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Abstract: Reinforced concrete (RC) core walls are commonly used to provide buildings with lateral
and torsional resistance against the actions of wind and earthquakes. In low-to-moderate seismic
regions, it is not unusual to find a single peripheral core wall that alone should resist these actions,
where the torsional (rotational) twist cannot be neglected. It has previously been difficult to have
confidence in simulating the axial-flexure-torsion behavior of these RC core walls, primarily due to:
(i) some types of modelling approaches being unable to appropriately account for the shear-flexural
action, as well as torsional response; and (ii) the scarcity of experimental data, particularly for walls
under torsional loads, which would be required to validate such models. In this research, beam-truss
models (BTMs), which correspond to an interesting compromise between detailed modelling and
practical applications, were used to simulate the in-plane and diagonal flexural response of RC
U-shaped walls. Furthermore, the global torque-rotation results from a recent experimental wall test
provided the evidence to further validate this powerful modelling technique. A case study building,
comprising an RC U-shaped core wall structure with varying eccentricity values, was evaluated
for an earthquake event with a 2475-year return period in the city of Melbourne, Australia, using
the capacity spectrum method. Nonlinear static pushover analyses showed that, depending on the
magnitude of torsion, the in-plane flexural strength and displacement capacity can be significantly
reduced. The results from this research emphasize the importance of including torsional actions in
the design and assessment of reinforced concrete buildings.
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1. Introduction

Reinforced concrete (RC) core wall buildings are one of the most popular and efficient
lateral load-resisting structures in the world, used in both low-to-moderate [1–4] and high
seismic regions [5], such as Australia and the west coast of North America, respectively.
In contrast to planar (i.e., rectangular) walls, non-planar core wall(s) can efficiently pro-
vide lateral strength in all orthogonal (horizontal) directions. Furthermore, architects are
favorable to non-planar RC walls, as the openings between the flange(s) and web(s) of the
cross-section have the potential to accommodate elevator cabs, stairs, or service ducts [6]
while also providing some fireproofing requirements according to many building standards.
The U-shaped section is a popular construction choice for the aforementioned reasons.

Due to the increasing demand for more efficient use of the building area, the core wall
is sometimes placed on the perimeter of the building (Figure 1). As the lateral stiffness of
the RC wall is typically much higher than that of any other vertical structural elements in
the building, plan asymmetry is created due to the offset of stiffness center from the center
of mass. In fact, even for symmetric structures, accidental loading, mass eccentricities, and
even material strength variabilities [7] are inevitable and can trigger critical, unforeseen
torsional responses. This was most recently observed in a 51-storey RC core wall building in
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downtown Los Angeles, which exhibited torsional behavior for a moment magnitude Mw
7.1 earthquake event at a distance of ~200 km [5]. Çelebi et al. [5] believe that this behavior
was likely due to the ”abrupt symmetrical changes in the thickness and size in-plane of the
core-shear walls”. In low-to-moderate seismic regions, such as Australia, it is common to
find just a single, peripheral U-shaped wall. For this building type (Figure 1), the torsional
twist can be relevant; hence, the influence of torsion on the response and design of walls
should be considered. It has even been suggested that the longitudinal stresses at the base
of the core wall caused by warping could be of the same order of magnitude as longitudinal
stresses caused by the bending [8]. Moreover, the torsional response of these structures
increases the displacement demand on other structural elements, such as the RC frame.
For example, it is likely that the asymmetry of the CTV building in Christchurch, New
Zealand, caused by the peripheral RC core wall, increased the deformations during the
Mw 6.2 earthquake event in 2011 [9,10], which ultimately caused the RC frame’s “pancake”
collapse, taking the lives of 115 people [11].
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Figure 1. (a) Building plan with an RC U-shaped peripheral core wall (b) three-dimensional (3D) 
elevation view of an idealized six-story building with a single peripheral RC U-shaped core wall 
(adapted from SeismoStruct [12]; other structural members, such as beams, are not illustrated). 

Whilst RC U-shaped core walls are predominantly used as the cross-section of choice 
for many engineers and architects, there appears to be a limited amount of experimental 
research focusing on its seismic performance. The limited experimental studies on RC U-
shaped walls include in-plane quasi-static loading [13–15], shaking table tests [16], and a 
combination of in-plane and diagonal loading [17–19]. In two of these experimental pro-
grams [17,19], a small twist was applied at some key load stages to indicate the decrease 
in torsional stiffness as a function of the in-plane ductility, which was subsequently stud-
ied in a separate investigation [20]. Thus, while the international engineering community 
now widely accepts that the rotational behavior of structural elements can significantly 
contribute to its overall seismic response [21], there appears to be a lack of evidence and 
experimental research in this area. Therefore, researchers and design engineers cannot 
fully validate micro- and macro-models of RC buildings with non-planar walls that are 
subjected to some torsional response. 

A recent experimental program conducted at the Université catholique de Louvain 
(UCLouvain), in Belgium, tested two RC U-shaped wall units subjected to axial-flexure 
and axial-torsion [22]. The latter of these wall units is deemed to be important for the 
purpose of validating numerical analyses and simulations of non-planar walls subjected 
to torsion. This paper investigates the use of beam-truss models (BTMs) to simulate the 

Figure 1. (a) Building plan with an RC U-shaped peripheral core wall (b) three-dimensional (3D)
elevation view of an idealized six-story building with a single peripheral RC U-shaped core wall
(adapted from SeismoStruct [12]; other structural members, such as beams, are not illustrated).

Whilst RC U-shaped core walls are predominantly used as the cross-section of choice
for many engineers and architects, there appears to be a limited amount of experimental
research focusing on its seismic performance. The limited experimental studies on RC
U-shaped walls include in-plane quasi-static loading [13–15], shaking table tests [16], and
a combination of in-plane and diagonal loading [17–19]. In two of these experimental
programs [17,19], a small twist was applied at some key load stages to indicate the decrease
in torsional stiffness as a function of the in-plane ductility, which was subsequently studied
in a separate investigation [20]. Thus, while the international engineering community
now widely accepts that the rotational behavior of structural elements can significantly
contribute to its overall seismic response [21], there appears to be a lack of evidence and
experimental research in this area. Therefore, researchers and design engineers cannot fully
validate micro- and macro-models of RC buildings with non-planar walls that are subjected
to some torsional response.

A recent experimental program conducted at the Université catholique de Louvain
(UCLouvain), in Belgium, tested two RC U-shaped wall units subjected to axial-flexure
and axial-torsion [22]. The latter of these wall units is deemed to be important for the
purpose of validating numerical analyses and simulations of non-planar walls subjected
to torsion. This paper investigates the use of beam-truss models (BTMs) to simulate the
axial-flexure-torsional performance of RC U-shaped walls. Beam-truss models have proven
to be a simple yet effective method for simulating non-planar RC walls [23], consisting
of a rather refined mesh of vertical, horizontal, and diagonal elements to emulate the
axial-flexure-shear-torsional interaction, as explained in Section 3. The recent experimental
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tests from UCLouvain, as well as other experimental results in the literature, were used to
validate the beam-truss models developed in this research, with recommendations on the
modelling procedure adopted by others. A six-story case study building with a periphery
RC U-shaped core wall was then analyzed for an earthquake with a 2475-year return period
in the city of Melbourne, Australia. The case-study structure is here used as an example of
how this modelling procedure can be applied by practicing engineers, intending to improve
the accuracy of the results while maintaining its simplicity of use.

2. Experimental Tests on U-Shaped Walls

The models employed for this research investigation will first be validated using
some experimental results. Three different RC U-shaped wall specimens will be used
for validation purposes. While all three units have the same cross-section and similar
reinforcement detailing (Figure 2a), the shear spans differ across all three, as does the type
of loading. For example, unit TUB from Beyer et al. [19] was subjected to a “sweeping”
loading protocol, which included pushing the wall in the two orthogonal and diagonal
directions. More recently, Hoult et al. [22] subjected the wall unit UW1 to in-plane bending
about its minor axis, while another wall unit, UW2, was subjected to a reverse-cyclic rotation
about its vertical axis. More details on these three units are given in the sub-sections below,
while some of the differing design parameters are summarized in Table 1.
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Figure 2. (a) Cross-section and reinforcement detailing of TUB [19], UW1, and UW2 [22], with
dimensions in mm (b) loading positions for the test units. The superscripts “a” and “b” denote the
different spacing or diameter of the rebar for units TUB and UW1/UW2, respectively. The positive
(or plus “+”) signs indicate the experimental convention for positive direction of loading.

Table 1. Comparison of wall parameters and material property values of wall units.

TUB UW1 UW2

Shear span M/V, m 2.95 a/3.35 b 6.72 c 2.25
Axial Load, kN 780.0 611.2 593.6

Axial load ratio, % 4 5 5

Concrete strength (fc), MPa 54.7 38.2 37.1
Young’s modulus of concrete, MPa - 27,494 25,891

Yield strength of 12 mm steel (fy), MPa 471 580 580
Ultimate strength of 12 mm steel (fu), MPa 574 690 690

Ultimate strain of 12 mm steel (εsu), % 12.7 10.1 10.1
Yield strength of 6 mm steel (fy), MPa 518 550 550

Ultimate strength of 6 mm steel (fu), MPa 681 676 676
Ultimate strain of 6 mm steel (εsu), % 8.4 9.5 9.5

a NS direction, parallel to the flanges (positions C–D), b EW direction, parallel to the web (positions A–B),
c excluding the pre-compression overturning moment.
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2.1. Unit TUB from Beyer et al. (2008)

An experimental campaign was conducted by Beyer et al. [19] to investigate the in-
plane and diagonal seismic performance of half-scale RC U-shaped walls. Depending on
the applied loading directions, the shear span of wall unit TUB was 3.35 m and 2.95 m for
the wall bending about the strong axis (i.e., east–west direction, positions A–B in Figure 2b)
and weak axis (i.e., north–south direction, positions C-D in Figure 2b), respectively. A
“sweeping” loading protocol, initially developed by Hines et al. (2002), was used to assess
the cyclic behavior of the RC wall specimens. The complete loading history for one cycle of
TUB, corresponding to the positions indicated in Figure 2b, was the following:

� EW cycle: full cycle about the major axis (O→A→B→O);
� NS cycle: full cycle about the minor axes (O→C→D→O);
� Diagonal cycle: full cycle in the diagonal direction (O→E→F→O);
� “Sweep” (O→A→G→D→C→H→B→O)

As explained in Beyer et al. [19], the amplitudes of the first four cycles of the loading
protocol were force-controlled with limits of 25%, 50%, 75%, and 100% applied of the lateral
forces predicted at first yield. The loading pattern was then repeated for displacement
ductility levels of 1, 2, 3, 4, 6, and 8 until failure was apparent. During these cycles, the
twisting of the collar (or head) of TUB was restrained. It should be noted that a small twist
was applied at some key loading stages to determine the torsional stiffness of the walls.
These small twists will not be used in the validation process herein, but were investigated
by one of the authors in a previous publication [20]. An axial load ratio of 4% was applied
to unit TUB and held constant throughout testing. The material properties of the concrete
and reinforcing steel are given in Table 1. Further information on test unit TUB can be
found in research by Beyer et al. [19].

2.2. Units UW1 and UW2 from Hoult et al. (2022)

An experimental campaign was conducted by Hoult et al. [22] to investigate the in-
plane and torsional seismic performance of two half-scale RC U-shaped walls, denoted
UW1 and UW2. The first test unit, UW1, was subjected to reverse-cyclic loading with
bending about its minor axis (i.e., north–south directions, positions C-D in Figure 2b). An
overturning moment was applied to unit UW1 to increase the shear span of the unit to
approximately 6.72 m, with the application of the axial load slightly affecting this shear
span depending on the loading direction. At the peak of the horizontal loading, the shear
span of UW1 was found to be approximately 5.7 m and 7.9 m pushing towards positions
D and C, respectively [22]. The second test unit, UW2, was subjected to a reverse-cyclic
rotation about its vertical axis to positions O± (in Figure 2b). No additional overturning
moment was applied to increase the shear span of UW2, where the application height
from the foundation to the collar of the wall units was 2.25 m. An axial load ratio of
5% was applied to both UW1 and UW2 and held constant throughout the testing. The
material properties of the reinforcing steel and concrete for both units are given in Table 1.
Further information on the testing of units UW1 and UW2 can be found in research by
Hoult et al. [22]. It is worth noting that the experimental response of these two walls was
the object of an international blind prediction competition, wherein several well-known
international modelling experts participated [24,25].

3. Beam-Truss Models (BTMs)

The widely used stick model, using one-dimensional classical beam elements assigned
with the entire cross-section of the wall, cannot be used to simulate the global behavior of
non-planar RC core walls because there is no degree of freedom associated with warping
displacements [2]. Instead, two simulation approaches, which build on the assembly
of stick models, have been commonly used to simulate non-planar walls: wide-column
models (WCMs) and beam-truss models (BTMs). Each of these modelling approaches
is discussed in more depth below, with more scope provided for the latter as this is the
approach undertaken herein. The authors acknowledge that there are other modelling



CivilEng 2023, 4 296

approaches that could be used to simulate the behavior of non-planar walls, such as the
Multiple-Vertical-Line-Element-Model, or MVLEM [26–29]. Alternatively, refined finite
element models have also been extensively employed [30]. However, a parametric study of
some sort simulating these experimental wall units using different modelling techniques, as
well as providing an in-depth literature review of these methods with potential advantages
and disadvantages, is outside of the scope of this study. Instead, interested readers should
consult the literature (e.g., [31–35]).

Inelastic WCMs are thought to be used heavily in engineering practice to simulate
these types of structures [36]. The WCM, also referred to as the “wide-column analogy” or
the “equivalent frame method”, was originally developed for planar wall structures [37,38]
and later extended to non-planar structures [39,40]. Applying WCMs to non-planar walls
consists of modelling the web and flanges separately using vertical elements located at
their respective centroid and treating them as planar segments. Horizontal rigid links
are then used to connect the vertical elements along the weak axis of the sections. There
have been different recommendations about the spacing of the rigid links, which can
significantly influence the behavior of the WCMs [36,41,42]. The vertical elements are
typically made to be rigid in shear and flexible in torsion, which are decoupled from
the axial and flexural flexibilities [36]. To allow warping, which is remarkably important
for simulating the torsional performance of these structures, the links, rigid in bending,
shear, and axial extension [43,44], have a pre-assigned finite Saint-Venant torsional stiffness
value. However, there is some contention in the literature as to what finite value should
be used to represent the torsional stiffness [36,43–45], which has been shown to decrease
as a function of the ductility [20] (i.e., as the wall degrades and softens). Thus, it is likely
that using a constant finite torsional stiffness value, typically chosen to be equivalent to
a fraction of the elastic Saint-Venant torsional stiffness, would result in a poor simulation
of the torsional performance of RC U-shaped walls, particularly for large rotations (e.g.,
rotations greater than yield). Numerous numerical investigations have shown that WCMs
can simulate U-shaped walls reasonably well, particularly with regard to their in-plane
flexural behavior [2,36,46–48]. However, WCMs have only been assessed for torsion using
the experimental results regarding RC beams rather than walls, because experimental data
for the latter did not exist at the time. As reported by Pelletier and Léger [2], “ . . . the
accuracy of WCM for torsional loads could not be assessed, especially in terms of the
nonlinear warping behavior”.

Another difficulty in implementing WCMs is the simulation of the truss action mecha-
nism corresponding to the shear forces, which cannot be properly considered with WCMs
since only one beam element per wall segment is typically used [2]. To overcome this
limitation, a number of numerical investigations have used zero-length spring elements
at the nodes between the placement of the rigid links to account for the shear flexibility
of the wall segments, using a stiffness value corresponding to their uncracked sections
(i.e., elastic) [2,36,46,47]. However, this requires yet another finite, constant value to be
chosen by the designer or evaluator. Modelling the shear performance of non-planar walls
is important, since these types of structures have been shown to exhibit more shear defor-
mation in comparison to planar walls [18,49]. Furthermore, non-planar walls subjected to
torsion also exhibit significant shear deformation due to the combination of circulatory and
warping torsion behavior [50].

While WCMs remain popular in engineering practice, the authors expect that simulat-
ing RC U-shaped walls to torsional loads may be difficult due to the expected large shear
contributions, but also the number of required pre-determined values for parameter inputs,
the recommendations of which widely vary and could impact the resulting simulations.
It is recommended that a future study focus on the applicability of WCMs for RC walls
subjected to torsional loads. Instead, for the work herein, the authors have used a different
modelling approach to overcome some of the aforementioned problems.
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3.1. Beam-Truss Model Overview

The beam-truss model was developed to overcome the challenges of simulating the
nonlinear flexure-shear interaction and seismic response of both planar and non-planar
RC walls [51]. Later extended by Lu et al. [23], the BTM uses Euler–Bernoulli fiber-section
beam elements in the horizontal and vertical directions and nonlinear truss elements
in the diagonal directions. In comparison to the WCM, the BTM can account for the
inelastic response of steel in the horizontal direction and the biaxial behavior of the concrete
diagonals in compression [51]. An idealized RC U-shaped wall unit is illustrated in
Figure 3a, where the wall lengths in the x- and y-directions are Lf and Lw, respectively,
corresponding to the wall segment definitions in Figure 2a (i.e., the flange and web lengths).
The thicknesses of the planar wall segments parallel to the x- and y-directions correspond
to tw and tf, respectively, whereas the height of the wall unit is H (not to be confused with
point H, also in the same figure). The BTM of this wall is illustrated in Figure 3b, which
consists of two types of elements: (i) nonlinear fiber-section Euler–Bernoulli beam elements
in the vertical and horizontal directions, and (ii) nonlinear truss elements in the diagonal
directions. These illustrations are similar to those used by Lu and Panagiotou [51], but
adapted here for a U-shaped section. For ease of illustration, the reinforcement detailing
of a sub-segment of the west flange is shown in Figure 3c. The vertical and horizontal
beam elements model the concrete and steel included within the section area that each
element represents. Figure 3d,e illustrate the area of concrete and steel, as well as the
reinforcement layout, for the vertical and horizontal elements. To model the compressive
field of concrete, truss elements were employed in the diagonal directions. The effective
width (beff) of the diagonal elements can be calculated as a function of the angle of the
diagonal elements with the horizontal (θd), as indicated in Figure 3g (i.e., beff = asin(θd)). In
the initial study by Lu and Panagiotou [51], an angle θd between 45◦ and 50◦ was employed.
It has been argued that a fixed inclination angle—and the same for every member—may
be inappropriate for simulating RC beams, piers, or walls. Consequently, the angle θd was
revised by Lu et al. [23] to be based on a function of the shear force capacity and the amount
of transverse reinforcement. Equation (1) was proposed for θd [23], with an upper limit of
65◦, and a lower limit of 45◦ was later suggested by Arteta et al. [52] for walls with aspect
ratios (i.e., H/L) greater than 1.0.

45◦ ≤ θd = tan−1(Vmax/fytρttwd) ≤ 65◦, (1)

where Vmax is the maximum shear force capacity (taken from experimental testing or, in the
absence of experimental data, determined from moment-curvature analysis), fyt is the yield
strength of the transverse reinforcement, ρt is the transverse reinforcement ratio, tw is the
thickness of the wall, and d is the distance between the outer vertical lines of the model in
the direction of loading. As practiced by others, the tensile strength of the concrete for these
diagonal elements was ignored [51] and no reinforcement is considered in its cross-section.

It should be mentioned that the winners of the abovementioned blind prediction
competition, for walls UW1 and UW2, also resorted to the BTM simulation technique.
This provides further reason for the authors to have also employed it for the present
investigation. A dedicated journal special issue will be soon launched in the Bulletin of
Earthquake Engineering, where the contest participants—and other contributors, will have
the opportunity to expand on the most recent advances on modelling and design of RC
structural wall systems.



CivilEng 2023, 4 298

CivilEng 2023, 4, FOR PEER REVIEW 7 
 

 

model in the direction of loading. As practiced by others, the tensile strength of the con-
crete for these diagonal elements was ignored [51] and no reinforcement is considered in 
its cross-section. 

 
Figure 3. Schematic illustration of the beam-truss model approach for a U-shaped wall 
(adapted from Lu et al. [23] and modified for the wall section of interest for this work). 

It should be mentioned that the winners of the abovementioned blind prediction 
competition, for walls UW1 and UW2, also resorted to the BTM simulation technique. This 
provides further reason for the authors to have also employed it for the present investiga-
tion. A dedicated journal special issue will be soon launched in the Bulletin of Earthquake 
Engineering, where the contest participants—and other contributors, will have the oppor-
tunity to expand on the most recent advances on modelling and design of RC structural 
wall systems. 

3.2. SeismoStruct 
For this research investigation, the BTMs were simulated in SeismoStruct [12], a com-

mercial software package for static and dynamic analysis of framed structures. The two-
node inelastic displacement-based frame element (infrmDB) with two Gauss–Legendre 
integration points along their length were used for the vertical and horizontal beam ele-
ments. Although force-based elements have some advantages, displacement-based ele-
ments were chosen for this study, as this reflects what is commonly used in most engi-
neering software packages [36]. The infrmDB elements in SeismoStruct utilize the fiber-
section approach to represent the cross-section behavior, with each of the selected 150 
discretized fibers associated with a uniaxial stress–strain relationship. The elastic section 
properties (i.e., axial, flexural, and torsional rigidity) were automatically calculated and 
assigned for the vertical and horizontal elements employed in the software used for this 
research. As illustrated in Figure 4, the constitutive models used for the concrete and re-
inforcing steel correspond to those proposed by Mander et al. [53] and Menegotto-Pinto 
[54], respectively. Although the compression-softening behavior of the concrete in the di-
agonal elements has been accounted for in other numerical research using BTMs 
[23,51,52,55], this was not possible in the current study due to the impossibility to imple-
ment, within the commercial software, a dependence of the concrete compressive strength 

Figure 3. Schematic illustration of the beam-truss model approach for a U-shaped wall (adapted from
Lu et al. [23] and modified for the wall section of interest for this work).

3.2. SeismoStruct

For this research investigation, the BTMs were simulated in SeismoStruct [12], a com-
mercial software package for static and dynamic analysis of framed structures. The two-
node inelastic displacement-based frame element (infrmDB) with two Gauss–Legendre in-
tegration points along their length were used for the vertical and horizontal beam elements.
Although force-based elements have some advantages, displacement-based elements were
chosen for this study, as this reflects what is commonly used in most engineering software
packages [36]. The infrmDB elements in SeismoStruct utilize the fiber-section approach to
represent the cross-section behavior, with each of the selected 150 discretized fibers asso-
ciated with a uniaxial stress–strain relationship. The elastic section properties (i.e., axial,
flexural, and torsional rigidity) were automatically calculated and assigned for the vertical
and horizontal elements employed in the software used for this research. As illustrated in
Figure 4, the constitutive models used for the concrete and reinforcing steel correspond
to those proposed by Mander et al. [53] and Menegotto-Pinto [54], respectively. Although
the compression-softening behavior of the concrete in the diagonal elements has been
accounted for in other numerical research using BTMs [23,51,52,55], this was not possible
in the current study due to the impossibility to implement, within the commercial software,
a dependence of the concrete compressive strength on the normal strain. Furthermore,
reinforcement bar buckling is not modelled. However, strain limits (εlim) have been used
with these simulations to help indicate some performance and failure criteria, including
confined concrete crushing (εlim = −0.015), rebar buckling in compression (εlim = 0.03), and
rebar fracture in tension (εlim = 0.06). These limiting strain values are based on similar
values used in the literature [56–59]; when attained, the software notifies the user that they
have been reached, but does not prevent loading past these points. For this study, other
failure modes were not considered.
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correspond to those for wall unit UW1.

To validate the use of the proposed BTM approach for RC U-shaped wall structures,
three experimental wall units, which were presented previously in Section 2, will be
simulated in the next section.

3.3. BTM Results for Unit TUB

The BTM results for wall unit TUB when subjected to different reverse-cyclic loading
directions are presented in Figure 5. Overall, the results from the BTM provide good
comparisons to the global response of wall unit TUB for the different loading directions,
comparable or superior to that obtained by other researchers using other modelling ap-
proaches [2,20,23,36]. The BTM appears to capture the force-displacement of wall unit TUB
for the two in-plane directions (Figure 5a,b), including a good representation of the initial
stiffness, ultimate lateral force, and unloading stiffness. The strength of one of the diagonal
directions, to position F (denoted in Figure 2b), appears to have been overestimated by
the BTM, shown in Figure 5c, whereas a reasonable match was obtained for the cycles
toward position E. For the diagonal direction, the force and displacement were calculated
as the square-root-of-the-sum-of-squares (SRSS) using the two directions of loading, con-
sistent with the approach undertaken by Beyer et al. [19]. It is interesting to note that
BTMs [23] and WCMs [2,36], as well as other modelling approaches [60], attempting to
simulate the same wall unit, TUB, and in the diagonal loading direction have encountered
similar strength discrepancies. In Figure 5d, the BTM numerical results compare acceptably
well to the experimental restraining rotational (torsional) moment of the wall collar (i.e.,
head) while pushing towards position A and B. Without any restraints applied, the head of
the wall would normally twist with the applied east–west loading, as the shear center of
the wall is located at some distance offset from the cross-section [19]. This restraint was
applied experimentally with two north–south actuators, whereas, numerically, restraints
were applied (in the x-direction, according to the convention in Figure 3) to two single
nodes close to the locations of the placement of the actuators. The torsional moment in
Figure 5d was calculated as the average of the two restraining forces, i.e., (F1 − F2)/2,
multiplied by the lever arm distance of approximately 1.2 m. Numerically, the restraining
forces were extracted from SeismoStruct at the locations of the two nodes with restraints
applied. It was found that the BTM developed underestimates the elastic shear center
distance in comparison to that found experimentally [20], which results in a poor estimate
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of the early stages of torsional stiffness in Figure 5d, after an initially correct stiffness but
with strength underprediction. The defined strain limits, discussed in the previous section,
also reasonably predict the displacement capacity of wall unit TUB, with crushing of the
confined flange boundary ends pushing towards position C (Figure 5b).
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3.4. BTM Results for Units UW1 and UW2

The BTM results for wall units UW1 and UW2 are presented in Figure 6. The overall
simulations from the BTM in comparison to the experimental results are very reasonable. In
particular, the simulated in-plane reverse-cyclic loading to positions C–D for wall unit UW1
(Figure 6a) compare very well to the experimental global wall response. It is worth noting
that the application of the axial load was found to be an important factor in simulating
the correct wall response for UW1, predominantly with regards to the simulated strength
in both in-plane directions. As explained by Hoult et al. [22], the axial load application
experimentally caused a small overturning moment to the wall, which influenced the
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resulting shear span in either direction. For wall unit UW2, which was subjected to a
reverse-cyclic rotation about its vertical axis, Figure 6b shows a reasonable simulated
response attained from the BTM model in comparison to the experimental results. The last
cycle of the simulated model wall incorrectly predicted the torque attained, which was
primarily a result of the modelling method not considering buckling of the rebars. However,
it is worth emphasizing that the strain limits corresponding to the performance criteria
of rebar buckling (circle marker) and crushing of the confined core (cross marker) were
attained during this last cycle, as depicted in Figure 6b, which not only reasonably predicts
the ultimate rotation capacity of the wall unit but also correctly indicates the type of failure
mode observed [22]. The strain limits also correctly indicate the ultimate displacement
capacity and failure mode of wall unit UW1 in Figure 6a.
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4. Case Study Structure

To further illustrate how BTMs can be used to model RC U-shaped walls, the RC
core of an idealized six-storey prototype building, similar to that presented in Figure 1,
was modelled using SeismoStruct [12]. For this exercise, simple pushover (or, twist-over)
analyses were used to determine the capacity curves (i.e., global force-displacement or
torque-rotation) for RC U-shaped core walls, i.e., applying progressively increasing levels
of torque or bending moment. While it could be argued that nonlinear dynamic response-
history analyses are more accurate [61,62], this method is also very time consuming and
computationally expensive. Instead, the capacity spectrum method [63–65] was used; this
method compares the capacity curve obtained from a simple pushover analysis to the
seismic demand in the format of an acceleration-displacement response spectrum (ADRS).
Furthermore, for this case study, it is assumed that this building is located in Melbourne,
Australia, a region considered to be of low-to-moderate seismicity [66]. It should be
noted that the reinforcement detailing corresponding to this modelled wall conforms
more with building standards for high seismic regions, and, according to the Concrete
Structures building standard of Australia AS 3600:2018 [67], this level of reinforcement
detailing would likely be considered a ‘moderately ductile structural wall’ with an assigned
ductility (µ) factor of 3. As civil and structural engineers in Australia have only been
considering earthquake actions in their designs since 1995, it is expected that most RC walls
in the building stock of low-, mid-, and even high-rise buildings are likely to have a light
amount of reinforcement, which likely results in a non-ductile performance [68–71]. As
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such, the authors would like to emphasize that this case study building, and the resulting
performance, should not be indicative of typical RC structural wall buildings in Australia.
Instead, this case study is simply used to illustrate how BTMs can be used to analyze
non-planar RC walls using commercial software with typical beam and truss elements.

The building plan in Figure 1a was used as a basis to design and simulate the behavior
of the half-scale unit UW1 (see Section 2) prior to experimental testing. Thus, for this exer-
cise, the original, full-scale dimensions of UW1 were used to model the RC U-shaped core
wall for this building, resulting in a web length (Lw), flange length (Lf), and thickness (tw)
of 2600 mm, 2100 mm, and 200 mm, respectively. Some justifications for these dimensions
were given in the original Data Paper [22]. For the purpose of this exercise, the planar
peripheral wall illustrated in Figure 1a on the southwest corner of the building plan is
not included in these analyses. For consistency, the same longitudinal and transversal
reinforcement ratios for the experimental unit UW1 were used for this model wall, and this
was achieved by doubling the diameter of the rebars (see Figure 2a), with the mechanical
properties of these rebars remaining unchanged (Table 1). An interstory height of 3.2 m was
assumed [69], whereas the columns have a 8.4 m grid spacing, which is commonly used in
office buildings in Australia [72]. The columns on the east and west building perimeters
have a reduced spacing of 4.2 m. Note that it is assumed that no columns are placed close
to the RC U-shaped core, where the gravity loads from the slab in this area feed directly
into the flange ends of the core wall. For simplicity, distributed dead (G) and live (Q) loads
of 6 kPa and 2 kPa [69] were used to calculate the axial load and, ultimately, the seismic
mass of the building. This resulted in an axial load ratio (ALR) of the core wall, including
self-weight, of 3.1%, whereas the total building mass (mt) was 3481.44 t. The axial load
was distributed to three nodes of the BTM, corresponding to the distribution of mass from
the floor plan shown in Figure 1a: the west flange boundary end (17.82 t per floor), east
flange boundary end (5.94 t per floor), and middle of the web (10 t, self-weight of wall
per floor). This axial load distribution is similar to what was conducted experimentally
(see Section 2.2).

For this case study, the RC U-shaped core wall was modelled and subjected to dif-
ferent torque-to-bending-moment (T-M) ratios, considered at the base of the wall and
around its weak axis, corresponding to seismic loading in the N–S direction. Such ratios
represent possible different offset distances between the building center of stiffness (or
rigidity) and the center of mass where the inertial loads are applied. The bending moment
around the weak axis (M) was assumed to be equivalent to the applied force (F) at the
effective height (i.e., M = F.he), where he was taken as 70% of the full height of the structure
(i.e., he = 0.70H ≈ 13.4 m). The applied torque (T) was calculated as the applied force (F)
multiplied by the offset east–west distance e of the center of stiffness (or rigidity, of the
U-shaped core wall) to the building center of mass. For example, the location of the RC
U-shaped core wall at the periphery of the building in Figure 1 represents the greatest
offset distance (e) of approximately 16.8 m (assuming that the center of mass coincides
with the center of the floor plan). The different T-M ratios and corresponding T, M, and e
values are given in Table 2. A pushover analysis (i.e., pure axial–bending, T-M = 0–1) and
twist-over analysis (i.e., pure axial–torque, T-M = 1–0) were also conducted to explore these
limit cases.
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Table 2. Torque-to-bending-moment (T-M) ratios used to load the RC U-shaped core wall structure
(where N/A means “not applicable”).

T-M Ratio T [kNm] M [kNm] e (m)

0–1 N/A 13.4 F 0
0.08–1 1.05 F 13.4 F 1.05
0.16–1 2.1 F 13.4 F 2.1
0.31–1 4.2 F 13.4 F 4.2
0.63–1 8.4 F 13.4 F 8.4
1.25–1 16.8 F 13.4 F 16.8

1–0 N/A N/A ∞

Using these different T-M ratios (Table 2), the BTM in SeismoStruct was analyzed using
a force-controlled static nonlinear pushover analysis until failure, which was determined
either by the strain limits (previously discussed in Section 3.2), or when convergence could
no longer be attained. Importantly, the force imposed on the wall was such that bending
occurred towards position C (Figure 2b), or to the south (Figure 2a), such that the flange
boundary ends were in compression, as this was previously found to be the governing
direction of in-plane loading capacity (see Sections 3.3 and 3.4).

Figure 7a,b present the force-displacement and torque-rotation curves, respectively,
resulting from the analyses for the different referred T-M combinations. The displacement
and rotation were determined from the nodes at the effective height (he) of the wall, at
13.4 m above the base. The increasing torque contribution resulted in a decrease in both
the ultimate force and translation displacement capacity attained (Figure 7a). For the
case-study shown in Figure 1a, where the offset distance (e) of the RC U-shaped wall from
the building center of mass was approximately 16.8 m (e.g., T-M = 1.25–1), a very large
reduction in bending strength was observed, with the results in Figure 7a indicating an
82% decrease in comparison to the case with pure bending (e.g., T-M = 0–1). The results
in Figure 7a also suggest that, for some T-M ratios, when a reasonably small amount of
torque is applied but flexure ultimately governs the behavior of the wall (e.g., for e values
in Table 2 less than 4 m), no obvious reduction in lateral strength or displacement capacity
is observed.
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Figure 7. Results from the static pushover analysis performed on the RC U-shaped core wall modelled
in SeismoStruct using the beam-truss modelling approach regarding (a) force-displacement and
(b) torque-rotation. Different torque-to-bending-moment (T-M) ratios were used in these analyses.
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Similar observations can be made for the torque-rotation curves, where a decrease
in the contributions of the torque to the core wall (or, an increase in the contributions of
the bending moment) generally results in a reduction in the ultimate torque and rotation
attained at failure. Interestingly, for some T-M ratios, when the torque is still governing
the behavior of the wall (e.g., for e values in Table 2 greater than 4), a small increase
in the torque capacity is attained from the BTM with increasing flexure response, with
no apparent decrease (or increase) in the rotation capacity. It is possible that the axial-
flexure contribution to a torsion-governing core wall can increase the stiffness due to the
compression zone that forms as a consequence of the translation (and pre-compression
axial) loading, as postulated by Hoult and Beyer [20]. A more complete and general
understanding would also require analyzing the bending towards position D (north).

The results of the static nonlinear pushover analyses presented in Figure 7 emphasize
the importance of including torsional effects in the design and analysis of RC buildings,
where a reduction in the bending strength of the core wall was observed for relatively low
offset distances (e.g., e = 4.2 m) of the wall center of stiffness from the building’s center of
mass. The pushover results with different T-M ratios were further analyzed, as shown in
in Figure 8a, which presents the normalized maximum bending moment and normalized
maximum torque attained for each pushover (i.e., for each T-M ratio). These values have
been normalized to the maximum bending moment attained with pure axial bending (i.e.,
a T-M of 0–1) and maximum torque attained with pure axial torsion (i.e., a T-M of 1–0). The
relationship between T and M in Figure 8a is not too dissimilar from the biaxial bending
interaction curves that are typically used for the design of RC columns. It has also been
noted by Maruta et al. [73] that the experimental results of different T-M combinations
applied to scaled RC H-shaped walls had a similar relationship to moment-axial-force
(M-N) interaction curves. The reduction in either bending strength or torque, depending
on the applied combination, is clearly visible in Figure 8a.
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last converged point (corresponding to peak strength) of the different nonlinear pushover analyses
performed; (b) the capacity spectrum method using inelastic spectra is applied to the pushover result
for the wall with T-M = 0.31–1, comparing it to the acceleration-displacement inelastic response
spectra corresponding to an event with a 2500-year return period in Melbourne on site class C.

It is likely that the RC U-shaped core wall building that has been analyzed here using
a BTM would perform reasonably well in pure axial bending caused by translational
ground motion accelerations along the building’s shortest direction (i.e., north–south),
during a moderate earthquake (i.e., the curve corresponding to T-M = 0–1 in Figure 7a).
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However, the combination of torsion and bending, which can be caused by, among many
factors, the natural or accidental eccentricity of the center of stiffness from the center
of mass, may increase the risk of damage or even collapse due to the potentially large
reduction in the bending strength. To illustrate this further, the different force-displacement
capacity curves attained in Figure 7a are used in the capacity spectrum method to determine
the vulnerability of the structure to an earthquake event. A force-displacement curve is
presented in Figure 8b in the form of an acceleration-displacement capacity curve, which
was calculated using the effective mass of the building (taken as 70% of the total seismic
mass [58], i.e., 0.7 × 3481.44 t). For this example, the RC U-shaped core wall with a T-M
ratio of 0.31–1 was used, corresponding to an eccentricity of the core walls of e = 4.2 m.
For the seismic demand, the ground motions chosen represent an earthquake event with a
2475-year return period in the city of Melbourne using a kpZ (i.e., probability × hazard)
factor of 0.144 g according to the Earthquake Actions in Australia building standard AS
1170.4:2007 [74]. The study conducted by Hoult et al. [69] found that the large majority
of the RC building stock for the city of Melbourne is sited on soil class C according to AS
1170.4:2007 [74]. Furthermore, a numerical study focusing on seismicity in Australia [75]
found that the influence of site resonance and low earthquake intensity resulted in spectral
shape factors for soil class C that were higher than those stipulated by AS 1170.4:2007.
For these reasons, the building is assumed to be on site class C. The spectral acceleration
response from six scaled ground motions have been adopted from Hu et al. [76], where
site-specific (i.e., class C) response spectra were derived for an event with a 2475-year return
period (as classified above). The corresponding spectra for the six ground motions are
superimposed in Figure 8b in the form of an acceleration-displacement response spectra
(ADRS), with the mean of these six ground motions also shown. Furthermore, the ‘Target
Spectrum’, which is specified in AS 1170.4:2007 [74], is also presented in Figure 8b. All
elastic spectra have been scaled to an inelastic equivalent in Figure 8b by using the methods
proposed by Fajfar [77], corresponding to the N2-method adopted by European standards.

The peak acceleration and displacement capacities, as determined by the capacity
curve corresponding to the RC U-shaped core wall building with a T-M ratio of 0.31–1,
presented in Figure 8b is found to be greater than the acceleration and displacement demand
from the ground motions and target spectrum. The resulting displacement performance
points for this structure, corresponding to the intersection of the capacity curve and the
demand curve, are 41.5 mm and 33 mm when compared to the ground motion mean
(i.e., GM Mean) and Target Spectrum, respectively. These displacements represent the
order of magnitude of seismic demand that could be expected for this structure from an
earthquake of this size (e.g., magnitude-distance of approximately M 6 R 23 km according
to Lam et al. [78]). While the ultimate displacement capacity for this structure is 113.6 mm,
reduced from 341.2 mm for pure in-plane bending, the capacity spectrum method has
estimated that this structure would not reach a ‘life safe’ (or ‘no collapse’) state under the
earthquake scenario considered. These values are reflected in Table 3, which reports all the
performance points for the capacity curves of the RC U-shaped core wall structure with
different T-M ratios, expressed in terms of the displacement and (acceleration) capacity of
the structure.

While the RC U-shaped core wall with a T-M of 0.31–1 was found likely to have the
capacity required to withstand an event with a 2500-year return period (on site class C) in
Melbourne, there are a few points that need to be considered.

Firstly, for this structure, the capacity curve, in comparison to the demand curves in
Figure 8b, indicate that it is likely that the structure would yield and perform inelastically,
and thus accumulate some damage. The yielding and inelasticity of the reinforcing steel
bars of the core walls are typically a source of residual displacements of RC buildings (i.e.,
the permanent relative deformation of a structure with respect to its initial geometry) [30].
Thus, while the primary performance level of ‘life safe’ could be achieved, the damage and
permanent deformation of this structure could prevent the building from being serviceable
and, in some cases, require demolition. For an example, see the number of demolitions
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that were required for modern-designed RC buildings in the Christchurch Central Business
District (CBD) [79,80]. The authors are conducting ongoing research in this area using
smarter reinforcing materials to reduce the residual displacements of RC walls.

Table 3. The displacement demand (in mm) and acceleration demand (in parenthesis, given in
‘g’ units) are presented for the equivalent single-degree-of-freedom system, representing the RC
U-shaped wall building structure, subjected to different combinations of torque and bending moment
(T-M). The peak capacity for the building is presented (final column), which can be compared
to the ground motion demands, their mean, or the demand calculated from the code spectrum
(AS 1170.4:2007).

T-M GM1 GM 2 GM 3 GM 4 GM 5 GM 6 Mean Target Spectrum Ultimate Capacity

0–1
21.8 21.9 57.8 23.0 34.7 58.1 36.2 31.3 341.2

(0.11) (0.11) (0.16) (0.11) (0.13) (0.16) (0.13) (0.12) (0.32)

0.08–1
21.7 21.7 59.9 23.6 34.6 70.5 38.7 32.0 321.2

(0.11) (0.11) (0.16) (0.11) (0.12) (0.17) (0.13) (0.12) (0.31)

0.16–1
21.4 21.2 59.9 24.2 34.5 70.9 38.7 32.1 321.4

(0.10) (0.10) (0.16) (0.11) (0.12) (0.17) (0.13) (0.12) (0.31)

0.31–1
36.3 21.0 58.3 24.7 34.6 73.9 41.5 33.0 113.6

(0.12) (0.10) (0.15) (0.10) (0.12) (0.17) (0.13) (0.11) (0.23)

0.63–1
- 20.8 - 27.0 36.7 - - 34.9 36.8
- (0.09) - (0.10) (0.11) - - (0.11) (0.11)

1.25–1
- - - - - - - - 31.5
- - - - - - - - (0.06)

Secondly, not all of the RC U-shaped core wall structures investigated here, with
different T-M ratios, were determined to have sufficient in-plane bending capacity for
the earthquake ground motions considered. For example, for the core wall with a T-
M of 0.63–1, Table 3 indicates that the displacement capacity satisfies the ‘life safety’
performance if compared to the demand from the inelastic Target Spectrum (adopted
from AS 1170.4:2007 [74])—however, the displacement demand of some ground motions
exceeded the capacity of the core wall with a T-M of 0.63–1. Furthermore, the structure with
T-M of 1.25–1, which represents the building plan in Figure 1a, was determined to reach
collapse under these ground motions due to the dominance of torsional actions severely
reducing the in-plane flexural strength and displacement capacity.

Finally, the authors want to re-emphasize that the reinforcement detailing of this RC
U-shaped core wall does not reflect current construction practices in Australia, where most
walls are only now (i.e., post-2018) being designed for ‘limited ductility’ [67], correspond-
ing to very little, if any, confinement, but providing a sufficient amount of longitudinal
reinforcement to allow secondary cracking [81]. However, prior to the revised concrete
structures Australian Standards building code AS 3600:2018 [67], the minimum longitudinal
reinforcement ratio requirements for RC walls were derived for the control of shrinkage and
thermal effects [68,82] and not for ductility. Thus, it is likely that typical RC core walls in the
Australian building stock would be more vulnerable to the earthquake demands used for
this case study, and as such the results herein should not be indicative of their performance.

5. Conclusions

Beam-truss models (BTMs) were used in this numerical investigation to simulate the
axial, flexure, and torsional performance of non-planar RC walls, with a primary focus
on the popular U-shaped cross-section. The BTMs developed in this research, using the
recommendations from other researchers, were shown to simulate the experimental be-
havior of previously tested RC walls to a high degree of accuracy, including their torsional
performance. To the knowledge of the authors, previous macro and micro models in the
literature used to simulate RC walls have not been fully validated for torsional actions given
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the scarcity of experimental data. The experimental results for at least one wall unit tested
at UCLouvain, Belgium, has helped overcome some of these limitations by subjecting the
wall to pure reverse-cyclic axial torsion (rotation) until failure. The global torque-rotation
performance experimentally measured in this test was used in this research to further vali-
date the BTM developed using the commercial software SeismoStruct. However, it is worth
noting that the ability of BTMs developed here in simulating torsional behavior implies
that circulatory torsion, or Saint-Venant torsion, is negligible, which is typical of open, non-
planar sections. The dataset from this recent experimental program at UCLouvain is now
readily available (DOI: 10.14428/DVN/FDJ4EU) and can be used to help validate future
macro and micro models of non-planar walls on the global level (e.g., force displacement)
and also on the local level (e.g., strain profiles of the longitudinal reinforcement).

BTMs were further utilized in a case study of an idealized RC building with varying
eccentricity between the center of stiffness, provided mainly by a single RC U-shaped
periphery core wall, to the assumed center of mass. As such, different torque-to-bending-
moment (T-M) ratios were subjected to the BTM in SeismoStruct to develop a set of force-
displacement and torque-rotation curves using simple static nonlinear pushover analyses.
The pushover analyses showed that the increasing contribution of torque reduced, some-
times significantly, the in-plane bending strength and displacement capacity of the RC
U-shaped core wall structure. The capacity spectrum method was then used to estimate the
seismic performance of these RC-wall buildings, with different T-M ratios, using demand
curves representative of an event with a 2475-year return period in Melbourne, Australia,
sited on soil class C. It was shown that this ‘moderately ductile’ RC core wall was likely to
have a sufficient strength and displacement capacity for the earthquake event considered
if no torsion is assumed (i.e., T-M = 0–1). However, eccentricity distances of the core wall
from the center of mass greater than approximately 2.1 m (i.e., T-M = 0.16–1) resulted in
a substantial decrease in the in-plane flexural strength and displacement capacity of the
building due to the contribution of torsion, resulting in potential collapse of the structure
under this earthquake scenario. These results emphasize the importance of including
torsional actions in simulating the seismic performance of RC buildings.

The authors, as part of a larger user group, expect to conduct further experimental
testing on RC U-shaped core walls in 2023, including the testing of two large-scale units
subjected to earthquake ground motions using a shaking table at the National Laboratory
for Civil Engineering (LNEC), Portugal. The experimental results from these tests will
help to further validate macro and micro models of non-planar walls, particularly with
regard to the use of nonlinear response-history analyses, rather than simpler methods of
assessment, such as the capacity spectrum method that was used in the work undertaken
here. A dedicated journal special issue will also be soon launched to present and discuss
the most recent advances in the modelling and design of RC structural wall systems.
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