel constitutive model

The stress-strain response of the reinforcing steel implemented
in the wall model used the nonlinear hysteric model proposed by
Seckin [22], as shown in Fig. 2. The back-bone of themodel included
an initial linear-elastic response, a yield plateau, and a non-linear
strain hardening phase until rupture (options HP4, P = 4 in VecTor2)
[15]. The reinforcement used in the test walls was manufactured in
coil form and so the yield plateau was lost when the reinforcement
was straightened. Therefore, the strain hardening strain in the
model was assumed to be equal to the yield strain to represent
the lack of yield plateau. The reinforcement buckling model pro-
posed by Dhakal and Maekawa [23] was implemented and the
shear resistance due to dowel action was computed using Tassios
Model [24]. Further details of the steel models that were used are
available in the VecTor2 user manual [15].

Estimation of failure and ultimate drift capacity of structural
members in finite element models often exhibits mesh sensitivity
due to localisation of deformation at the controlling section. To
accurately model the strength loss and drift capacity of lightly
reinforced concrete walls where failure is typically controlled by
reinforcement fracture, the model employed regularization of rein-
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forcing steel material response using the steel yield energy and
mesh-dependent lengths [25,26]. As shown in Fig. 3-a, the steel
post-yield energy (Gfs) is defined as a function of material test data
(fy, fu, ey, eu) and the gauge length used in material testing (lgauge).
As such, the regularized steel response model in which the regular-
ized post-yield tangent stiffness (b

00
Es) and regularized strain at

ultimate strength (e00u) are functions of the steel post-yield energy
(Gfs) that is determined from tensile tests and the integration (or
mesh) length (lIP), as shown in Fig. 3-b. The inputs for the reinforc-
ing steel model in VecTor2 include yield strength (fy), modulus of
elasticity (Es), ultimate strength (fu), strain hardening strain (esh)
and ultimate strain (eu). The only parameter that altered during
regularization was the ultimate strain, with the post-yield tangent
stiffness adjusted by the program automatically.
3.3. Concrete constitutive model

The constitutive law for concrete in compression used the
Hognestad parabola model for the ascending curve, with a Park-
Kent [27] descending branch. The input peak concrete compressive
strength for all the wall models in VecTor2 was based on the mea-
sured properties of the concrete as determined by compressive
cylinder tests. The effect of confinement was considered by using
a strength enhancement factor, bl, which is calculated by the Kup-
fer/Richard confinement strength model [28,29] using the input
transverse and out-of-plane reinforcement ratio. The value of bl

served to modify the concrete compression response curves by
increasing both the uniaxial compressive strength, f 0c , and corre-
sponding strain, e0, to determine the peak compressive strength,
f p, and corresponding strain, ep. The model proposed by Lee et al.
[30] was chosen to represent the concrete tension stiffening, with
the peak concrete tensile strength for all the test wall models
determined from split cylinder tests. The method of using split ten-
sile strength to be concrete tensile strength is in accordance with
the fib model code recommendation [31], in which the conversion
factor from the mean axial tensile strength to the mean splitting
tensile strength is assumed to be 1.0. The cyclic parameters in
the concrete stress-strain model were based on that proposed by
Palermo and Vecchio [18] and crack slip was taken into account
according to the Vecchio-Lai model [20]. The cyclic hysteric
response for the concrete model in compression is shown in
Fig. 4. VecTor2 does not currently incorporate a crack-closure
model so it was not able to be included in the proposed model.
4. Model calibration and verification

To examine the suitability of the VecTor2 model for lightly rein-
forced concrete walls, the model was verified against available
sy

s

su

b’’Es

fs

IP

G

l

''
su

bEs

(b) Regularized steel response  

onse of reinforcement (after: Pugh et al. [26]).



2cE

3cE1cE

,p pf

2 2,c d cf

2 2,c cf

2c
p

c

Baseline for compression 
descending (Park-Kent 
model) 

Baseline for compression
ascending (Hognestad
parabola model ) 

C
om

pr
es

si
ve

 st
re

ss
 

Compressive strain 

5cE

6cE4cE

' ',t tf

2 2,c d cf

1 1,c cf

1c
p

c

Baseline for tension-stiffened 
response (Lee et al.) 

Te
ns

io
n 

st
re

ss
 

Tension strain 

(a) Compressive unloading and reloading parameters  (b) Tension unloading and reloading parameters

Fig. 4. Hysteric response of concrete models (after: Wong et al. [15])

Table 1
Details of all six test walls.

Wall Shear span ratio
(M/Vlw)

Axial load
ratio

Concrete compressive
strength f0c (MPa)

Concrete tensile
strength ft (MPa)

Vertical reinforcement
ratio (%)

Horizontal
reinforcement ratio (%)

End ties
(mm)

C1 2 3.5% 38.5 2.88 0.53 0.25 None
C2 4 3.5% 34.5 2.53 0.53 0.25 None
C3 6 3.5% 36.2 3.05 0.53 0.25 None
C4 2 0 34.7 2.65 0.53 0.25 None
C5 2 6.6% 35.4 2.81 0.53 0.25 R6@90
C6 4 3.5% 37.3 2.81 0.53 0.25 R6@60
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experimental results. The six RC walls tested by Lu et al. [3] were
chosen to verify the model as they represented typical lightly rein-
forced concrete walls and had extensive data of the measured wall
response. An overview of the test wall details that was required to
build the model and the subsequent calibration and verification are
presented below.
4.1. Test wall description

A summary of the main parameters for the six test walls is
shown in Table 1, and drawings of the wall specimens are shown
in Fig. 5. The test walls had a length of 1.4 m, height of 2.8 m and
a thickness of 150 mm. The total vertical reinforcement ratio was
0.53%, resulting in 14 � D10 (deformed G300E, diameter = 10 mm)
bars placed in two layers at 225 mm centers over the wall length.
R6 (plain G300E, diameter = 6 mm) stirrups were used for horizon-
tal reinforcement distributed evenly at 150 mm centers over the
wall height. Most of the test walls did not have transverse stirrups
or ties at ends of the wall, except for walls C6 and C5 that had R6
stirrups placed at 60 mm and 90 mm centers, respectively, over
the lower 1.4 m of the wall height. Grade 300E New Zealand rein-
forcing steel was used in the test walls. The D10 reinforcement
had a measured yield strength of 300 MPa, an ultimate strength
of 409 MPa, and an ultimate strain at fracture of 18.1%. The R6 rein-
forcement had a measured yield strength of 300.6 MPa, an ultimate
strength of 461.8 MPa, and an ultimate strain at fracture of 12.6%.
The specified concrete (f 0c) was 40 MPa and the measured concrete
mechanical properties at the time of testing of all six walls at the
time of each test are listed in Table 1. Further details including
foundation design, test setup used to achieve a varied shear span
ratio, and instrumentations for measuring top lateral displacement,
axial strains, panel deformation components, and reinforcement
strain are published separately [3].
4.2. Model development

The sensitivity of the mesh size was considered to be critical to
the accuracy and interpretation of the wall model, and was inves-
tigated in detail during the model development. The mesh size
greatly influences the resolution of the local strains and can affect
the calculation of failure due to localisation if the material models
are not regularised correctly. Trial models were run to investigate
the sensitivity of the mesh size to the analysis results. To illustrate
the conclusions from this sensitivity study, the results of two dif-
ferent mesh sizes, 150 � 150 mm and 75 � 75 mm, are compared.
In all cases, the mesh size was chosen to allow for direct compar-
ison of the model to the vertical reinforcement strains that were
measured over a gauge length of 150 mm during the tests.

A comparison of model results for test wall C1 using mesh sizes
of 150 � 150 mm and 75 � 75 mm are shown in Fig. 6. The global
base moment-displacement response for the models with both
mesh sizes correlated well with the test response up until a lateral
drift of 1.5%. The model with mesh size of 75 mm was able to cap-
ture the energy dissipation and strength loss during lateral drift
cycles to 2.0% and 2.5% with improved accuracy. However, it
should be noted that both models could not accurately capture
the strength degradation during cycles to 2.0% and 2.5% lateral drift
and the pinching behaviour of the test walls. These discrepancies
were attributed to the limitation of the material models used in
VecTor2 as discussed below in more detail and were not affected
by the mesh size. The global responses of both models were similar
and the mesh size of 150 � 150 mm was sufficient to simulate the
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global wall response. Despite a similar global response, the
predicted crack patterns and vertical reinforcement strains varied
substantially between the models with different mesh sizes, as
shown in Fig. 6-b and c. The model with mesh size of 75 mm
was able to capture the dominant discrete cracking that was
observed during the test, with two large primary flexural cracks
predicted at the base of the wall. In contrast, the 150 mmmesh size
was too coarse to capture the formation of discrete primary flexu-
ral cracks, an instead a large number of cracks at all mesh layers
formed in the lower portion of the wall. As a result of these differ-
ent crack patterns the reinforcement strains in the model with a
150 mm mesh were more evenly distributed over the plastic hinge
length, whereas the refined 75 mm mesh captured the concentra-
tion of inelastic strains that occurred at the wide discrete cracks in
the wall. Consequently, the model mesh size of 75 mm provided a
better estimation of the test wall behaviour and was considered
refined enough to capture the local response. Furthermore, after
the mesh size was refined to capture both the global and local wall
response, regularization of reinforcing steel model inputs was
employed to achieve accurate mesh-objective simulation of drift
capacity, as described earlier in the model description [25]. Based
on the results of the mesh sensitivity study, a mesh size of
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75 � 75 mm was chosen for the proposed model of lightly rein-
forced concrete walls. The average ultimate strain measured from
tensile test samples was 18.1% using a gauge length of 100 mm.
Therefore, the regularized ultimate strain at fracture (the input of
ultimate strain in VecTor2) was 24.2% based on a mesh size of
75 mm using the regularization technique described earlier. For
the regions of confined concrete, the mesh size did not influence
the overall and local behaviour significantly as lightly reinforced
concrete walls studied herein were controlled by vertical reinforce-
ment fracture and significant concrete crushing did not occur.
Therefore, a mesh size of 75 � 75 mm was also used in the con-
fined concrete regions for consistency with other regions of the
wall.

4.3. Experimental Validation

The VecTor2 model was run for all six walls tested by Lu et al.
[3]. The calculated model results were compared with the test
results in terms of overall moment-displacement response, crack
pattern, and reinforcement strains to establish the accuracy and
limitations of the model.

4.3.1. Moment-displacement response
A comparison of the measured and calculated base moment-

displacement responses for all six test walls is shown in Fig. 7.
Overall, the model captured the measured response of the test
walls reasonably well. The strength and stiffness of the walls were
accurately calculated for most lateral drift cycles and the cyclic
hysteresis response was also closely matched for most walls. In
particular, the model accurately captured the strength and stiffness
degradation on subsequent cycles. Non-linear shear deformations
were observed during the test and the model was able to predict
these shear deformations with good accuracy. However, the shear
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deformations in all the six test walls were extremely small when
compared to the flexure deformation (typical less than 5%) [3],
and so the shear deformations were not considered significant to
the model verification. The inaccuracy of the model with regards
to strength degradation beyond 1.5% lateral drift and the pinching
in the hysteretic response are discussed below in more detail.
4.3.2. Crack patterns
The crack patterns documented during the six wall tests are

compared against the calculated crack patterns from the model
at 1.5% lateral drift in Fig. 8

Fig. 8, the drift level of 1.5% was close to the point at which the
peak lateral strength was reached prior to degradation caused by
reinforcement buckling and fracture. Considering that the
observed crack patterns were often affected by various experimen-
tal and specimen uncertainties, the model crack patterns were con-
sidered to provide a reasonable representation of the observed wall
behaviour. For example, the behaviour of the test walls was con-
trolled by 3–4 main primary cracks with the bottom crack opening
the widest and dominating the response. In the model, the crack
pattern was also controlled by a small number of primary cracks,
with the bottom primary crack opening significantly wider than
the second primary crack. Both in the test and the model, the top
lateral deformation was mostly attributed to the widest crack at
the wall base. Moreover, the height over which the cracks
extended up the wall in the test was also well captured by the
model. During the test, it was observed the cracks extended higher
up the height of the wall as a result of the higher shear span ratio.
Similar behaviour can also be found in the model, as shown in
Fig. 8. These results indicated that the model can sufficiently pre-
dict the crack pattern of lightly reinforced concrete walls with dis-
crete flexural cracks.
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Fig. 8. Comparison of crack patterns for all six test walls.
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4.3.3. Reinforcement and concrete strains
Comparisons between the measured and modelled reinforce-

ment strains in the extreme tension reinforcement over the wall
height at 1.5% lateral drift are shown in Fig. 9 for all six walls.
The drift of 1.5% was chosen for the comparison as the displace-
ment gauges that were used to measure reinforcement strains
were compromised after 1.5% lateral drift when reinforcement
buckling occurred. The strains measured during the test were
based on the gauge length of 150 mm. Therefore, the strains
extracted from the model were also the average strains over a
150 mm mesh length (two 75 mm elements). When considering
that the experimental results were often affected by various exper-
imental and specimen uncertainties, such as the crack distribution,
the model results are considered to be in reasonable agreement
with the measured strains. The test result showed that instead of
the reinforcement tensile strains yielding consistently over the
entire plastic hinge region, large concentrations in reinforcement
strains were observed at location of wide flexural cracks. As shown
in Fig. 9, the model was also able to capture this irregular strain
profile. The peak reinforcement strains were slightly overestimated
by the model, but these differences were considered acceptable
knowing that a small difference in stress produces a large variation
in strain in the post-yield region.

An example comparison between the measured and modelled
concrete compressive strains at the wall edge during cycles to
1.0% lateral drift (before concrete spalling or reinforcement buck-
ling) are shown in Fig. 10 for wall C1. The strains measured during
the test were based on externally mounted displacement sensors
with a gauge length of 150 mm. Therefore, the strains extracted
from the model were also the average strains over a 150 mm mesh
length (two 75 mm elements). The measured compressive strains
showed a more consistent trend up the wall height when com-
pared to the reinforcement tensile strains, with a peak strain at
wall base of approximately 0.005 at 1% lateral drift. The model
was able to capture the concrete compression strains with good
accuracy, closely matching both the peak strains at the wall base
and the trend up the wall height.

4.3.4. Reinforcement buckling
Despite reasonable accuracy overall, the model could not accu-

rately capture reinforcement buckling. Strength and stiffness
degradation in the measured response of the test walls occurred
during cycles to 2.0% and 2.5% lateral drift due to buckling of the
vertical reinforcement. The VecTor2 model did consider reinforce-
ment buckling using a model based on compression stress in the
reinforcement and the ratio of the unsupported length to bar diam-
eter L/D [15], but this model was insufficient to capture the buck-
ling observed during the test. The test results highlighted that the
vertical reinforcement in the test walls was particularly vulnerable
to buckling because of the wide flexural cracks that dominated the
behaviour of these lightly reinforced concrete walls, resulting in
concentrations of tensile strain in the vertical reinforcement. This
behaviour was also highlighted by Moyer and Kowalsky [32] and
Restrepo-Posada [33] who suggested that the strain limit for initi-
ation of reinforcement buckling should also be related to the ten-
sion strain on the previous load cycle. For example, in wall C4
the compressive strain of vertical reinforcement was small but
the tensile strain was large due to the lack of axial load and light
vertical reinforcement content. During the test of wall C4, the ver-
tical reinforcement started to buckle during the first cycle to a lat-
eral drift of 0.75%, but the model did not predict buckling of
vertical reinforcement because the compressive yield strain of
the reinforcement was not reached. Fig. 11-a shows the calculated
stress-strain response of the outmost vertical reinforcement in the
model of wall C4 during cycles to 1.5% lateral drift. The stress of
vertical reinforcement did not drop when the reinforcement was
subjected to compression, implying that no buckling had occurred
despite tensile strains in excess of 5%. In the model of wall C2, rein-



Fig. 12. Stress-strain curve of the concrete element at bottom horizontal row and
second vertical row in wall C5 during the drift of 0.35%.

Fig. 9. Comparison of vertical reinforcement strains for all six test walls.

Fig. 11. Stress-strain relationship of outmost vertical reinforcement in model wall
C4 and C2.

Fig. 10. Comparison of vertical concrete compressive strains for wall C1.
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forcement buckling occurred during cycles to 2.0% lateral drift, as
shown by the calculated stress-strain response in Fig. 11-b. How-
ever, the vertical reinforcement buckling occurred earlier at a lat-
eral drift of 1.5% during the test, confirming that the model could
not accurately represent the reinforcement buckling in these walls.
4.3.5. Residual drift
For most walls the cyclic response was captured with reason-

able accuracy. However, for some walls the residual drift and
reloading stiffness were not well captured. For example, the calcu-
lated moment-displacement response for the model of wall C5 fol-
lowed a flag shape, with significantly less hysteretic energy
dissipation and residual drift than the test wall response, as shown
in Fig. 7-e. This discrepancy in the model was due to the cyclic con-
crete material model in VecTor2 not accounting for the crack clo-
sure behaviour, with the compressive stresses not developing
until the tension strain has unloaded to zero. Fig. 12 shows the cal-
culated stress-strain response of a concrete element in the corner
of the wall C5. The unloading and reloading branches passed
through the origin, indicating no compression stress developed
until the crack was fully closed (zero strain). This is unrealistic
due to the presence of crushed concrete in open cracks, leading
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to underestimation of energy dissipation and residual displace-
ment at zero load. It should be noted that the calculated residual
displacement and energy dissipation of wall C4 which had zero
additional axial load applied agreed well with the test results.
The effect of the crack closure model was less profound for walls
with lower axial load which were insufficient to close the open
cracks at zero lateral load even though the concrete closure model
was not considered. The mismatching caused by concrete crack
closure model has been observed in other RC wall models and
was examined in detail by Waugh et al. [34]. Improved model
results can be achieved using a concrete model that account for
the transition between crack opening and closure, such as the
Chang and Mander’s model [34,35]. However, VecTor2 does not
currently implement such a model and so this behaviour was not
represented by the analytical model.

Inaccuracies in capturing the peak reinforcement strains at
cracks may have also contributed to the discrepancy in calculated
and measured residual drifts. As discussed previously, the model
can reasonably predict the reinforcement strain profile. However,
there were still some spikes that were not well captured by the
model which would add to ratcheting of reinforcement and an
accumulated residual displacement. Overall, the calculation of
residual drift was not considered essential to achieve the objective
of the model and the cyclic hysteresis response was not relied on
during the additional analyses reported below.

4.3.6. Estimation of drift capacity
Buckling and subsequent fracture of the vertical reinforcement

controlled the failure of all six test walls. As described previously,
the reinforcement buckling model did not accurately predict the
initiation of vertical reinforcement buckling due to the reliance
of the model on compressive strains, whereas the reinforcement
buckling in the tests was attributed to large tensile strains at
cracks. The tensile strain at the buckling location measured during
the tests in the drift cycle prior to reinforcement buckling and the
corresponding peak strains calculated from the model during the
same drift cycle are shown in Table 2. The gauge length for
measuring reinforcement strains during the test was 150 mm
except that the lowest two gauges had a length of 100 mm and
50 mm respectively. If the reinforcement buckling occurred at
the location of the lowest two gauges, the measured tensile strain
was calculated as the average of the lowest two gauges with a
gauge length of 150 mm to be consistent with other gauges. The
calculated reinforcement strains were also based on a gauge
length of 150 mm (two 75 mm elements). It should be noted that
the model itself was calculated based on a mesh size of 75 mm
which predicts better strain localization behaviour. The gauge
length of 150 mm was only used when extracting the reinforce-
ment strain results for comparison with test results. As shown
by the results in Table 2 the reinforcement tensile strains prior
to reinforcement buckling were consistent for both the test and
Table 2
Comparison of vertical reinforcement tensile strain prior to reinforcement buckling.

Wall Drift at buckling (%) Test tensile strain prior to
buckling (%)

M

Drift to east Drift to west Drift to east Drift to west Drift

C1 1.5 1.5 4.4 2.2 9.3
C2 1.5 1.5 3.6 2.8 6.4
C3 1.5 1.5 3.6 3.5 6.8
C4 0.75 1.0 3.9 4.2 7.5
C5 1.5 1.5 4.0 4.4 9.1
C6 2.0 1.5 4.1 3.9 9.7

Average 3.93 3.50 8.08
COV 0.07 0.22 0.16
model. For the test wall, the peak reinforcement tensile strains
in the cycle prior to buckling ranged from 2.2% to 4.4% with an
average of 3.93 and 3.5 and coefficient of variation of 0.07 and
0.22 for east and west ends, respectively. The corresponding calcu-
lated reinforcement strains ranged from 6.4% to 10.2% with a coef-
ficient of variation of 0.16 at both the east and west ends.
Furthermore, the ratio between the calculated tensile strain and
the measured tensile strain was also consistent, with an average
of 2.04 and 2.34 and a coefficient of variation of 0.10 and 0.21
for east and west ends, respectively. Although the reinforcement
tensile strain prior to buckling was overestimated by the model
due to the exact crack pattern and location of reinforcement buck-
ling, the onset of reinforcement buckling could still be estimated
with reasonable accuracy when the calculated reinforcement ten-
sile strain at wall base exceeded 8% based on a gauge length of
150 mm.

Although the model could capture the discrete cracking beha-
viour and strain localization with reasonable accuracy when using
a 75 mm element size, the peak reinforcement strains were not
accurately predicted. In addition, it was found that reinforcement
buckling was critical to the initiation of fracture during test, which
could not be captured in VecTor2. For these reasons, reinforcement
fracture could not be predicted directly by the model. However, a
method to estimate drift capacity when reinforcement fractured
was developed based on the ultimate strain estimated from direct
tension test of reinforcement samples. For consistency with the
gauge length used to estimate the drift at which reinforcement
buckling initiated, the reinforcement strain used to estimate the
drift capacity at which reinforcement fractured was also based
on a 150 mm length (two element size). The average ultimate
strain measured from tensile test samples was 18.1% using a gauge
length of 100 mm. If the effects of low-cyclic fatigue and reinforce-
ment buckling are ignored, the ultimate strain indicating reinforce-
ment fracture in the model can be estimated as 12.1% (ereg) based
on a gauge length of 150 mm using the regularization technique
described earlier. The calculated tensile strain from the model at
the drift that reinforcement fractured in the test is compared
against the regularised ultimate strain capacity in Table 3 for each
wall. The calculated reinforcement strain when the reinforcement
fractured correlated well with the 12.1% strain capacity. The ratio
between the calculated tensile strain at the drift that reinforce-
ment fractured and the regularised tensile strain capacity ranged
from 0.68 to 1.28 with an average of 0.98 and 0.94 for east and
west ends, respectively. Therefore, the ultimate drift capacity can
be reasonably estimated based on the calculated tensile strains at
wall base reaching the regularised strain limit of 12.1% for a
150 mm gauge length.

In summary, the drift capacity at which reinforcement buckling
and fracture occurred could both be reasonably estimated when
the calculated tensile strain at the wall base exceeding 8.0% and
12.1%, respectively, based on a gauge length of 150 mm.
odel tensile strain (%) Comparison

to east Drift to west Drift to east emodel=etest Drift to west emodel=etest

7.0 2.11 3.18
7.1 1.78 2.54
6.7 1.89 1.91
7.5 1.92 1.79
9.1 2.30 2.07
10.2 2.37 2.62

7.90 2.06 2.35
0.16 0.10 0.21
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5. Effect of key parameters

Section dimensions and material properties were regarded as
key parameters when developing the minimum longitudinal rein-
forcement requirement for RC beams and plates [36,37]. In addi-
tion, the observation of lightly reinforced concrete walls from
recent tests [3] and during the 2010/2011 Canterbury Earthquakes
in New Zealand [38] indicated that both wall length and material
properties may significantly influence wall cracking behaviour
and drift capacity. To further study the effect of these parameters
to the behaviour of lightly reinforced concrete wall, the developed
VecTor2 model was used to investigate the lateral load response of
walls with different dimensions and material properties to that of
the six test walls. A total of eleven additional walls were modelled
to investigate the effect of wall dimension, reinforcement type, and
concrete strength. Details of the additional walls modelled are
summarised in Table 4. The selected baseline wall for comparison
was test wall C1 with a shear span ratio of 2 and an axial load ratio
of 3.5%. All the walls modelled used the same loading and lateral
drift protocol as that of test wall C1. The drift capacity was com-
pared for each model assuming that reinforcement fracture con-
trolled the failure irrespective of whether reinforcement buckling
was expected to occur. As discussed previously, the onset of rein-
forcement fracture was defined as vertical reinforcement tensile
strain exceeding 12.1%.

5.1. Size effect

When the wall behaviour is dominated by a discrete number of
wide flexural cracks, the plastic hinge rotation at which certain
crack widths occur will be a function of the wall length, as illus-
trated by the example in Fig. 13. The wall test results suggested
that the crack widths were consistently about 20 mm when the
reinforcement fractured [3]. The length of the test walls was only
1.4 m due to the 40–50% scale of the specimen. If the wall was full
scale, the wall base rotation and the drift capacity at which a
Table 4
Details of modelled walls.

Wall No. Main parameter Dimensions (mm) Reinforcem

Type

C1 150 � 1400 � 2800 G300E
C1-1a C1-1b Dimension 225 � 2100 � 4200 G300E
C1-2a C1-2b 300 � 2800 � 5600 G300E
C1-3 Reinforcement type 150 � 1400 � 2800 G500E
C1-4 150 � 1400 � 2800 Class C
C1-5 Strain hardening ratio 150 � 1400 � 2800 G300E
C1-6 150 � 1400 � 2800 G300E
C1-7 Concrete strength 150 � 1400 � 2800 G300E
C1-8 150 � 1400 � 2800 G300E
C1-9 150 � 1400 � 2800 G300E

Table 3
Comparison of vertical reinforcement strain at reinforcement fracture.

Wall Drift when fracture occurred during
test (%)

Model peak tensile
when fracture occur

Drift to east Drift to west Drift to east

C1 2.5 N/A 15.5
C2 2.5 2.5 8.5
C3 2.5 2.5 13.4
C4 1.5 1.5 8.4
C5 2.0 2.0 12.7
C6 2.5 2.0 12.6

Average 11.7
COV 0.22
20 mm crack formed, and reinforcement fracture occurred, would
be expected to be approximately half that of the scaled test wall.
However, this hypothesis proposed by Lu et al. [3] was based on
the observation from six lightly reinforced concrete wall tests
and was not previously verified by any test or modelling results.
In this study, the model was calibrated to predict the moment-
displacement response, cracking behaviour and localisation of
reinforcement strains by using an appropriately refined mesh size
and to provide mesh objective estimates of drift capacity by
employing regularization of the reinforcing steel model. Therefore,
the model was considered suitable for capturing any potential size
effect that may occur for lightly reinforced concrete walls.

The dimensions of the two larger walls C1-1 and C1-2 were
225 � 2100 � 4200 mm (1.5 times of C1) and
300 � 2800 � 5600 mm (2 times of C1), respectively. When the
walls had larger dimensions, either reinforcement spacing or the
number of reinforcing bars could be adjusted to keep the reinforce-
ment ratio consistent with the baseline wall C1, resulting in two
alternative reinforcement layouts for each modelled wall. Wall
C1-1a used two layers of D15 reinforcement at 338 mm centers
and wall C1-1b used two layers of D11.1 reinforcement at
225 mm centers. Wall C1-2a used two layers of D20 bars at
450 mm centers and wall C1-2b used two layers of D14.7 bars at
225 mm centers. All other parameters including shear span ratio,
axial load and material properties for walls C1-1a, C1-1b, C1-2a
and C1-2b were consistent with that of wall C1.

The reinforcement strains in the extreme vertical tension rein-
forcement and the envelope of the cyclic moment-displacement
response of the five walls are compared in Figs. 14 and 15, respec-
tively. As shown in Fig. 14, the reinforcement strain distributions
were similar for all walls, indicating wall dimension did not change
the crack pattern significantly. However, the peak reinforcement
strains at the wall base increased as the wall size increased. For
example, at a lateral drift of 0.5%, the maximum reinforcement
strains for walls C1, C1-1a and C1-2a were 3%, 4.6% and 5.4%,
respectively. Therefore, the larger walls experienced reinforcement
ent properties Concrete properties

f y (MPa) f u (MPa) f u=f y esu f 0c (MPa) f t (MPa)

300 409 1.36 18.1% 38.5 2.88
300 409 1.36 18.1% 38.5 2.88
300 409 1.36 18.1% 38.5 2.88
544 653 1.20 12.4% 38.5 2.88
601 725 1.21 7.7% 38.5 2.88
300 345 1.15 18.1% 38.5 2.88
300 450 1.50 18.1% 38.5 2.88
300 409 1.36 18.1% 40.0 3.51
300 409 1.36 18.1% 50.0 4.07
300 409 1.36 18.1% 60.0 4.60

strain at drift
red, emodel (%)

Comparison

Drift to west Drift to east emodel=ereg Drift to westemodel=ereg

N/A 1.28 N/A
8.9 0.70 0.74
14.5 1.11 1.20
8.2 0.70 0.68
12.8 1.05 1.06
12.4 1.04 1.02

11.3 0.98 0.94
0.21 0.22 0.21
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Fig. 14. Comparison of vertical reinforcement strain for walls with different sizes.
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fracture earlier, as shown in Fig. 15. The lateral drifts when rein-
forcement was estimated to fracture were 1.83%, 1.65% and
1.22%, respectively. In addition, reinforcement spacing in the larger
walls did not influence the crack pattern and drift capacity signif-
icantly. As shown in Fig. 15, the lateral drifts when reinforcement
fractured were estimated to be 1.59% and 1.05% for walls C1-1b
and C1-2b, respectively, which were similar with that of wall
C1-1a and C1-2a. The modelling results indicated that wall dimen-
sion was a key parameter to influence the seismic behaviour of
lightly reinforced concrete walls with discrete cracking behaviour.

The observation that the lateral drift capacity reduced as the
wall dimensions increased in the modelled walls confirms the
hypothesis proposed by Lu et al. [3] that a size effect is present
for lightly reinforced concrete walls that are controlled by the



Fig. 15. Comparison of moment-drift curves for walls with different sizes.
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formation of discrete flexural cracks. For the model results of walls
C1, C1-1 and C1-2, the drift capacity did not decrease directly pro-
portional to the wall dimensions because the modelled walls were
not controlled by a single crack but instead exhibited 2–3 primary
cracks. However, the drift capacity did decrease significantly as
wall dimension increased and this finding implies that the tests
reported by Lu et al. [3] may have overestimated the drift capacity
of full scale lightly reinforced concrete walls. It is recommended
that wall size and crack widths at which reinforcement occur be
considered when assessing the seismic response of existing lightly
reinforced concrete walls.
5.2. Reinforcement type

The behaviour of lightly reinforced concrete walls is also signif-
icantly dependent on the ductility and strain hardening ratio of the
reinforcing steel because the crack distribution and reinforcement
fracture are controlling parameters. In accordance with New Zeal-
and standards, the earthquake grade G300E reinforcing bar used
during the wall tests must have a uniform elongation at maximum
strength greater than 15% and a strain hardening ratio (fu/fy)
greater than 1.15 [39]. Compared to higher strength G500E rein-
forcement also manufactured in New Zealand or other reinforce-
ment types used around the world, G300E is regarded as high
ductility reinforcing steel. In order to study the effect of reinforce-
ment properties on the lightly reinforced concrete wall behaviour,
walls with different reinforcement types, including G500E rein-
forcement, Class C reinforcement from Europe [40], and G300E
with different strain hardening ratios were modelled and com-
pared. The detailed reinforcement properties used for the modelled
walls are summarised in Table 4. The vertical reinforcement ratio
of the modelled walls was calculated in accordance with minimum
vertical reinforcement requirements in NZS 3101 [1] which
includes consideration for the yield strength of the reinforcement.
Parameters including wall dimension, shear span ratio and axial
load, concrete strength are all kept consistent with that of test wall
C1.

Wall C1-3 (G500E) and C1-4 (Class C) were modelled and com-
pared with wall C1 to investigate the effect of reinforcement type.
To be consistent with test wall C1, the reinforcement properties for
each grade were all derived from average test results rather than
being lower characteristic or minimum values. The properties of
G500E reinforcement were obtained from average test results by
Pacific Steel in New Zealand and the properties of Class C were
obtained from the reinforcing steel used for wall WSH3 tested by
Dazio et al. [41]. As shown in Table 4, Class C and G500E reinforce-
ment had lower ductility and strain hardening ratio when com-
pared to the G300E reinforcement used during the wall tests. The
strain hardening ratio of Class C and G500E were both approxi-
mately 1.2, and the ultimate strain capacities were 7.7% and
12.4%, respectively.

A comparison of the calculated strains in the extreme tension
vertical reinforcement of the modelled walls with different rein-
forcement types is shown in Fig. 16. The reinforcement strain pro-
file prior to 1.0% lateral drift did not change significantly as the
reinforcement type changed, indicating that the reinforcement
type did not significantly affect the crack pattern. However, due
to the difference of the reinforcement ductility, the ultimate drift
capacities of these three walls were significantly different.
Fig. 17-a shows the envelops of the cyclic moment-displacement
response of the three walls. The drift capacities when reinforce-
ment was estimated to fracture for wall C1, C1-3 and C1-4 were
1.83%, 1.14% and 0.80%, respectively. Using G500E or Class C
greatly decreased the drift capacity of the walls modelled, high-
lighting that the ultimate strain capacity (ductility) of the vertical
reinforcement has a significant effect on the drift capacity of the
lightly reinforced concrete walls.

Wall C1-5 and C1-6 were modelled to investigate the effect of
the reinforcement strain hardening ratio. Three strain hardening
ratios were investigated for G300E reinforcement, including 1.15
(C1-5), 1.35 (C1) and 1.5 (C1-6), representing lower limit, average,
and upper limit allowable in accordance with AS/NZS 4671 [39].
From Fig. 16-a, d and e, it can be seen that the distribution in
strains in the extreme tension vertical reinforcement varied signif-
icantly between walls C1, C1-5 and C1-6, indicating that the strain
hardening ratio had a significant impact on the wall crack pattern.
The larger the strain hardening ratio, the greater the number of
secondary cracks, and the more evenly the reinforcement strains
were distributed in the plastic hinge region. For example, as shown
in Fig. 16-d and e, the reinforcement strains for wall C1-5 were pre-
dominantly concentrated on the wall base, whereas the reinforce-
ment strains of wall C1-6 were more averagely distributed over the
plastic hinge region. The larger strain hardening ratio provided a
larger increase in strength in the reinforcement beyond yield
which increased the likelihood of secondary cracks developing
[2]. The increase in secondary cracking and more evenly dis-
tributed reinforcement strains also led to increased wall drift
capacity as the strain hardening ratio increased. As shown in
Fig. 17-b, the calculated ultimate drifts corresponding to reinforce-
ment fracture were 1.59% and 1.83% for wall C1-5 and C1. For wall
C1-6, the concrete in the compression region started to crush prior
to reinforcement fracture due to the more evenly distributed verti-
cal reinforcement strains that reduced the peak inelastic demand.

5.3. Concrete strength

Specified concrete strengths that represent lower characteristic
values are typically used during structural design. However, it is
recognised that the average strength of the supplied concrete
and the strength increase beyond 28 days can often result in signif-
icantly higher concrete strengths in actual structures. For example,
the specified 28-day concrete strength of the RC walls in the Gal-
lery Apartment building that was damaged during the Canterbury
Earthquake was fc’ = 30 MPa, but cores extracted from the building
indicated that the actual compressive strength was closer to
50 MPa [38]. The average target compressive strength is often
20% greater than the specific strength and an additional 10%
strength gain may occur over time [42]. Therefore, to investigate
the effect of actual concrete strengths on the behaviour of lightly
reinforced concrete walls, walls C1-7, C1-8, and C1-9 were mod-
elled with concrete compressive strengths of 40 MPa, 50 MPa,
and 60 MPa, respectively, representing specified, average long-
term, and extreme concrete strengths. The fib model code recom-
mendation was adopted to estimate the average uniaxial concrete
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Fig. 16. Comparison of vertical reinforcement strain for walls with different reinforcement types.

Fig. 17. Comparison of moment-drift curves for walls with different reinforcement types.
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tensile strengths, which equated to 3.51 MPa, 4.07 MPa, and
4.60 MPa for walls C1-7, C1-8, and C1-9, respectively [31].

The calculated strains in the extreme tension vertical reinforce-
ment and the envelopes of the cyclic moment-displacement
response for the three walls modelled with different concrete
strengths are compared in Figs. 18 and 19. The behaviour of wall
C1-7 was similar with that of test wall C1, indicating that a slight
increase in concrete strength from 38.5 to 40 MPa did not alter
the behaviour significantly. However, for walls C1-8 and C1-9,
the vertical reinforcement strains concentrated at a single flexural
crack at the wall base. The reduction in flexural cracking was
attributed to the higher concrete tensile strength that required a
larger reinforcement tension force to initiate secondary cracking.
The reinforcement strain distributions were similar between C1-
8 and C1-9 because the behaviour of both walls was dominated
by the single flexural crack. The estimated ultimate drift capacities
corresponding to reinforcement fracture were 1.81%, 1.68% and
1.60% for walls C1-7, C1-8, and C1-9, indicating that the drift
capacity decreased as the concrete strength was increased. The
results of these analyses confirmed that the variation of actual con-
crete strengths needs to be considered when assessing the seismic
response of existing RC wall buildings as well as when developing
minimum vertical reinforcement requirements to ensure that sec-
ondary cracks can occur within the plastic hinge region.
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Fig. 18. Comparison of vertical reinforcement strain for walls with different
concrete strength.

Fig. 19. Comparison of moment-drift curves for walls with different concrete
strengths.
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6. Conclusions

A detailed finite element model was developed to represent the
behaviour of flexure dominant lightly reinforced concrete walls.
The model developed was verified against experimental results
from recent RC wall tests to establish the accuracy and limitations
of the model. Finally, the effect of wall dimension, reinforcement
properties, and concrete strength on the behaviour of lightly rein-
forced concrete walls was investigated using the model. The main
conclusions drawn from this numerical study included:

� Refinement of the mesh size in the numerical model was essen-
tial to accurately capture the formation of discrete flexural
cracks and localisation of reinforcement strains in the lightly
reinforced concrete walls.
� The proposed model captured both the overall lateral load
response and the local response parameters of the wall with
good accuracy when considering the cyclic moment-
displacement response, crack pattern, and vertical reinforce-
ment strains.

� Buckling of the vertical enforcement was not accurately esti-
mated in the model due to limitations of the reinforcement
buckling model that did not account for the large tensile strain
concentrations. However, the lateral drift at which reinforce-
ment buckling initiated could be reliably estimated from the
tensile strains calculated by the model.

� By using regularised reinforcement ultimate strains, the wall
drift capacity when reinforcement fractured could also be reli-
ably estimated from the tensile strains calculated by the model.

� Increased wall dimension had a significant effect on the drift
capacity of the lightly walls modelled. When keeping reinforce-
ment ratio and shear span ratio constant, the lateral drift capac-
ity decreased as the wall length increased. As a result, the drift
capacity in the lightly reinforced concrete walls tested by Lu
et al. [3] may have been greatly overestimated due to their
scale. It is recommended that wall size and crack widths at
which reinforcement occur be considered when assessing the
seismic response of existing lightly reinforced concrete walls.

� Using reinforcement with a higher yield strength and lower
ductility did not significantly impact the crack pattern, but did
greatly decrease the lateral drift capacity of the modelled walls.
Furthermore, reducing the strain hardening ratio of the rein-
forcement resulted in a reduction in secondary cracking over
the plastic hinge region and a significantly reduced lateral drift
capacity. As a result, reinforcing steel strength and ductility
must be accounted for when developing minimum vertical rein-
forcement provisions and when assessing the seismic response
of existing lightly reinforced concrete walls.

� Concrete tensile strength had a significant influence on the
cracking in the plastic hinge region of the modelled walls.
Higher concrete strength resulted in fewer flexural cracks form-
ing and reinforcement strain concentrating more significantly at
the wall base, leading to reduced drift capacities. It is recom-
mended that the average long-term concrete strength should
be considered when assessing minimum vertical reinforcement
requirements rather than relying on lower characteristic speci-
fied strengths.
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