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ABSTRACT:

Poor seismic performance has been associated with lightly reinforced and unconfined non-
rectangular reinforced concrete (RC) walls in recent earthquake events. The non-rectangular
C-shaped RC wall is a popular construction choice for providing lateral stiffness to the
building while also enclosing a service core, lifts, stairs or toilets. Given that the current
provisions of AS 3600:2009 for the design of RC walls require very little (if any)
confinement and allow low amounts of distributed longitudinal reinforcement to be used, an
investigation is warranted focusing on the seismic performance of such structural elements.
This paper presents an overview of some of the research results from an investigation
focusing on the seismic performance of RC C-shaped walls with a range of different
parameters that would be commonly found in low-to-moderate seismic regions. An extensive
number of finite element modelling analyses were undertaken using VecTor3. The
equivalent plastic hinge length results from the analyses are discussed and some

recommendations for boundary elements of walls are proposed for the next revision of the AS
3600.
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1. Introduction

In regions of low-to-moderate seismicity, such as Australia, the majority of the RC walls are
lightly reinforced (Hoult et al., 2017; Wibowo et al., 2013; Wilson et al., 2015). Past and
recent research conducted on the seismic performance of lightly reinforced concrete walls has
typically focused on rectangular sections (Altheeb, 2016; Cardenas & Magura, 1972; Lu et
al., 2016; Oesterle et al., 1976; Puranam & Pujol, 2017). However, RC walls (or cores) are
often non-rectangular due to structural and architectural requirements (Belletti et al., 2013;
Smyrou et al., 2013). For example, a C-shaped wall is a popular construction choice as it can
enclose elevators or stairs (Beyer ef al., 2008a). The behaviour of C-shaped walls can also
differ considerably in comparison to rectangular walls when subjected to lateral loading; for
bending about the minor axis which causes the web of the C-shaped wall to go into
compression (WiC), the reinforcement in the flanges is likely to yield and this results in
substantial plastic deformations. However, when the web of the C-shaped wall is in tension
(WiT), a non-ductile and brittle failure can occur due to the large (governing) compression
strains (and stresses) needed to balance the tensile forces developed by the web’s longitudinal
reinforcement. These loading scenarios and idealised strain distributions are illustrated in
Figure 1.

. © 0 6.6 0 08 0 6.0 0 0 9 0 9 0 & 0 O

WiT |

b) [

o
a2 o o o

| .
q WiC
fF et e P e Bale natadodacsholobashatabosnatbobsfaresi ..] ........

4

Ee
Figure 1 (a) compression governing (WiT) and (b) tension governing (WiC) C-shaped walls

The Pyne Gould building collapsed in a non-ductile, brittle and catastrophic fashion during
the February 22", 2011 Christchurch earthquake. While it was estimated that the west wall
of the Pyne Gould core yielded in vertical tension between levels one and two, Beca (2011)
estimate that the east wall failed disastrously in vertical compression. These core walls had
no boundary elements or confinement, as this was not a requirement of the design codes at
the time of construction. This is also highlighted in CERC (2012), where ‘the wall lacked the
confining reinforcing needed to provide the ductility required to withstand the extreme
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actions that results from the February 2011 aftershock’. Poor performance of non-rectangular
RC walls was also observed in major populated centres in Chile following an earthquake in
2010. Wallace et al. (2012) particularly emphasised the inadequate behaviour exhibited by
poorly detailed and/or compression-controlled RC walls that had insufficient confinement to
withstand a ‘stable compression zone and ensure spread of plasticity by confining core
concrete and supressing rebar buckling’. This is of major concern for non-rectangular RC
walls in low-to-moderate seismic regions, which can be: (i) prone to a compression controlled
performance (Figure 1), and (ii) lack confinement in the boundary regions of the wall, which
is typically not a requirement in the current building codes and Standards (e.g. AS
3600:20009).

Although C-shaped walls are common in the RC building stock of regions of low-to-
moderate seismicity, there have been very few studies and experimental tests conducted on
non-rectangular RC walls (Beyer et al., 2008a; Constantin & Beyer, 2014). In the limited
tests on C-shaped wall sections that have been conducted to date (Beyer et al., 2008b,
Constantin & Beyer, 2016, Lowes ef al., 2013, Reynouard & Fardis, 2001, Sittipunt & Wood,
1993), the test specimens generally have high longitudinal reinforcement ratios and confined
boundary regions. There is yet to be experimental testing on lightly reinforced and
unconfined C-shaped walls that represent typical sections found in low-to-moderate seismic
regions such as Australia. Beyer (2007) noted that it would be ‘interesting to investigate the
behaviour of U-shaped [or C-shaped] walls in which such boundary elements are either
missing or poorly detailed’, as the author believed that ‘the boundary elements at the corners
were essential for the ductile behaviour of the U-shaped walls’. Moreover, the test results
from Constantin (2016) further emphasised the importance of ‘proper confinement of the
flange ends to ensure the wall displacement ductility’.

Therefore, an investigation on the seismic performance of C-shaped walls with detailing
commonly found in low-to-moderate seismic regions is warranted. This paper presents an
overview of some of the research results from an extensive number of finite element
modelling analyses that were undertaken using VecTor3 (EIMohandes & Vecchio, 2013).
The equivalent plastic hinge length and confinement of the boundary regions are discussed.
Some recommendations are also given for the next revision of the AS 3600.

2. C-shaped walls for low-to-moderate seismic regions

In total, 144 lightly reinforced and unconfined C-shaped walls with varying parameters have
been analysed in VecTor3 for the calculation of the equivalent plastic hinge length and force-
displacement relationship. 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 Maqgsood 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 size of the walls based
on the recommendations given in RLB (2014). The LR C-shaped wall was assumed to
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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 (Lwe») and flange (Ljange) that were
required for the three different walls are given in Table 1. 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 (L ...-n) were taken as values that reflect current and past
practice in Australia. The thickness (#v) of the HR C-shaped wall was increased to 250 mm,
as shown in Table 1. Figure 2 illustrates the model in three dimensions for the 3 different C-
shaped walls in VecTor3.

Table 1 Dimensions of the C-shaped walls

Wall ¢, (mm) Lyep (mm) Lﬂange (mm) Lreturn (mm)

LR 200 3600 2000 600
MR 200 6200 2200 600
HR 250 8500 2500 600
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Figure 2 C-shaped walls modelled in VecTor3 for (a) LR (b) MR and (c) HR building (not to scale)

The material and constitutive models that were used in Hoult et al. (2017) for VecTor2 were
also used in VecTor3 for these C-shaped walls. The range of parameters considered in
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VecTor3 are summarised in Table 2. Mean values of the material properties for the
reinforcing steel were taken from Menegon et al. (2015) for DSOON bars, which conform to
AS/NZS 4671:2001 (Standards Australia/New Zealand, 2001). The ultimate strain of the
reinforcing steel was taken as 0.6ey, based on the recommendations from Priestley et al.
(2007) when considering potential low cycle fatigue due to cyclic plastic behaviour of the

walls.
Table 2 Walls used in VecTor2 with varying parameters
Wall Ay H. (m) ALR (%)  femi (MPa) pwv (%) pwi (%)
LR 212 3.7° 7.35 1.5,5 40, 60 0.15,0.45,0.70,1.0  0.25
MR 242 6.7° 14.70 1.5,5 40, 60 0.15,0.45,0.70, 1.0  0.25
HR 3.4% 11.7° 29.30 1.5,5 40, 60 0.15,0.45,0.70, 1.0  0.25

a=bending about the major axis
b=bending about the minor axis

The three different directions in which the displacements were applied at the top of the wall
corresponded with the wall bending about the major axis and minor axis (with WiC and
WiT). Due to time constraints, it was not possible to conduct analyses which involved
cyclically varying displacements, so only monotonic behaviour was considered. Failure of
the wall was deemed to occur when one of either two things occurred: (i) the Collapse
Prevention strain limit was reached in the concrete or steel, for which an unconfined concrete
strain value of 0.003 (0.3%), and steel strain value of 0.05 (5%), which is approximately
equal to 0.6 times the mean value of &, given by Menegon et al. (2015), were used, or (i) the
maximum displacement was reached corresponding to drift limits of 2.5% for the LR walls
and 1.5% for the MR and HR walls. It should be noted that the definition of drift used here
corresponds to the displacement at roof level relative to the height of the wall. In VecTor3 it
was not possible to control the inter-storey drifts, but simply the overall drift. In AS
1170.4:2007 (Standards Australia, 2007) the inter-storey drift corresponding to the design
level earthquake cannot exceed 1.5% of the storey height. It is expected that at average drift
levels of 1.5% or 2.5% for these walls, the inter-storey drift requirement from AS
1170.4:2007 will have been exceeded, so that the crack pattern would be reasonably
representative of that which could exist at the design level earthquake and there would not be
any point in continuing the analyses any further than this.

3. Equivalent plastic hinge length results

For all of the walls analysed in VecTor3, curvature distributions up the height of the wall
were obtained by using the concrete and steel strains in the extreme fibre regions at the point
at which the maximum displacement was reached. The plastic hinge length (L,) was
calculated using the EPHL method; this method is discussed in more detail in Mortezaei and
Ronagh (2012) and Hoult et al. (2017). Figure 3 illustrates the equivalent plastic hinge
length (L,) results as a function of the longitudinal reinforcement ratio (pw») for all of the C-
shaped walls analysed in VecTor3. It should be noted that for illustrative purposes, the L, has
been normalised to the wall length (L.) of the C-shaped wall parallel to the direction of
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loading in Figure 3. For the C-shaped walls with an insufficient amount of longitudinal
reinforcement to allow secondary cracking, a small plastic hinge length can be observed due
to the concentration of strains at a single, primary crack. “Single-crack” failure walls
typically corresponded to the walls that had a p.. less than approximately 0.50% and 0.65%,
depending on the f.; value of the concrete. For the C-shaped walls and bending about the
minor axis with web in compression (WiC), a well distributed length of plasticity from the
base of the wall is generally achieved as can be observed in Figure 3(b). This is in contrast to
the L, achieved by the C-shaped walls for bending about the major axis (Figure 3a), and
about the minor axis with web in tension (WiT) (Figure 3c). For these two modes of bending
(and for walls with a sufficient amount of longitudinal reinforcement for secondary cracking),
the compression strains govern the performance of the wall; the unconfined compression
strain of -0.003 (representing “Collapse Prevention™) is reached at low levels of displacement
capacity. In many of these walls the steel strains (in the extreme tension fibre) are relatively
low when the ultimate concrete strain is reached, which hinders the potential for the plasticity
to develop up the wall from the base.
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Figure 3 Plastic hinge lengths for the C-shaped walls bending about the (a) major axis (b) minor WiC and
(¢) minor WiT

Figure 4 gives the longitudinal tension strain distribution estimated from the numerical
analysis at a cross-section at the base of a MR wall, and for bending about the major axis,
when a displacement of 40 mm is reached at the top of the wall (representing the Collapse
Prevention performance level). VecTor3 predicted that the concrete strains were
concentrated at the corners of the “boundary regions” (Figure 4b), and not spread out evenly
over the width of the web or flange, as is usually assumed in bending theory. This can be
understood by the shear lag phenomenon (Kwan, 1996), where the Bernoulli-Euler
assumption that plane sections remain plane after bending is only approximate. In reality, a
shear flow would develop between the web and flange sections of the wall and there would
be a “lag” of the longitudinal displacements in parts of the web (or flange) that are away from
the intersection of the two sections (Kwan, 1996). This is illustrated for a C-shaped wall in
Figure 5 and bending about the major axis and minor axis (WiT). It should be noted that this
has also been observed in the experimental testing from Constantin & Beyer (2016).
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Figure 4 MR wall with strains in (a) tension (steel) (b) compression (concrete) at 40 mm top wall
displacement
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Figure 5 Axial stress distribution in a C-shaped wall due to shear lag for bending about the (a) major axis
and (b) minor axis (WiT)

These results will ultimately lead to the derivation of equivalent plastic hinge length (L)
expressions for lightly reinforced and unconfined C-shaped walls and for the different
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directions of loadings. The manuscript with these results and expressions is currently under
review for publication.

4. Confinement of the boundary ends

To illustrate the effect of having some confinement provided in the boundary regions of the
wall, i.e. those regions at the ends of the flanges and where the web intersects the flanges,
further nonlinear pushover analyses were conducted on the MR C-shaped walls with some
minor modifications to the models. The transverse reinforcement ratios (pws) in these
boundary regions were increased to 1% (in both the x and y directions). This is illustrated in
Figure 6 which shows the cross-section of the VecTor3 model of the MR wall and the amount
of smeared transverse reinforcement in each area of the wall. Moreover, the transverse
reinforcement detailing that would be required for a pus (in the x and y) of approximately
1.00% is shown in Figure 7 for the returns of the MR wall. It should be noted that for this
example the assumption is that the diameters of the longitudinal reinforcement (dp) and
transverse reinforcement (ds;) are 12 mm, the spacing (s;) of all the transverse reinforcement
(neglecting the original 0.25% minimum provided by the horizontal reinforcement) is 110
mm and the p is approximately 1.00%. Only the MR walls with an f; of 40 MPa, and with
pwv values of 0.70% and 1.00% (so that they formed secondary cracks), were analysed with
confinement. Loading that caused bending about the major axis and about the minor axis with
WiT was considered.
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Figure 6 Cross-section of MR C-shaped wall in VecTor3 with confinement




Australian Earthquake Engineering Society 2017 Conference, November 24-26, Canberra, ACT

]
h \
T s;~ 110mm

dpr= 12mm

\dbt = 12mm

Figure 7 Reinforcement arrangement in the return of the confined MR wall

Figure 8 gives the calculated L, results for the confined MR walls compared to the same
walls without confinement. Similar to the previous section, the L, has been normalised to L,
in Figure 8. The calculated L, is observed to be larger for the confined walls in comparison
to the length observed for the unconfined walls, in most cases by a factor of approximately 2.
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Figure 8 Comparison of L, for bending about (a) major axis and (b) minor axis (WiT)

The larger calculated equivalent plastic hinge lengths achieved by the confined MR walls, in
comparison to the same walls without confinement, also corresponded, of course, to a larger
ultimate displacement (4,) capacity being achieved by these walls. An example of this larger
displacement capacity is illustrated in Figure 9 for the MR walls analysed with and without
confinement for bending about the major axis.
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Figure 9 Comparison of the 4. achieved by the MR walls bending about the major axis

5. Recommendations for AS 3600 and confinement

One of the proposed additions to the upcoming revision of the Concrete Structures code (AS
3600) is to include a separate section giving the requirements for structures subjected to
earthquake actions. Within this section it is specified that boundary elements must be
provided in ‘limited ductile structural walls’ (corresponding to a ductility of 2) in certain
situations. According to the proposed revision of AS 3600, which is identical to Section C5.3
in the 2009 version of AS3600:

“In any storey, boundary elements shall be provided at discontinuous edges of
structural walls and around openings through them if—

(a) the vertical reinforcement within the storey height is not laterally restrained in
accordance with Clause 10.7.4; and

(b) the calculated extreme fibre compressive stress in the wall exceeds 0.15f].

The stress referred to in Item (b) shall be calculated using the design action effects for
the strength limit state, a linear-elastic strength model and the gross cross-section
properties of the wall.

Where boundary elements are required, the horizontal cross-section of the wall shall be
treated as an I-beam in which the boundary elements are the flanges and the section of
wall between them is the web. Restraint of the longitudinal reinforcement in boundary
elements shall comply with Clause 10.7.4 of this Standard or, if the extreme fibre
compressive stress calculated as above exceeds 0.2f!, with Clause 14.5.4 of this

Standard.”

Part (b) above was originally taken from the ACI 318-95 provisions. This can be traced back
to a paper by Wallace and Orakcal (2002). However, Wallace and Orakcal (2002) identified
‘significant drawbacks associated with the process’. These ‘drawbacks’ are explained in
detail in Wallace and Orakcal (2002), which include the argument that a stress limit of 0.15/"
is very likely to be exceeded for walls of ‘reasonable configured buildings’, thus requiring
well-detailed boundary regions and over a significant height of the wall. Another

10
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disadvantage is that the stress check, as an index for assessing whether a wall needs detailed
boundary elements, is that it cannot distinguish ‘between cases where low or high levels of
compressive strains are expected’ (Wallace & Orakcal, 2002). Therefore, Wallace and
Orakcal (2002) recommended a different approach, which was included in the ACI 318-99
provisions (and subsequent revisions). The revised approach requires boundary elements in
the wall if the neutral axis (¢) is larger than c..;, the calculated value using Equation 1.

Cerit = 0.5Lyec/(6u/hw) = m 1
where L, is the wall length, & is the extreme fibre compression strain (which is subsequently
taken as 0.003), o, is the design displacement and 4., is the height of the entire wall. Some of
these parameters are illustrated in Figure 10 for the deflection at the top of a cantilever wall
and equivalent single-degree-of-freedom structure.

1.56. 1.56.
a) <“—> b) A —

plastic h

hinge '
1
I

Figure 10 Deflection of (a) cantilever wall and (b) equivalent single-degree-of-freedom structure

This revised approach recommended by Wallace and Orakcal (2002), which is used in the
current ACI 318 provisions, is a “displacement-based design” approach; the wall is assumed
to displace by rotating about a plastic hinge at the base of the wall and the critical value for
the neutral axis depth corresponding to ultimate conditions at the base of the wall is estimated
with the equation for c.» (Equation 1). It should be noted that Equation 1 for c..i: was revised
in ACI 318-14 to account for an earthquake larger than the design level earthquake:

Cerit = 0.5Ly,&/(1.56,/hy,) = m 2
For the purposes of AS 3600 and seismicity in Australia, it would be simpler to assume a
certain displacement demand for the 2500-year return period earthquake event. For example,
a factor of 2.5 times the maximum displacement demand (RSDnax) for the 500-year return
period spectra of AS 1170.4:2007 would give a conservative value for the displacement at the
effective height of the cantilever wall (and approximately 1.5 times this is needed to find the
displacement at the top of the wall). A factor of 2.5 is used, instead of the 1.5 or 1.8 factor
that is incorporated in AS 1170.4:2007 and the ABCB (2016), due to the findings of higher

11
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‘probability factor’ values in low-to-moderate seismic regions in comparison to high seismic
regions (Hoult et al., 2015; Leonard et al., 2013; Nordenson & Bell, 2000). It should be
noted that the use of RSDu. assumes that the building secant period, when the wall is
cracked and has yielded, exceeds the “corner period” on the displacement spectra in AS
1170.4:2007 (of 1.5 seconds), and more work is needed to determine whether this holds for
low-rise walls in particular. Using the derived spectra in AS 1170.4:2007, with a hazard
factor (Z) value of 0.08 (consistent with Melbourne and Sydney), the displacement demand at
the top of the wall (1.50,) for the different soil classes is given in Table 3.

Table 3 Displacement demand at the top of the wall for different soil classes

Soil Class RSDpax (mm)  6,=2.5XRSDpax (mm) 1.59, (mm)

Ae/Be 26 66 100
Ce 37 93 140
D. 59 148 220
E. 92 230 350

The inherent assumption of the equivalent plastic hinge length (L,) of 0.5L,, which has been
incorporated in the derivation of Equation 1 and Equation 2, is an approximate value
recommended by many researchers (Paulay, 1986; Priestley & Park, 1984; Wallace &
Mocehle, 1992). However, this approximate value of L, (of 0.5L,) for walls has primarily
been derived from analytical or experimental results for RC walls that are not representative
of lightly reinforced concrete walls in regions of low to moderate seismicity. Referring back
to the results given in Figure 3 and Figure 8, the resulting L, is typically much smaller than
the 0.5L,, recommended by others, which is also consistent with the findings of the L, for
lightly reinforced rectangular walls Hoult et al. (2017). Therefore, a L, of 0.2L,, is a more
reasonable estimate of the L, for these types of walls (assuming that sufficient detailing has
been provided such that secondary cracking can occur and confinement is provided). Taken
this into account, Equation 2 can be revised for Australian conditions:

Ly

Cerit = O-Zngcl/(l-Sau/hw) ~ 1500(1.56y/hy) 3

where the 1.5, (the displacement demand at the top of the wall) can be (conservatively)
taken from Table 3.

It then remains to calculate the length of the wall over which confinement is required and
further guidance is given on this within the current ACI-318 provisions.

6. Conclusions

The aim of this paper was to present some preliminary results from an investigation into the
seismic performance of lightly reinforced and unconfined C-shaped walls in Australia. As no
experimental evidence exists for the performance of such structural elements, a

12
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comprehensive numerical study has been carried out to provide information on the
performance of such elements.

The equivalent plastic hinge length (L,) results were presented for all the C-shaped walls
analysed, which were normalised to the wall length (L) parallel to the direction of loading.
It is important to note that in many of the cases, the unconfined boundary regions of the C-
shaped walls were found to play a significant role in inhibiting a good distribution of
plasticity on the tension side, even if the wall had a sufficient amount of longitudinal
reinforcement to allow secondary cracking. This poor performance was due to the ultimate
unconfined concrete strain being reached or exceeded in the extreme compression fibre
region at very low displacement capacities. Given that high tensile strains could potentially
have been reached in the longitudinal bars on the compressive side due to prior loading in the
other direction, the longitudinal bars on the compressive side are likely to buckle as soon as
the unconfined concrete crushes, and hence this is a particularly dangerous situation. Further
numerical analyses were performed in VecTor3 using the MR walls but with some
confinement provided in the boundary regions. The results from the models that included
confinement indicated that these walls would have a larger equivalent plastic hinge length, by
a factor of about 2 in most cases. Hence the displacement capacity of the walls with
confinement also increased substantially. This study has emphasised the importance of
confinement in non-rectangular RC walls in order to achieve sufficient displacement capacity
to resist rare and very rare earthquakes.

An expression that is used in the ACI 318-14 provisions was altered for Australian purposes,
and it is recommended that this be incorporated in the next revision of AS 3600. Equation 3
is a displacement-based design expression which can be used to determine a critical value for
the neutral axis depth. If the neutral axis depth is higher than this value then “boundary
elements” are needed. It then remains to calculate the length of the wall over which
confinement is required and further guidance is given on this within the current ACI-318
provisions. This approach is more appropriate as a design check on the need for boundary
elements in RC walls rather than the existing rudimentary stress check.
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