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Abstract

Poor performance of lightly reinforced and unconfined concrete structural walls have been observed
in recent earthquake events. This research investigates the displacement capacity of such walls by
comparing the results of a series of state-of-the-art finite element analyses for a range of different
structural walls to that estimated using plastic hinge analyses. The common expressions used in
estimating the yield curvature, yield displacement and plastic displacement are scrutinised for these
types of walls. Some recommendations are given to improve the prediction of the displacement
capacity of lightly reinforced and unconfined rectangular and C-shaped walls for flexural actions
using a plastic hinge analysis. Importantly, a parameter has been recommended to be used in a
“modified” approach for estimating the nominal yield displacement of lightly reinforced concrete
walls. Different expressions are also recommended depending on the amount of longitudinal
reinforcement used in the wall in comparison to that required to initiate secondary cracking. This is
important for providing better estimations of the displacement capacity of RC structural wall

buildings in low-to-moderate seismic regions such that vulnerability studies can be conducted.

1. Introduction

The moment magnitude (M,) 6.2 aftershock event in Christchurch on February 22, 2011, the most
damaging event in the Canterbury earthquake sequence, highlighted the poor behaviour that can be
exhibited by lightly reinforced and unconfined reinforced concrete (RC) walls. For example, some of
the walls in the Gallery Apartments building had a single, primary crack form at their base (Figure 1)

rather than the well distributed cracks (over a plastic hinge zone) that were expected to form. As
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shown in Figure 1b, it was common to find fracturing of the reinforcing bars that crossed this crack
due to the concentration of tensile strains in the vicinity of the crack (Henry, 2013; Sritharan et al.,
2014). ‘The building’s [Gallery Apartments] overall damage state may be described as being at near
collapse. A potentially catastrophic failure might have been observed for a slightly longer duration of
severe ground shaking’ (Morris et al., 2015). This type of performance in RC walls was also
observed during the Chilean Earthquake of 1985 in the El Faro building (Wood et al., 1991; Wood,
1989). The investigation by Wood et al. (1991) on the El Faro building provided a ‘rare, documented
failure of a structural wall-system’, with failure and ultimately collapse of the building occurring after
the longitudinal reinforcement fractured in a first-story wall. To the authors’ knowledge, this was the
first documented case of a single-crack-failure in a RC wall from an earthquake event, where this
single-crack phenomenon can be attributed to the low amount of longitudinal reinforcement used in

the wall (CERC, 2012; Hoult et al., 2017).

Figure 1 Single-crack failure observed in the Gallery Apartments building, Christchurch (a) concrete
removal and (b) fractured bar (Sritharan et al., 2014)

The collapse of the Pyne Gould building was another example of poor building performance observed

from the Christchurch earthquake. The building was reliant on RC walls for its lateral load resisting
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system, which formed a core surrounding stairs and lifts. The core walls were lightly reinforced and
unconfined, having a single layer of deformed 16 mm bars spaced at 381 mm for both the horizontal
and longitudinal reinforcement (Beca, 2011). The failure, according to Beca (2011), occurred
between levels one and two due to the vertical reinforcement in the west wall of the core yielding in
vertical tension and subsequently fracturing due to the concentration of strains at a suspected single,
primary crack. Furthermore, the core, continuing to deform to the east, reaching its unconfined
compression capacity in the east wall of the core. This poor behaviour of the core walls resulted in
large deformations of the gravity system (frames) and eventually led to a “pancake”-type collapse of
the building. It is important to note that the Christchurch earthquake sequence had similar
mechanisms to that associated with intraplate earthquake events in Australia, i.e. it was a reverse
faulting mechanism which was shallow and had a high stress-drop (Bradley et al., 2014; Brown &
Gibson, 2004; Goldsworthy, 2012). Buildings in Australia and other low-to-moderate seismic regions
commonly use RC structural walls as their lateral load resisting system. The low standard of detailing
required in the current (and previous) concrete structures standards in Australia (AS 3600), coupled
with the low return period earthquake typically used in design, has resulted in the great majority of
these walls being lightly reinforced and unconfined. The failures observed in Christchurch are a
forewarning of the catastrophic structural damage that would potentially occur in Australia due to the
poor behaviour of RC structural wall buildings if a similar magnitude event were to occur near a

densely-populated area.

Until recently, experimental seismic testing typically focused on RC walls that were rectangular in
cross-section, well confined in the boundary regions and highly reinforced (Cardenas & Magura,
1972; Oesterle et al., 1979; Oesterle et al., 1976; Wight et al., 1984). Furthermore, while rectangular
walls are commonly utilised on the perimeters of buildings (e.g. “peripheral walls”), many RC walls
(or cores) are non-rectangular due to architectural requirements (Belletti et al., 2013; Smyrou et al.,
2013). For example, C-shaped walls are commonly found enclosing a service core, elevators, stairs,
or toilets in buildings (Beyer et al., 2008a). There have been several experimental programs to assess

the seismic performance of C-shaped (or “U-shaped”) RC walls detailed to regions of high seismicity
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in the past decade or so (Beyer et al., 2008b; Constantin & Beyer, 2016; Ile & Reynouard, 2005;
Lowes ef al., 2013; Pegon et al., 2000; Sittipunt & Wood, 1993). However, despite being popular in
construction, there have been relatively few studies conducted on the seismic performance of C-
shaped walls with the type of detailing that would commonly be found in Australia and other low-to-
moderate seismic regions, and there is a lack of experimental data for these types of walls. Moreover,
the plentiful of plastic hinge analysis expressions used for estimating the displacement capacity of
cantilever walls have been primarily calibrated to well-detailed RC elements. Thus, it is possible that
these same expressions cannot accurately estimate the displacement capacity of lightly reinforced and

unconfined walls found in low-to-moderate seismic regions.

The aim of this research is to assess the validity of using plastic hinge analyses (PHA) to estimate the
displacement capacity of lightly reinforced and unconfined walls. Two different wall shapes are used
for this assessment; rectangular and C-shaped. An extensive number of finite element modelling
results, previously used for analysing the equivalent plastic hinge length (Hoult ez al., 2017, 2018),
will be used to examine the displacement capacity and for comparison to the estimate produced with
the crude method of PHA. Expressions are ultimately recommended to be used in PHA for lightly
reinforced concrete walls, which are also dependent on the amount of longitudinal reinforcement ratio

used in the wall (compared to the minimum required to cause secondary cracking).

The results from this study will provide vital information for the vulnerability studies of RC buildings
that are being carried out by the authors within the earthquake mitigation component of the Australian

CRC (Cooperative Research Centre) for Bushfires and Natural Hazards.

2. Plastic Hinge Analysis

For the purposes of seismic design and assessment, it is common to use a bilinear approximation of
the force-displacement response of RC walls (Priestley ef al., 1996), as illustrated in Figure 2. A PHA
is one of the most widely used and simplest methods for calculating the force-displacement capacities
of RC members (Almeida ez al., 2016). The PHA acknowledges that the top displacement of a

cantilever wall structure is the summation of the deformation components primarily due to flexure,
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shear and slipping. These deformation components can be used to calculate the yield displacement
(4y) and plastic displacement (4,), as illustrated in Figure 2. The ultimate displacement (4,) of the
cantilever RC wall is the summation of 4, and 4,. The ultimate capacity (or failure) of RC walls in
some research has been taken at the point at which the maximum strength is reduced by 20%
(Krolicki et al., 2011; Park, 1989). However, as illustrated in Figure 2, the non-ductile failure that is
typically expected in unconfined walls with the details commonly found in low-to-moderate seismic
regions is likely to correspond to a more abrupt reduction in strength. Therefore, “failure” here is
deemed to correspond to material strain limits in the reinforcing steel and concrete for the “collapse
prevention” performance level for unconfined RC walls. This corresponds to strains limits of -0.003
and 0.05 in the concrete (g.) and steel (&), respectively, which were subsequently used as the failure
strain limits in the studies conducted by Hoult ef al. (2017) and Hoult ez al. (2018) for rectangular and
C-shaped RC walls respectively. In short, this concrete strain limit for unconfined RC walls represent
the concrete reaching close to its ultimate capacity. Furthermore, the steel strains are limited to
prevent collapse due to low cycle fatigue (due to inelastic cycles in main event plus aftershocks) and
out-of-plane buckling on reversal of load. This has been calculated as 0.6¢, as per the
recommendations in Priestley et al. (2007), where the uniform elongation strain (&) has been taken as
an approximate mean value given in Menegon et al. (2015) for DS00N bars. It should be noted that
these values have been chosen for assessment, where more conservative values could be warranted for
the reinforcing steel in design, such as 0.03, which corresponds to 0.6 of the nominal uniform
elongation strain for N-type reinforcing steel (Standards Australia/New Zealand, 2001). An even
more stringent tension strain limit for the design of RC walls could also warranted to mitigate against

out-of-plane buckling of the wall.
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125 Figure 2 Idealised Force-displacement response

126 In this section, a review is undertaken for some of the equations that have been recommended in the
127 literature for determining the displacement capacity of RC walls using the PHA method. These PHA
128  equations will ultimately be scrutinised as to their applicability for lightly reinforced and unconfined
129  rectangular and C-shaped walls. It should be noted that the research conducted here is primarily

130 focused on improving the displacement capacity estimates for these types of walls due to flexure. The
131 authors acknowledge the potential for other contributions to the overall displacement capacity of a RC
132 wall, such as shear and slip, or other modes of failure, such as out-of-plane buckling due to poor

133 confinement. However, due to both lack of experimental evidence and limitations of the PHA

134 method, the primary focus of this research is to investigate the displacement capacity of these types of

135  walls assuming the performance is governed by flexure.

136 2.1 Yield Displacement

137  The displacement of the wall at first yield (4)) is defined as when the outermost reinforcing bar in the
138 extreme tension fibre region of the RC section first reaches the strain at yield. The line that extends

139 from this point to the nominal yield (4,) point (Figure 2) is calculated using Equation 1.
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For moderate to slender rectangular RC walls with high aspect ratios (A4, > 2) the contribution of shear
deformations and displacements due to slip are commonly ignored due to the negligible amount they
contribute to the overall displacement capacity (Wibowo et al., 2013). However, the shear deformations
can make an important contribution to the overall displacement of non-rectangular RC sections, such
as C-shaped walls, even if the 4, is greater than 2 (Beyer et al., 2008b; Constantin & Beyer, 2016;
Zhang & Li, 2014). A commonly used expression for estimating 4, is given in Priestley et al. (2007)
with Equation 2. Importantly, this expression has been derived assuming the curvature profile up the

height of the wall is a ‘straight line from the yield value at the base to zero at the top of the wall’

(Priestley et al., 2007).
4 @ HZ (1 H, ) )
) 3H,

where @, is the nominal yield curvature, H, is the effective height of the cantilever wall and H, is the

height of the cantilever wall at roof level.

However, Beyer (2007) recognised that the assumption of the linear curvature profile ‘tends to
overestimate the flexural displacements in the upper part of the wall’. It is also probable that the linear
curvature assumption is vastly different to the realistic curvature profiles obtained from lightly
reinforced concrete walls when pushed to their ultimate limit state. This is particularly true for lightly
reinforced walls that exhibit a single, primary crack, where the strains (at yield) will be concentrated
over a small height at the base of the wall. To overcome this, a new approach was proposed in Beyer
(2007) to calculate the yield displacement based on the flexural, strain penetration and shear
deformation components. A factor (defined here as k) was also introduced by Beyer (2007), and later
revised by Constantin (2016), to account for the actual height of the wall that is estimated to be cracked,
which is illustrated in Figure 3. Thus, the yield displacement expression for a RC wall as proposed by
Beyer (2007) is in the form of Equation 3, which includes the contributions due to shear deformations

using the shear-to-flexure deformation ratio (4, / 4,).



163

164

165

166

167

168

169

170

171

@, od;,

Figure 3 Factors proposed by Beyer (2007) and Constantin (2016) for calculating the yield displacement
kCT' AS
Ay= q)y(THrzL + LypHn)(l +E) 3

where Ly, 1s the yield strain penetration length (a parameter discussed further in Section 2.2). The

expression for k.- is given in Constantin (2016) in the form of Equation 4.

3H, Hi
H, H?

ke = a+ 0501 — a)(

where o is the ratio of cracked to uncracked flexural wall stiffness (Ecl., / Eclg) and H., is the height of
the cracked wall, which can be estimated using Equation 5. It should be noted that the stiffness of the
cracked section (Ecl.) can be estimated using the ratio of the moment to curvature at first yield (M, /

).

H.. =max|L 1—% H 5
cr w» M:;, n

where M., 1s the cracking moment (Equation 6).

, P
(f ct.f +E) Iy 6

M. = y
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where P is the axial load, 4, is the gross section area, /I, is the gross second moment of inertia of the
wall cross-section, y is the distance from the neutral axis to the extreme tension fibre region and f. s is

the mean value of the flexure tensile strength of the concrete.

It should be noted that in some RC wall cases, when a very low amount of longitudinal reinforcing
steel has been used, the M. could be greater than M’,. Therefore, H., (Equation 5) is taken as L,, for
these types of walls. Although this value of H,, (of L,;) is unrealistic, given that these types of walls
are more likely to produce a single, primary crack at the base, the proposed modification factor

(discussed later in Sections 4.1.2 and 4.2.2) rectifies this problem.

The curvature at first yield (@) can be calculated from a sectional analysis (or “moment-curvature
analysis”), where Equation 7 corresponds to the curvature at which the outer-most longitudinal
reinforcing bar in the extreme tension fibre region reaching the yield strain (g,). The yield strain can
be determined from the yield stress (f,) and the Young’s modulus (£;) of the reinforcing steel (g, =
J¥/Es). The nominal yield curvature (@) can thus be calculated using Equation 8. Moreover, the
expression shown in Equation 9, which was first suggested by Priestley and Kowalsky (1998), can be
used to estimate the @, of a RC wall, where the ‘proportionality factor’ (K;) is said to be largely

depend on the longitudinal reinforcement layout and the shape of the cross section of the wall.

M
’y — Yy 7
Eclesy
M,
= o3 (i7) 8

where M, is the ultimate moment capacity of the RC section.

K€
q)yz 1¢sy
Ly

Several researchers have given recommendations on the value of K; that should be used to estimate
@, (Equation 9) for a range of wall shapes. For example, a commonly used value of K; for RC

rectangular walls is 2.0, which has been derived from analytical and experimental studies (Paulay,

2002; Priestley & Kowalski, 1998). The K, value of 2.0 for RC rectangular walls has subsequently
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been used in the PHA method outlined in Priestley et al. (2007). However, as discussed in Priestley
and Kowalski (1998), the relationship for yield curvature with a K; factor 2.0 ‘should not be
extrapolated beyond the range 300 < f;, < 500 MPa nor beyond the limits of longitudinal steel ratio’,
which were between 1.00% < p,» <4.00%. Given that the lower characteristic value of the yield
stress (f;) of DSOON reinforcing bars commonly used in Australia is 500 MPa (Standards
Australia/New Zealand, 2001), the actual value of f, will typically be higher than 500 MPa.
Moreover, the majority of RC walls found in this region will have longitudinal reinforcement ratios
lower than 1.00% (Albidah et al., 2013; Wibowo et al., 2013). Adebar and Lorzadeh (2012) also
discuss that it is rare for RC walls to have a py, higher than 1.00%. Hence the equation for estimating

the nominal yield curvature for rectangular walls in Australia needs further investigation.

Beyer (2007) recognised that K; factors had not been derived explicitly for U-shaped (or C-shaped)
RC sections. However, Beyer (2007) realised it was possible that the K; factors for I-shaped and T-
shaped walls could ‘serve as approximates’ for C-shaped walls and bending about the major and
minor axes, respectively. Following the research by Beyer (2007), some values have been proposed
by Sullivan et al. (2012) for C-shaped walls, given in Table 1. It should be noted that ‘“Major’
corresponds to bending of the C-shaped wall in the direction parallel to the web (about the major
axis), whereas WiC and WiT correspond to the wall bending in the direction parallel to the flanges
(about the minor axis) with web in compression and web in tension, respectively. These different
modes of bending for a C-shaped wall are illustrated in Figure 4, where the shaded regions of the wall
are the idealised compression zones. Testing of the seismic performance of C-shaped walls designed
to regions of high seismicity from Constantin (2016) found that these proposed values corresponded

well to experimental observations.

Table 1 Ki values proposed for C-shaped walls

Major WiC WiT
Sullivan et al. (2012) 140 1.40 1.80

10
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Figure 4 Different modes of bending for (a) rectangular walls and (b-d) C-shaped wall, with idealised
neutral axis for high levels of loading

2.2 Plastic Displacement

To estimate the plastic deformation (4,), the strains and corresponding curvatures need to be
determined, and these will vary considerably up the height of a cantilevered wall. However, it is
common practice to simply assume that the inelastic curvature is uniform for a height above the base
that is equivalent to the plastic hinge length (Z,) (Fenwick & Dhakal, 2007). This is a reasonable
approximation and is utilised in the equations proposed by Priestley et al. (2007) for the displacement
profile of a cantilevered wall in Equation 10. It should be noted that the shear-to-flexure ratio has
been included in Equation 10, which was also used by Constantin (2016) for the plastic displacement
of C-shaped walls; for rectangular walls with A, greater than 2, it is assumed that the A4,/ Ay is

equivalent to zero (negligible).
Ap= Lp(®, — P)H (1 + E) 10

where @, is the ultimate curvature.

Many empirical equations are available for calculation of the equivalent plastic hinge length (Z,). For
example, Equation 11 is recommended from Priestley et al. (2007) for RC cantilever walls.
L, =kH,+0.1L, + Ly, 11

where £ is a constant reflecting the distribution of plasticity dependent on the ratio of the ultimate
strength to yield strength of the reinforcing steel (k = 0.2(f./f;-1) < 0.08) and L, is the strain

penetration length defined in Priestley et al. (2007) with Equation 12.

11
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Lyp = 0'022fyedbl 12

where f,. is the expected yield stress of the steel (1.1f).

More recently, Equation 13 was specifically derived from analytical and experimental results of RC

C-shaped walls from (Constantin, 2016).

T 13
L, = [0.05H, + 0.05L,,

)

where ALR is the axial load ratio and 7 is the average shear stress parameter, which can be calculated

(1 + 4ALR)

from a sectional analysis (“moment-curvature” analysis) or can be estimated by dividing the base
shear (V) of the wall by the effective area (4.p) of the section. The ALR is calculated as P/fmiAg,

where P is the axial force on the wall, fi; is the mean compressive strength of concrete.

However, Equations 11 and 13, as well as many other expressions for estimating L, (Bohl & Adebar,
2011; Kazaz, 2013; Paulay, 1986; Priestley & Park, 1984; Thomsen & Wallace, 2004; Wallace &
Moehle, 1992), have been derived primarily from analytical and experimental results for RC elements
that are not representative of lightly reinforced and unconfined concrete walls in regions of low-to-
moderate seismicity. It was shown in Hoult ez al. (2017) and Hoult ez al. (2018) that these commonly
used expressions provide a large scatter of results in comparison to the L, derived from numerical
analyses for lightly reinforced rectangular and C-shaped walls respectively. Subsequently, an
expression was derived to predict the L, for lightly reinforced and unconfined rectangular walls with
Equation 14. Importantly, this expression was only recommended to be used for RC walls that had a
sufficient amount of longitudinal reinforcement to allow secondary cracking. Thus, if a wall has a
longitudinal reinforcement ratio less than the minimum required to initiate secondary cracking (pwy <
Pwv.min), @ Lp of 100 mm was recommended for design purposes; a slightly less conservative L, of 150
mm will be used here for assessment purposes. It should be noted that the L, of 150 mm,
corresponding to the strain penetration length (L,,), is close to the value of that calculated with
Equation 12 (assuming the dj; 1s 12 mm). Furthermore, the value of 150 mm is approximate to the
mean of the L, values determined from the results of all of the rectangular and C-shaped walls with a

Ppwv less than py, min analysed in VecTor3 using the Equivalent Plastic Hinge Length method (Hoult ez

12
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al., 2018). The pw.min can be calculated using the expression given in Hoult et al. (2017) (Equation
15). More information about the derivation and limitations of the L, expression for lightly reinforced

rectangular concrete walls can be found in Hoult et al. (2017).

L, = (0.1L, + 0.075H,)(1 — 6ALR) < 0.5L,, 14
_ (& = nedp)feen 15
Pwv.min =
fut

where t,, is the thickness of the wall, n; is the number of grids of transverse reinforcing bars, dy is the
diameter of the transverse reinforcing bars and f; is the ultimate tensile strength of the reinforcing

steel. The f:s can be approximated using the expressions given in fib (2012).

Expressions for predicting the L, of lightly reinforced and unconfined C-shaped walls were also
derived for the 3 different modes of bending (about the major axis [ Ly mqjor] and about the minor axis
with web in compression [ Ly minor. wic] and web in tension [ Ly minor.wit]), given in Equations 16, 17 and
18 respectively. It should be noted that these expressions (Equations 16 to 18) should only be used
for walls that have a sufficient amount of longitudinal reinforcement for secondary cracking; if a C-
shaped wall has a py» less than py.min (Equation 15), then a L, of 150 mm is used here for assessment
purposes (as discussed above). More information about the derivation and limitations of the L,

expressions for lightly reinforced C-shaped concrete walls can be found in Hoult et al. (2018).
Lpmajor = (0.1Lyep — 0.013H,)(1 — 13ALR)(7e7°8Y) < 0.5Ly¢p 16

where Lyes 1s the length of the web of the C-shaped wall (Figure 4) and v is the average normalised

shear stress. The v parameter is calculated as t/0.17./ fzmi, Where the 0.17,/ fzn; term is taken from
ACI-11 (ACI, 2011) for the shear stress capacity at diagonal cracking, which is also used in AS
3600:2009 (Standards Australia, 2009) for the calculation of the minimum shear strength of a wall

(without consideration of the shear reinforcement).
Ly minorwic = (0.5Lf1gnge — 0.015H,)(1 — 3ALR)(1.6e7 %) < Lfiange 17

where Lgange 1s the length of the flange of the C-shaped wall (Figure 4).

13
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Ly minorwir = (1.0Lg1gnge — 0.073H,)(1 — 8ALR)(2.5e7%1) < 0.5Lf1ange 18
2.3 Shear Displacement

As previously mentioned in Section 2.1, a common assumption in a plastic hinge analyses for
rectangular RC wall sections with large A4 is to neglect the shear and slip displacements (Almeida et
al., 2016). For example, this assumption appeared to be valid for the three experimental lightly
reinforced rectangular concrete walls tested by Albidah (2016) and Altheeb (2016). However, for
non-rectangular wall sections (e.g. C-shaped), shear deformations can represent a larger portion of the
total displacement capacity of the wall in comparison to that for rectangular walls. For instance,
Beyer (2007) found that the shear-to-flexure (4 / 4) ratios of the two experimentally tested C-shaped
walls ranged from approximately 8% to 38%, depending on the direction of loading. Moreover,
recent experimental testing on two other C-shaped walls from Constantin (2016) found similar values
for the same directions of loading, with 4 / Ay values ranging from 16% to 33%. Given the potential
for shear deformations to make a large contribution to the overall displacement capacity of RC C-
shaped walls, it is important to incorporate a shear deformation model into the PHA for these types of

walls.

Over the past decade or so, several models have been recommended for use in predicting the shear
displacement of RC walls, and these can be incorporated into a PHA (Beyer et al., 2011; Hannewald,
2013; Hines et al., 2004; Priestley et al., 2007). The simplified method for incorporating the shear
deformations (4,) in a PHA for RC walls is to compare the shear contribution to the overall flexural
deformation (4;). This is because the shear-to-flexure ratio (4;/ 4) has previously been found to be

relatively constant throughout the inelastic range (Beyer et al., 2011; Hines et al., 2004).

The 4, / Ay deformation model proposed by Beyer et al. (2011) is expressed in the form of Equation
19. This expression (Equation 19) assumes that the shear-to-flexure ratio is constant throughout the

inelastic range and that the shear deformations only occur in the equivalent plastic hinge region.
A E 1
b _pg(m () o
Ar @, tanb./ \H,

14
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where ¢, 1s the mean axial strain of the RC section (which can be estimated from a moment-curvature

analysis) and 6. is the crack angle.

The crack angle (6.) has traditionally been taken as 45° (Krolicki ef al., 2011), a value which is also
used for design purposes (Beyer et al., 2011). However, recent research has indicated that there is
some variability in the cracking angle, which can range from 25° to 65° (Krolicki et al., 2011).
Moreover, Priestley et al. (1996) recommended an average cracking angle of 30° to be used for the

assessment of existing structures.

3. Finite element modelling results

An extensive number of finite element modelling analyses were originally conducted in Hoult ez al.
(2017) and Hoult et al. (2018) for lightly reinforced and unconfined rectangular and C-shaped walls
respectively. The strain distribution results from the numerical analyses were initially used to
calculate the equivalent plastic hinge length for a range of walls and different parameters with values
that would be prevalent in the low-to-moderate seismic region of Australia. The force-displacement
relationships from these same numerical analyses are used in this research to investigate that
displacement capacity, with comparisons being made to the estimates from PHA. The next section
briefly discusses how the finite element modelling programs were validated, which is followed by
sections that summarise the different wall parameters that were used in the numerical analyses. For
the sake of brevity, the reader is referred to Hoult ez al. (2017) and Hoult et al. (2018) for more
information with regards to the finite element modelling programs used, model and mesh setup, as

well as the subsequent material models used (and validation of such models).

3.1 Validation of VecTor

VecTor2 (Wong et al., 2013) and VecTor3 (EIMohandes & Vecchio, 2013) are state-of-the-art
nonlinear finite element modelling programs used for RC 2-dimensional and 3-dimensional solids
(respectively) that use the Disturbed Stress Field Model (DSFM) (Vecchio et al., 2000). Information
about the program and some improvements of the predictions for the behaviour of RC elements can

be found in Wong ef al. (2013) and EIMohandes (2013). VecTor2 has been used in a variety of past
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research for modelling RC walls (Beyer, 2007; Bohl & Adebar, 2011; Dai, 2011; Ghorbani-Renani et
al.,2009; Lu et al., 2014; Luu et al., 2013; Sritharan et al., 2014). To the authors’ knowledge
VecTor3 has only been used for comparison with one past experimental study on RC walls (Pefia,
2001). The results from Pefia (2001) on a H-shaped wall using VecTor3 compared well to the results

given by VecTor2, as the wall was symmetrical and could be analysed by both programs.

A range of material models have been incorporated in VecTor2 and VecTor3 to represent modelling
of the concrete and steel materials. These models were used for the finite element modelling analyses
conducted in Hoult et al. (2017) and Hoult ez al. (2018) for lightly reinforced and unconfined
rectangular and C-shaped walls respectively. These models are summarised in Table 2, where the
reader is directed to Hoult ef al. (2017) and EIMohandes and Vecchio (2013) for more information on

the selected models.

Table 2 Material models used in VecTor2 and VecTor3

Constitutive Behavior Model
Compression Pre-Peak Popovics NSC!/Popovics HSC?
Compression Post-Peak Popovics NSC!/Popovics HSC?
Compression Softening Vecchio 1992-B (el/e0-Form)
Tension Stiffening Modified Bentz 2003
Tension Softening Bilinear
FRC Tension Not Considered
Confined Strength Kupfer/Richter
Dilation Variable - Kupfer
Cracking Criterion CEB-FIP Model (Kupfer et al., 1973)
Crack Stress Calc Basic (DSFM/MCFT)
Crack Width Check Aggregate 2.5mm Max Crack Width (Deafult)
Crack Slip Calc Walraven (Monotonic)
Creep and Relaxation Not Available
Hysteretic Response Palermo 2002 (with Decay)

'Normal Strength Concrete (NSC) < 45MPa
?High Strength Concrete (HSC) > 45MPa

VecTor2 was shown in Hoult ef al. (2017) to provide reasonably good results in comparison to the
relevant experimental data from rectangular wall specimens R1 from Oesterle et al. (1976) and C1

from Lu et al. (2015), including the force-displacement relationship (monotonic and reverse cyclic),
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cracking distribution and strain/curvature distribution up the height of the wall. Furthermore, the
experimental results from specimens Walll and Wall2 from Altheeb (2016) were also used in Hoult
(2017) to determine the applicability of the material models (Table 2) for VecTor2. Importantly,
Walll and Wall2 were both lightly reinforced and unconfined rectangular walls detailed to current
Australian practice (Altheeb, 2016), with Walll forming a single-crack at the base of the wall during
testing. The force-displacement results from VecTor2 for Walll and Wall2 (and for monotonic

loading) is given in Figure 5.

a) Average Drift b) Average Drift
-4.50%-3.00%-1.50% 0.00% 1.50% 3.00% 4.50% -4.50%-3.00%-1.50%0.00% 1.50% 3.00% 4.50%
80 80 150 150
------- ‘Altheeb (2016)
60 e 60 VecTor2
it 100 100
40 AT 40
20 T 5 50 50
o 0 ST U LR i 0 o 0 0
[} K / )
=20 Pl 20 =
N -50 -50
40 | M1 -40
- n——""—
60 i [— Altheeb (2016) | o 100 -100
L4 VecTor2
-80 -80 -150 -150
-120 -80 _ -40 0 40 80 120 -120 -80 _ -40 0 40 80 120
Displacement (mm) Displacement (mm)

Figure S VecTor?2 results for (a) Walll and (b) Wall2 from Altheeb (2016)

VecTor3 was shown to provide reasonably good results in Hoult et a/. (2018) in comparison to the
relevant experimental data for C-shaped wall specimens TUA from Beyer et al. (2008b) and S02 from
Menegon et al. (2017), including the force-displacement relationship (monotonic and reverse cyclic),
cracking distribution and strain/curvature distribution up the height of the wall. Importantly, wall
specimen S02 from Menegon et al. (2017) was an unconfined C-shaped core wall (box-shaped
building core with door opening) that was ‘designed to best represent current building practices in
Australia’. The force-displacement relationship determined from VecTor3 for wall specimen S02
(and for both reverse cyclic and monotonic loading) is shown in Figure 6, where the experimental
relationship from Menegon et al. (2017) is superimposed in the figure. It should be noted that the

VecTor3 monotonic analysis for the modelled SO2 wall specimen (results shown in Figure 6) was
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pushed past what the authors of this research have defined as failure, which corresponds to the
limiting strain values for “Collapse Prevention” (discussed in Section 2). The circle symbol in Figure
6 indicates when the unconfined concrete strain of -0.003 was reached in the VecTor3 monotonic
analysis. This ultimate displacement corresponds to an average drift of 1.57%, which is similar to the
1.5% average drift reached experimentally in Menegon et al. (2017) before ‘lateral load failure’
occurs. The experimental specimen S02 was found to fail with degradation of the concrete ‘due to a
combination of tensile fracturing, unzipping of the lap splice and bond failure between the concrete
and reinforcement in the previous reversed load cycle’ (Menegon ef al., 2017). The VecTor3 model
of S02 is unable to capture this degradation, as the lap splice and discontinuity of longitudinal
reinforcement up the height of the wall were not modelled in VecTor3 (Hoult ez a/., 2018) and
smeared longitudinal (and transverse) reinforcement were used to model the bars (where bond
degradation cannot be modelled). However, it is shown that an unconfined compression strain of -

0.003 does a reasonable job of estimating failure (or onset of failure) for this wall specimen.

Average Drift
-4.0%  -3.0% -2.0% -1.0% 0.0% 1.0% 2.0% 3.0% 4.0%

500 400
300
200
200
= 100
é 100
3 0 0
=
< 100 -100
-200 Menegon et al. (2017) || _700
-300 VecTor3 (cyclic)
-400 VecTor3 (monotonic) -300
-500 -400
-104 =78 -52 -26 0 26 52 78 104

Displacement (mm)

Figure 6 Force-displacement results from VecTor3 for wall specimen S02

3.2 Rectangular walls

VecTor2 (Wong et al., 2013) was used in Hoult et al. (2017) to analyse a total of 378 lightly
reinforced and unconfined rectangular concrete walls with varying parameters. The range of different

parameters are discussed below and summarised in Table 3.
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The effective height (#,) is estimated to be 0.7/, as recommended by Priestley et al. (2007) and all of
the walls’ aspect ratios (4,) are equal to or greater than 2 (governed by flexure). The ALRs have been
chosen to represent the majority of the building stock in low-to-moderate seismic regions, where
ALRs of less than 5% are common in walls with low vertical reinforcement (Henry, 2013). Moreover,
the RC walls investigated by Albidah ef al. (2013) for low-to-moderate seismic regions indicated that
most of the walls had ALRs less than 5%, and the highest ALR did not exceed 10%. The minimum
transverse reinforcement ratio of 0.25% from AS 3600:2009 (Standards Australia, 2009) is used for
all of the walls. The minimum longitudinal reinforcement ratio (p.) required by AS 3600:2009
(Standards Australia, 2009) is 0.15%, while RC walls with p,,, less than 2.00% are said to ‘represent
the great majority of building stock in low-to-moderate seismic regions such as Australia’ (Wibowo et
al.,2013). As previously discussed in Section 2.1, Adebar and Lorzadeh (2012) believe it is rare for
RC walls to have a py» higher than 1.00%. Therefore, the p,» values used were 0.15%, 0.30%, 0.45%,
0.60%, 0.75%, 0.90% and 1.00%. The longitudinal reinforcement is distributed evenly throughout the
wall, which is commonly practice in low-to-moderate seismic regions (Hoult et al., 2017). The two
Jemi values of the walls considered in this study were 40 MPa and 60 MPa, which are realistic values
for walls designed originally with a characteristic compressive strength (f°;) of 32 MPa and 40 MPa,
given that the target strength would have been higher than this and that the concrete strength will
increase with time. The f,; values adopted correspond to increased strength factor (x= fomi / f)
values of 1.25 and 1.50 respectively; these are values representative of concrete that has aged over
several years as indicated in Moehle (2015). Mean values of the material properties for the
reinforcing steel were adopted from Menegon et al. (2015) for DSOON bars which conform to
AS/NZS 4671 (Standards Australia/New Zealand, 2001). The f, used was 551 MPa with a Young’s
Modulus (£) of 200,000 MPa and ultimate-to-yield stress ratio (f,/f;) of 1.20. The ultimate strain for
the purpose of the wall assessments was taken as 60% of the mean value of the uniform elongation
strain, 1.e. 0.6&s, (0.6 X 94.6 mm/m = 57 mm/m), based on the recommendations from Priestley ef al.
(2007) as discussed previously in Section 2.

Table 3 Walls used in VecTor2 with varying parameters

Ly(m) t(m) A H. (m) ALR (%) foni (MPa)  puv (%0)  pun (%0)
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3 02 25,41,57 735,12.25,17.15 1.5,5,10 40,60 0.15-1.00 0.25
6 02 20,33,41 1225,19.60,24.50 1.5,5,10 40,60 0.15-1.00 0.25
9 025 2.7,3.8,49 24.50,34.30,44.10 1.5,5,10 40,60 0.15-1.00 0.25

3.3 C-shaped walls

VecTor3 (EIMohandes & Vecchio, 2013) was used in Hoult ef al. (2018) to analyse a total of 144
lightly reinforced and unconfined C-shaped concrete walls with varying parameters. The range of

different parameters are discussed below and are summarised in Table 4.

Similar to Section 3.2 for the rectangular walls, the ALRs, pws and py» values have been chosen to
represent common values found in Australia and other low-to-moderate seismic regions. It should
also be noted that the longitudinal reinforcement is distributed evenly throughout the C-shaped walls.
Furthermore, the same f.; values used in Section 3.2 for the rectangular walls are used here; the two
Jemi values considered in this study were 40 MPa and 60 MPa. Mean values of the material properties
for the reinforcing steel were taken from Menegon et al. (2015) for DSOON bars (provided in Section
3.2), which conform to AS/NZS 4671:2001 (Standards Australia/New Zealand, 2001). The ultimate
strain of the reinforcing steel was taken as 0.6&,, based on the recommendations from Priestley et al.

(2007) and as discussed previously in Section 3.2.

Table 4 Walls used in VecTor2 with varying parameters

Wall ALR (%) fomi (MPa) P (%) P (%)
LR 1.5,5 40,60  0.15,0.45,0.70,1.0  0.25
MR 1.5,5 40,60  0.15,045,0.70,1.0  0.25
HR 1.5,5 40,60  0.15,045,0.70,1.0 0.25

Three different wall sizes have been chosen to represent C-shaped RC cores enclosing elevators for a
low-rise (LR), mid-rise (MR) and high-rise (HR) building. The number of storeys of the LR, MR and
HR C-shaped walls was chosen to be 3, 6 and 12 respectively, which are within the range given in
FEMA (2010) and Magsood et al. (2014). Using an inter-storey height of 3500 mm, the effective
height (H. = 0.7H,) is approximately 7.35 m, 14.70 m and 29.40 m for the LR, MR and HR wall

respectively. The number of elevator cars required for the different rise of building determines the

20



431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

size of the walls based on the recommendations given in RLB (2014). The LR C-shaped wall was
assumed to enclose two elevator cars (2x500kg, 6 person), while the MR C-shaped wall was assumed
to enclose three cars (3x900kg, 12 person) and the HR C-shaped wall was assumed to enclose four
cars (4x1150kg, 16 person). The internal dimensions (width x depth, in mm) of the 500kg, 900kg and
1150kg elevator cars are 1000 x 1300, 1400 x 1500 and 1500 x 1800 respectively. Therefore, the
resulting lengths of the web (Lyes) and flange (Lsange) that were required for the three different walls
are given in Table 5. After some discussions with P. McBean (personal communication, February 26,
2016), a consulting engineer and Joint Managing Director of Wallbridge & Gilbert, 200mm thick
walls and a length of 600 mm (approximately 2 ft) for the returns (Len) were taken as values that
reflect current and past practice in Australia. The thickness (z,) of the HR C-shaped wall was
increased to 250 mm, as shown in Table 5. The 4, values of the C-shaped walls, which are all greater
than 2.0, are different depending on the direction of loading; for bending about the major axis, the 4,
is taken as He/Lywes, Whereas for bending about the minor axis the A, is taken as He/Ljunge. These two

different A, values for each of the walls are given in Table 5.

Table 5 Dimensions of the C-shaped walls

Wall £, (mm) Lyep (mm) Lgange (Mm)  Lyesrn (mm) Ay H, (m)

LR 200 3600 2000 600 2.19,3.7° 735
MR 200 6200 2200 600 24%6.7°  14.70
HR 250 8500 2500 600 3.4% 11.7° 2930

#For bending about the major axis

PFor bending about the minor axes

4. Displacement capacity results

The following sections discuss the finite element modelling results, in terms of the displacement
capacities achieved, from the rectangular and C-shaped wall analyses. The curvature and
displacement estimates from the numerical results are compared to the estimates made with PHA.

Recommendations are ultimately given to improve the PHA accuracy for these types of walls.

4.1 Displacement capacity of rectangular walls

4.1.1 Yield Curvature
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As discussed previously in Section 2.1, a value of 2.0 is commonly used for K; when estimating @,,
for rectangular RC walls using Equation 9. A K value of 2.0 was found to overpredict the yield
curvature in comparison to experimental observations of six rectangular structural RC walls tested on
a shaker table by Lestuzzi and Bachmann (2007). Lestuzzi and Bachmann (2007) found that the poor
correlation is the result of the properties of reinforcing steel that is outside the limitations of the
equation proposed by Priestley and Kowalski (1998), as discussed in Section 2.1. Interestingly, the
reinforcing steel used in these experimental RC wall specimens had mechanical properties similar to

the DS0O0N bars used for this research investigation.

Using the minimum of the sum of the squares for the results of the 378 rectangular walls analysed in
VecTor2, it was found that a K; value of 1.7 correlated well to the VecTor2 results for the nominal
yield curvature (®),) when using Equation 9. The resulting value of 1.7 was within the values (of K/)
adopted by Lestuzzi and Bachmann (2007) of 1.75 and 1.56, depending on whether the experimental
rectangular wall specimens that were tested had light or heavy amounts of longitudinal reinforcement
concentrated (lumped) at the ends of the wall. The yield curvature estimates using K; values of 1.7
and 2.0 are illustrated in Figure 7; although the same R value is achieved using either of the K;
values, it can be observed that the K, value of 2.0 (Figure 7b) primarily overestimates @), in

comparison to the VecTor2 data.

a) b)
g g
2
3 3
3 3
N2 N2

& z
B 5
@’ %3
i <
— N
I I
< <

#,, (VecTor2) rad/km ¢, (VecTor2) rad/km

Figure 7 Yield curvature results from VecTor2 compared to estimates using Equation 9 with K; values of
(a) 1.7 and (b) 2.0
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4.1.2 Yield Displacement

The nominal yield displacement (4,) was found from the VecTor2 results for the lightly reinforced
and unconfined rectangular walls. These values were calculated using Equation 1, where the
displacement at first yield (4 y) corresponded to the yield strain being reached in the extreme tension
fibre region. The results from the numerical analyses showed that 4, increased as a function of the p,,
of the walls. For example, the nominal yield displacement values are given as function of the
longitudinal reinforcement ratio in Figure 8 for the six-metre rectangular walls (with f..; of 40 MPa)
and three different ALRs. An increasing yield displacement with increasing amounts of the
longitudinal reinforcement content is expected, given that a higher p,.» would induce a larger extent of
cracking in the yielding region of the wall; if more cracks form at the base of the wall, the strain is
more evenly distributed up the wall height, allowing higher displacement capacities to be achieved.
Little variance can be observed in Figure 8 for the 4, achieved by the walls with the different ALRs,
particularly for the walls with a higher p, (or once secondary cracking is achieved). Based on the
work in Hoult ez al. (2017) and Equation 15, the minimum longitudinal reinforcement ratio (pwy.min)
required to initiate secondary cracking is approximately 0.50% and 0.65% for the 40 MPa and 60
MPa RC walls. These estimated values of py.min Were shown to correspond well to the cracking and
strain distributions investigated using the same numerical results in Hoult et al. (2017). As reflected
in Figure 8, a higher 4, is achieved when secondary cracking occurs in comparison to the walls with
insufficient longitudinal reinforcement. In the latter case, the wall exhibits a single, primary crack,
where the yield and plastic strains are concentrated over a small height of the wall, and hence a lower

nominal yield displacement capacity is achieved for these walls.
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Figure 8 Nominal yield displacement as a function of longitudinal reinforcement for the 6 metre (40 MPa)
rectangular walls

Interestingly, the PHA approach recommended by Priestley ef al. (2007) for calculating 4, (Equation
2) is independent on the flexural strength of the wall and is therefore constant throughout the range of
pwy used for a given cross-section of wall. This is shown in Figure 9, where the 4, estimates using
Equation 2 from Priestley et al. (2007) are superimposed with the 4, results from VecTor2 for the 6
metre (40 MPa, 5% ALR) rectangular walls of varying aspect ratio (4,). It should be noted that the
nominal yield curvature (@, in Equation 2 has been calculated using Equation 9, where a value of 1.7
was used for K, due to the findings in Section 4.1.1, and a value of 0.0027 for &,. The estimated 4,,
using the expression from Priestley et al. (2007), overpredicts the 4, in comparison to the numerical
results throughout the p,, range, even with the reduced value of 1.7 [from 2.0 recommended in
Priestley et al. (2007)] for K, for lightly reinforced walls. This conforms with the supposition from
Beyer (2007) discussed in Section 2.1, where it was suggested that the linear curvature profile
approach [from Priestley et al. (2007)] will overestimate the nominal yield displacement capacity. To
illustrate this further, Figure 10 gives the curvature profile at yield for the 6 metre walls (40 MPa,
ALR of 5% and an A, of 3.27) with varying p,». Superimposed on this figure is the linear curvature
profile, which is one of the assumptions used to derive Equation 2 from Priestley et al. (2007). It
should be noted that the height of the wall in Figure 10 has been normalised to the height of the
cantilever wall at roof level (H,) of 28 m. Although it appears that some yielding (and thus, some
cracking) has occurred in the majority of the walls (with a sufficient longitudinal reinforcement ratio
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to allow secondary cracking) and in the lower 20-40% of the wall height (from the base), the actual
curvature profiles are far different from the approximate linear curvature profile. Moreover, the
curvature distribution becomes more linear as the longitudinal reinforcement ratio increases, which

explains the trend illustrated in Figure 8 and Figure 9.
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Figure 9 Nominal yield displacement estimates using the expression by Priestley ef al. (2007)
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Figure 10 Yield curvature profiles for the 6 metre walls compared to the linear curvature profile

In contrast to the PHA approach from Priestley et al. (2007), the method proposed by Beyer (2007)
(Equation 3) attempts to determine the height of the wall that is cracked and uncracked. Importantly,

Equation 3 is dependent on the ratio of cracked to uncracked flexural wall stiffness (a), which can be
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determined for each RC wall case with the M, and @), values, and the height of the cracked wall H.,
(Equation 5), which is determined from the ratio of M. to M, (Equation 6). Figure 11 gives the 4,
results as a function of the py, used from VecTor2 for the 6 metre (40 MPa, 5% ALR) rectangular
walls of varying aspect ratio (4,), where the 4, estimates using Equation 3 are superimposed. It
should be noted that @), in Equation 3 has been estimated using a K; value of 1.7 and a value of
0.0027 for &;,. The majority of the estimated values of 4, in Figure 11, using the expression from
Beyer (2007) and revised curvature profile from Constantin (2016) (Figure 3), overestimate the
displacement in comparison to the values obtained from numerical analyses. There is, however, a
noticeable trend that is similar to the results from VecTor2, where the 4, increases as a function of the
pwv used in the wall.
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Figure 11 Nominal yield displacement estimates using the expression from Beyer (2007) and Constantin
(2016)

In order to accurately estimate the 4, for lightly reinforced (p.» < 1.00%) RC rectangular walls, a
parameter (K,) is introduced here (Equation 20) to modify Equation 3 from Beyer (2007) (termed here
as the “modified Beyer” approach). The resulting expression (Equation 21) simply includes the K
factor to decrease the estimated 4, depending on the p,. of the wall; as has been observed, the 4,
increases as a function of p,. for lightly reinforced walls. Using the 4, values obtained from the
VecTor2 analyses for all of the rectangular walls, the minimum of the sum of the squares determined

the constants in Equation 20 that resulted in the closest correlation of 4, using Equation 21.
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Figure 12 give the 4, results from VecTor2 for the 6 metre (40 MPa, 5% ALR) rectangular walls of
varying aspect ratio (4,) and estimates using Equation 21 (modified Beyer approach). It should be
noted, as previous, that @, in Equation 21 has been estimated using a K; value of 1.7 and a value of
0.0027 for &;,. The modified Beyer approach provides good estimates in comparison to the numerical
results for this rectangular wall of varying 4, and p.». Importantly, the great majority of the estimates

in Figure 12 from the modified Beyer approach have given slightly conservative results, rather than an

overestimation.
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Figure 12 Nominal yield displacement estimates using the modified expression from Beyer (2007) and
Constantin (2016)

The estimated 4, values, using Equation 21 (modified Beyer approach), in comparison to all of the
VecTor2 results are shown to correlate well in Figure 13(c). This is compared to the nominal yield
displacement estimates using the expressions from Priestley ef al. (2007) and Beyer (2007) in Figure
13(a) and Figure 13(b) respectively, without the K, factor, which over predict the nominal yield
displacement compared to the results of all of the rectangular walls analysed in VecTor2. Clearly a
better estimate of the 4, can be achieved, illustrated with the different R” correlations in Figure 13, by

including a factor (K,) for lightly reinforced and rectangular concrete walls.
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Figure 13 Nominal yield displacement estimates compared to VecTor2 results using expressions from (a)
Priestley et al. (2007) (b) Beyer (2007) and (c) modified Beyer approach

4.1.3 Plastic curvature of single-crack rectangular walls

As discussed in Section 1, observations from the Christchurch earthquake indicated that some lightly
reinforced walls may fail in a non-ductile fashion with a single crack in the plastic hinge zone. In this
case, the curvature is concentrated over a small height at the base of the wall. Furthermore, a typical
moment-curvature analysis may not be able to predict the ultimate curvature achieved by these types
of walls as the performance is governed by strain penetration deformation rather than flexural
deformation, where the assumptions inherently built in to a moment-curvature analyses no longer
apply. Research by Wibowo et al. (2016) has led to a simplified alternative for the moment and

curvature calculations when conducting a sectional analyses for lightly reinforced concrete columns.
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However, the expressions recommended by Wibowo et al. (2016) may not be applicable to RC walls
since there is typically a greater axial load ratio (4LR) and longitudinal reinforcement ratio (p,») in
lightly reinforced columns in comparison to lightly reinforced walls. However, it is worth noting that
the simplified alternative from Wibowo et al. (2016) increases both the yield (or strain) penetration
moment and curvature achieved by the column in comparison to the flexural moment and curvature

obtained from a sectional analysis.

Instead, the proposed plastic curvature estimation here is derived from treating the plastic behaviour
due to yield penetration and bond slip at the base as a plastic rotation due to an estimated curvature
multiplied by a plastic hinge length. This estimate of the plastic curvature (@) of the walls with a
single-crack failure is illustrated in Figure 14. The @, can be calculated using Equation 22, which
conservatively assumes that no compression region exists over the length of the wall. An ultimate
strain value equal to 0.6 of the uniform elongation strain (&) for the reinforcing steel is used due to
the recommendations by Priestley ez al. (2007) for low-cycle fatigue. The yield strain (&) value is

subtracted from the ultimate strain (0.6&s,).

0.6&5,, — &5y

22
p Lw

In contrast, for walls that achieve secondary cracking, and hence well distributed cracks within the
plastic hinge zone, a typical moment-curvature analysis can be used to obtain an estimate of the
ultimate curvature (@,), as it is assumed that the walls’ performance will be governed by flexural

behaviour. In this case @, can then be calculated by subtracting the estimated nominal yield

curvature (e.g. @, = ¢, — D))
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594 Figure 14 Idealised strain reached at the ultimate state for a single-crack-failure wall

595  Equation 22 is used to calculate the plastic curvature (@,) for the RC rectangular walls analysed in
596  VecTor2 that were found to form a single, primary crack at the base (correlating with walls having a
597 puv less than puvmin). The @, values for these walls estimated using Equation 22 are compared to the @,

598  values determined in VecTor3 in Figure 15, where a good fit is achieved.

12

@, (Equation 20) (rad/km)

S N A N

5 10 15 20
599 @, (VecTor2) (rad/km)

600 Figure 15 Plastic curvature comparisons for the rectangular walls

601 4.1.4 Plastic displacement

602  Rearranging Equation 10, the L, can be found (using Equation 23) for all of the RC rectangular walls
603 using the 4, and plastic curvature (®, = @, — @, from the VecTor2 analyses, where the ratio of 4, /

604  Aris assumed to be zero.

30



605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621
622

L,=—2F 23

These results are compared to the estimated L, from Hoult e al. (2017) (Equation 14) and Priestley et
al. (2007) (Equation 11) in Figure 16. The L, estimates from Hoult er al. (2017), specifically derived
for lightly reinforced and rectangular concrete walls, achieves a higher correlation and better fit to the
VecTor2 data in comparison to the estimates from Priestley et al. (2007), which gives a large scatter
of results. It is noted that Equation 11 from Priestley ez al. (2007) can produce good estimates for
some walls (shown in Figure 16b), which primarily corresponds to the RC walls that have formed
secondary cracking (e.g. where pyy > puv.min). Importantly, all of the estimated L, values using the
expression from Hoult ef al. (2017) (Figure 16a) resulted in conservative values in comparison to the
VecTor2 data. The good correlation of L, estimates from Hoult ez al. (2017) to the VecTor2 data is
not all that surprising, given that the same VecTor2 data that is used for comparisons here was used to
derive the expression (Equation 14). However, it should be noted that the Equivalent Plastic Hinge
Length method was used in Hoult ef al. (2017) to derive the L, values, which required analysis of the
strain distribution up the wall height, rather than the crude estimates made here with Equation 23.
Furthermore, the L, estimates using Equation 14 were found to correlate better to the experimental

observations of a series of tests conducted on lightly reinforced rectangular concrete wall specimens

(Hoult et al., 2017).
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Figure 16 Equivalent plastic hinge length results from VecTor2 compared to estimates from (a) Hoult e#
al. (2017) and (b) (Priestley et al., 2007)
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Furthermore, Figure 17 compares the plastic displacement (4,) from VecTor2 for all of rectangular
walls analysed to the estimates using Equation 10 and the corresponding L, equations discussed
above. Not surprisingly, the 4, estimates from Priestley et al. (2007) provide results with a large
range of scatter and primarily overestimation (Figure 17b), which is due to the L, expression used
(Equation 11). Once again, it should be noted that the 4, estimates from Priestley ef al. (2007) can
produce reasonably good estimates for some of the walls, typically corresponding to the RC walls that

have formed secondary cracking (e.g. where puv > puv.min). In contrast, the 4, estimates using the L,

expression from Hoult ef al. (2017) correlate well to the VecTor2 data (Figure 17a).
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Figure 17 Plastic displacement results from VecTor2 compared to estimates from (a) Hoult ef al. (2017)
and (b) (Priestley et al., 2007)

4.2 Displacement capacity of C-shaped walls

The following sections investigate the yield curvature, yield displacement, plastic curvature (for
single-crack C-shaped walls) and plastic displacement with respect to the different directions of

bending.

4.2.1 Yield Curvature

4.2.1.1 Major Axis

As discussed previously in Section 2.1, a value of 1.4 is recommended to be used for K; when
estimating @,, for C-shaped RC walls (for bending about the major axis) using Equation 9. The
minimum of the sum of the squares was used with the yield curvature results from the 48 C-shaped
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walls analysed in VecTor3 such that bending about the major axis occurred. A value of 1.6 was
calculated to provide the highest correlation for the K; parameter when using Equation 9 and
comparing the estimate to the VecTor3 data. Figure 18 gives the correlation between the VecTor3
results and Equation 9 using K; values of 1.6 and 1.4. A slightly better correlation can be observed to
be achieved by using a K; value of 1.6 for the type of C-shaped walls analysed here (e.g. lightly
reinforced and unconfined) and for bending about the major axis. It should be noted that two of the
walls that were analysed (discussed in Section 3.3), and for bending about the major axis, were
subtracted from the dataset used here, as the Collapse Prevention limit strain in the concrete (& =

0.003) was reached before yielding of the steel reinforcement.
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Figure 18 Nominal yield curvature correlations with a K; value of (a) 1.6 and (b) 1.4

4.2.1.2 Minor Axis (WiC)

Similar to the procedure used in Section 4.2.1.1, the minimum of the sum of the squares was used to
find that a K; value of 1.45 correlated best to the VecTor3 results for the C-shaped walls bending
about the minor axis (WiC) and using the yield curvature expression from Equation 9. This is close to
the value of 1.40 recommended by Sullivan et al. (2012) for T-shaped and C-shaped walls for this
direction of bending (discussed in Section 2.1). Therefore, a K; value of 1.4 is adopted for the C-
shaped walls which are bending about the minor axis (WiC). The estimated values of @), obtained

using Equation 9 with a K; value of 1.4 are compared with the VecTor3 data in Figure 19.
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Figure 19 Nominal yield curvature correlations with a K; value of 1.4

4.2.1.3 Minor Axis (WiT)

The same process used in deriving the nominal yield curvature (@, ) in Section 4.2.1.1 and 4.2.1.2 was
used here. Using the minimum of the sum of the squares, a K; value of 1.59 was found to correlate
best to the VecTor3 results for the C-shaped walls bending about the minor axis (WiT) and using the
yield curvature expression from Equation 9. Therefore, a rounded K; value of 1.6 was used for
bending about the minor axis (WiC). Importantly, only the C-shaped walls (and bending about the
minor axis with WiT) that reached or exceeded yield were used in the dataset to find the best value of
K;. This value is lower than the K; value of 1.8 proposed by Paulay (2002) and Sullivan et al. (2012)
for T-shaped and C-shaped walls for this direction of bending (discussed in Section 2.1). A
comparison is made in Figure 20 between the @), values obtained using K, values of 1.6 and 1.8 to the
VecTor3 results. Although the R? value is the same using either of the K; values, there is clearly a

more observable fit using a K; value of 1.6 shown in Figure 20(a).
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Figure 20 Nominal yield curvature correlations with a K; value of (a) 1.6 and (b) 1.8

4.2.2 Yield Displacement

The nominal yield displacement (4,) values were calculated from VecTor3 for all of the C-shaped
walls using Equation 1, by extracting the values for A, F, and F;, from the finite element results for
each increment of p,,. Similar to the observations for the rectangular walls analysed in Section 4.1,
the resulting values of 4, for the C-shaped walls analysed in VecTor3 were found to increase as a
function of the longitudinal reinforcement ratio (p.») of the wall. Therefore, a factor (K4) is proposed
in Equation 24, similar to that in Section 4.1 for rectangular walls, which can be used in conjunction

with the yield displacement equation proposed by Beyer (2007) (the “modified Beyer” approach).

KA = 6pw17+:8 24

The minimum of the sum of the squares was used to find the values for and £ (in Equation 24) that
gave the highest correlating values of 4, to the VecTor3 data when using Equation 25. These values
of @and fwere derived for the three different directions of loading and are given in Table 6.
Therefore, using Equation 25 (“modified Beyer” approach), the nominal yield displacement for lightly
reinforced and unconfined C-shaped walls can be estimated. It should be noted that the deformations

due to shear (4, / 45) have been included in Equation 25.
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Table 6 Values for calculation of K4
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Figure 21 illustrate the different correlations of 4, from the C-shaped wall results analysed in

VecTor3 to the estimated values of 4, using the expressions proposed by Priestley et al. (2007)

(Equation 2), Beyer (2007) (Equation 3) and the modified Beyer approach (Equation 25). It should be

noted that the same values of @), for each of the different walls were used in all of the expressions,

which were determined using Equation 9 and the K; values derived from Section 4.2.1 (corresponding

to the different directions of loading). Furthermore, to determine the deformations due to shear (4, /

4)), a conservative cracking angle of 30° has been assumed, which was a value recommended in

Priestley et al. (1996) to be used for assessment purposes. Similar to the findings for the rectangular

walls, it is clear that by including the K4 parameter proposed here for lightly reinforced and

unconfined C-shaped walls, the estimate of 4, can be significantly improved.
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Figure 21 Yield Displacement using expression proposed from (a) Priestley ez al. (2007) (b) Beyer (2007)
and (c) modified Beyer

4.2.3 Plastic curvature of single-crack C-shaped walls

It was discussed in Section 4.1.2 that a typical moment-curvature analysis may not be able to predict
the ultimate curvature achieved by single-crack failure walls. Therefore, Equation 22 (in Section 4.1.2)
should also be used to calculate the plastic curvature (®,) for the C-shaped walls with, (i) insufficient
longitudinal reinforcement to allow secondary cracking (pww < pww.min) and (i) governed by tension
strains (in the steel). It should be noted that L., in Equation 22 corresponds to the wall length parallel
to the direction of loading for the C-shaped walls. The estimated @, values using Equation 22 are

compared to the @, values determined from VecTor3 in Figure 22 for the C-shaped walls that conform

to the criteria above, where a good fit is achieved.
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Figure 22 Plastic curvature comparisons for the C-shaped walls

4.2.4 Plastic Displacement

Similar to Section 4.1.3, the L, was estimated from the VecTor3 results for the C-shaped walls by
rearranging Equation 10. These results are compared to the estimated L, from Hoult ef al. (2018)
(Equation 16 - 18) and Constantin (2016) (Equation 13) in Figure 23. The L, estimates from Hoult
et al. (2018), specifically derived for lightly reinforced and unconfined C-shaped walls, achieve a
higher correlation and better fit to the VecTor3 data in comparison to the estimates from Constantin
(2016), which in contrast give a large scatter of results. Importantly, the great majority of the
estimated L, values using the expression from Hoult ef al. (2018) resulted in conservative values in
comparison to the VecTor3 data. The higher correlation of the estimated L, values using the
expressions from Hoult et al. (2018) to the VecTor3 data, in comparison to the expressions from
Constantin (2016), is not all that surprising; the same VecTor3 data that is used for comparisons
here was also used to derive the expressions from Hoult ef al. (2018) (Equation 16 to 18), while the
expression from Constantin (2016) was derived from numerical and experimental results of highly

reinforced and well confined C-shaped wall specimens.
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Figure 23 Equivalent plastic hinge length results from VecTor3 compared to estimates from (a) Hoult et
al. (2017) and (b) (Priestley et al., 2007)

The plastic displacement (4,) of all of the C-shaped walls analysed in VecTor3 were found by
subtracting the nominal yield displacement (4,) found in Section 4.2.2 from the ultimate displacement
capacity of the wall (4,). The values of 4, obtained from the numerical analyses can be compared to
the values of 4, calculated from PHA (Equation 10). The values of @, used in Equation 10 were
calculated directly from the VecTor3 results (i.e. from the respective compression and tension strains
in the extreme fibre regions at the base of the wall), while the L, was estimated using the expressions
from Hoult ez al. (2018) and Constantin (2016) given in Section 2.2. The shear-to-flexure ratio (4 /
4y) was calculated using a conservative cracking angle of 30°. In general, the calculated plastic
displacement, using the L, expressions from Hoult ef al. (2018), correlated well to the 4, found from
VecTor3 for all of the walls and directions of loading, as illustrated in Figure 24(a). In some cases,
and in particular for the HR walls, the calculated value of 4, was found to be conservative. The cause
of this underestimation was likely to be due to the low L, estimate (of 150 mm) for “single-crack”
walls, when in fact some HR walls were found to form several primary cracks and thus increase the
plastic deformation of the walls. Not surprisingly, the 4, estimates using the L, expression from
Constantin (2016) in Figure 24(b) provide results with a large range of scatter and primarily

overestimation.
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Figure 24 Plastic displacement results from VecTor3 compared to estimates from (a) Hoult ef al. (2018)
and (b) Constantin (2016)

4.2.5 Elastic Displacement

For some of the C-shaped walls analysed in VecTor3 (and for bending about the minor axis with
WiT), the longitudinal steel in the extreme tension fibre region did not reach (or exceed) the yield
strain prior to failure; the failure was caused by the ultimate unconfined compression strain being
reached at the boundary ends of the flanges (extreme compression fibre region of the wall).

Therefore, the proposed expressions for estimating the displacement corresponding to the
“Serviceability” performance level (4;) for these types of walls and for this direction of loading is
given in Equation 26, i.e. it is assumed that a plastic hinge does not form. It should be noted that the
Serviceability performance level for unconfined concrete walls has been taken here as when &, reaches
-0.001, where the concrete stress-strain curve is close to linear.

PH3 MH?

A= = 26
$ 3Ecleysy  3Eclypy

where M is the moment corresponding to a performance level, E. is the Young’s modulus of the

concrete and /. is the effective moment of inertia.

For the purposes of this study, the /o is taken as 0.8 of the gross cross-sectional moment of inertia
(0.81,), which has been adopted from ASCE (2007) for uncracked concrete sections. A factor of 0.8

of the /, was found to correspond well to the displacement of these walls at the Serviceability
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performance level (4;), as shown in Figure 25(a). It should be noted that the E. is taken as SOOOJE ,
taken from AS 3600:2009 (Standards Australia, 2009), where f..; is used as substitute for the /. value.
The displacement for the Damage Control and Collapse Prevention performance levels (44 and 4.,)
can be found by using a factor (Q) to increase the calculated A;. The minimum of the sum of squares
is used to determine the best value of Q for each performance level using the VecTor3 data for all of
the walls that remained “elastic” and for bending about the minor axis (WiT). Table 7 gives the
resulting values of Q corresponding to the different performance levels. It should be noted that the
Damage Control performance level for unconfined concrete walls has been taken here as when &,
reaches -0.002, where the concrete is now expected to be in the non-linear range but there is a low

expectation (small margin) of spalling.

Table 7 Different values of 2 for the performance levels

Performance Level
Damage Control Collapse Prevention
Q 1.5 1.8

Figure 25(a) shows the goodness of the fit from using Equation 26 for 4;. Moreover, the goodness of
the fit is shown for 4,4 and 4., in Figure 25(b) and Figure 25(c) respectively by using the different
values of © in Table 7. It should be noted that the corresponding force (P) used in Equation 26 to
calculate these values was taken from VecTor3. Alternatively, the moment (A/) could be used in
Equation 26 to determine the Serviceability displacement capacity, which can be found from a
moment-curvature (or sectional) analysis. Moreover, three examples of the resulting force-
displacement relationship are given in Figure 26 by using Equation 26 and the © values in Table 7.
These resulting force-displacement plots have been compared to the LR, MR and HR C-shaped walls
that have been analysed in VecTor3 (and have remained essentially “elastic” up until failure). These
walls were chosen for the purpose of illustration; they all have an f,; of 40 MPa and an ALR of 5%,
while the p,, of the LR and MR walls is 0.70% and the p,» of the HR wall is 1.00%. It is shown that

the displacement estimates using Equation 26 and the 2 values proposed here for the different
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performance levels result in a similar force-displacement plot to that obtained using finite element

modelling analyses in VecTor3.
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Figure 25 VecTor3 displacements compared to the displacements predicted for (a) Serviceability (b)
Damage Control and (c) Collapse Prevention
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Figure 26 Force-displacement relationship for (a) LR (b) MR and (c) HR C-shaped wall that remained

elastic

5. Summary of recommended expressions

In summary, the following equations are recommended to be used (for assessment) in calculating the

displacement capacity of lightly reinforced and unconfined rectangular and C-shaped walls using

plastic hinge analysis. Different equations for the plastic displacement are recommended depending

on the ratio of the longitudinal reinforcement ratio (p.) to the minimum longitudinal reinforcement

ratio (pwv.min) required to allow secondary cracking:
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6. Conclusions

The current expressions that exist in the literature for determining the displacement of reinforced
concrete walls using a plastic hinge analysis cannot be used to accurately estimate the capacity of
lightly reinforced members that are commonly found in low-to-moderate seismic regions. This was
shown in this research investigation by comparing the displacement capacity results of 378
rectangular and 144 C-shaped lightly reinforced and unconfined concrete walls analysed in finite
element modelling to the commonly used plastic hinge analysis expressions. Importantly, the
assumption of a linear curvature profile up the wall height at first yield was vastly different to the
actual yield curvature profile obtained from all of the finite element modelling results. Thus, a
parameter was derived (K4) to be included in the expression that is recommended by Beyer (2007) to

modify the estimated yield displacement for lightly reinforced walls (“the modified Beyer” approach).
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The value of K, is dependent on the longitudinal reinforcement ratio (p,) of the wall, as the results of
the lightly reinforced concrete walls from finite element modelling showed that the 4, increased as a
function of the pyy. A higher correlation of the values for the nominal yield displacement was
achieved between the finite element modelling results and the plastic hinge analysis expression from
Beyer (2007) with the inclusion of the K4 term. Other recommendations from this research include an
expression for the estimation of the plastic curvature for when a single, primary crack is expected to
occur; the onset of secondary cracking can be predicted by comparing the p.,, of the wall to the
minimum longitudinal reinforcement ratio (pu.mn) required to initiate secondary cracking. This is
important, as it is expected that a moment-curvature analysis will provide a poor estimate of the strain
penetration moment and curvature due to the moment-curvature (or sectional) analysis inherently

assuming a flexurally dominant performance of the wall.

The expressions recommended in this research for lightly reinforced and unconfined rectangular and
C-shaped walls will provide better estimates of the displacement capacity when using plastic hinge

analyses. Thus, this will ultimately provide more accurate estimates of the capacity of RC structural
(or shear) wall buildings in low-to-moderate seismic regions, such as Australia, and aid in providing

more accurate vulnerability studies.

While this research primarily focused on the displacement capacity of RC walls due to flexural
actions, the authors acknowledge the potential for other contributions to the overall displacement
capacity of a RC wall, such as shear and slip, or other modes of failure, such as out-of-plane buckling
due to lack of confinement. Therefore, the results and expressions derived from this research
investigation are limited to the capabilities of the models used (e.g. VecTor2, VecTor3 and PHA) and
1ssues, such as out-of-plane buckling, were neglected. It is recommended that further experimental
testing be conducted on lightly reinforced and unconfined walls to gain a better understanding of these

unwarranted failure modes.
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