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Abstract

The Applied Element Method (AEM) has in the recent years been increasingly employed
to assess the failure mechanisms developed by structures subjected to dynamic loading.
However, its use in the detailed estimation of local response parameters such as strains,
curvature, and other localised deformations of reinforced concrete (RC) elements under
seismic excitation, is not common. In this context, we explore the feasibility of using
the AEM to reproduce, in blind-prediction fashion, the recent shake-table axial-flexural-
torsional response of a 40-ton half-scale reinforced concrete U-shaped wall specimen. The
accuracy of the adopted modelling approach in capturing the experimentally observed
translational-torsional structural response of the tested structure is demonstrated through
the comparison between numerical predictions, obtained before the publication of the test
results (and thus without post-test model improvements), and the experimental measure-
ments, considering both global and local response quantities. On a somewhat separate
note, this study also examined the manner in which currently available formulations are
capable of estimating residual drifts in RC walls, and proposes an updated equation that
is shown to predict, with a good degree of accuracy, post-earthquake shaking residual
displacements for this type of structures.
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1 Introduction

Reinforced Concrete (RC) structural walls are frequently used as the main lateral load-
resisting system in many building typologies (RC, steel, timber, etc) to provide lateral stiff-
ness and withstand forces and displacements caused by wind and seismic activity. In some
regions with low-to-moderate seismic risk, a single core wall is often employed, tasked
with resisting both lateral and torsional forces acting on the building (e.g., Hoult et al.
2015). In such cases, the combined effects of flexural and torsional stresses may lead to
premature failure of the wall, with limited ductility. Even if failure is not reached, signifi-
cant post-earthquake residual displacements may trigger the need for expensive repairs or
potentially the demolition and reconstruction of the entire structure (Hoult 2022). Further,
past experimental campaigns (Beyer et al. 2008, Constantin and; Almeida et al. 2016; Hoult
et al. 2020, 2023) have highlighted the susceptibility of some types of U-shaped concrete
walls, mainly characterised by a small flange thickness, to global and local instabilities
such as out-of-plane failure and rebars buckling, the occurrence of which causes a drastic
reduction in the capacity of the structural element, especially for structures subjected to
bidirectional loading.

In this context, increasingly refined numerical models of RC walls have been developed
in recent years to study in-depth both the global response, such as the hysteretic force-
displacement behaviour and residual deformations (or residual drift), as well as the local
response, such as curvature profiles and the strain-stress state within individual components,
e.g., reinforcement bars. Some of the current modelling methodologies are also capable
of accurately simulating the damage state and type of failure of these structural elements,
albeit with a non-negligible computational effort. The cyclic and dynamic response of RC
walls has been extensively modelled over the recent decades, both from the macroscopic
(macro-element models) and microscopic (Finite Element, FE) points of view. Among the
former numerical approach, one may find e.g., the Multiple-Vertical-Line-Element-Model
(MVLEM) by Isakovic and Fischinger et al. (2019), and the Nonlinear Beam Truss Model
(BTM) formulated by Panagiotou et al. (2012); these approaches were frequently applied to
the nonlinear analysis of RC walls, for example by Janevski et al. (2023) and Janevski and
Isakovic (2024) on the MVLEM modelling of U-shaped walls using the computer program
OpenSees (Mazzoni et al. 2006), and by Hoult et al. (2023), who instead applied the BTM
with the software SeismoStruct (Seismosoft 2025).

The numerical modelling of RC wall behaviour has also been extensively carried out
through the employment of various micro-modelling techniques. One of the most widely
used is the Modified Compression Field Theory (MCFT, Vecchio and Collins 1986) and
the Disturbed Stress Field Theory (DSFM, Vecchio 2000), which have been extensively
employed in the modelling of RC walls by several researchers using computer programs
VecTor2 (Wong et al. 2013) and VecTor3 (EIMohandes and Vecchio, 2013). Examples of
such modelling endeavours are e.g., the FE modelling of planar, barbelled, and flanged
RC sections undertaken by Palermo and Vecchio (2007), Abdulridha and Palermo (2017)
and depicted in Fig. 1a, Hoult (2019), Hoult and Almeida (2024a), as well as the 3D mod-
elling of RC members using solid elements carried out by Hoult and Beyer (2020), and
Hoult (2021), reported in Fig. 1b. Recently, Wang et al. (2024) used VecTor4 (Hrynyk 2013;
Hrynyk and Vecchio 2019) to model the inelastic behaviour of U-shaped walls using multi-
layer shell elements.
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Fig. 1 Examples of RC walls numerical modelling: (a) VecTor2 model developed by Abdulridha and Pal-
ermo (2017), (b) VecTor3 model developed by Hoult (2021), and (¢) AEM model developed by Orgnoni
and Pinho (2024)

Other RC wall micro-modelling strategies can be found in the recent literature, such as
for instance the employment of beam distributed plasticity models carried out in Seismo-
Struct (Seismosoft 2025) by Almeida et al. (2016), as well as the use of shell elements to
represent concrete and rebars in Diana (2016), by Dashti et al. (2018), Belletti et al. (2018),
Rosso et al. (2022). The HybriDEM method (Bouckaert et al. 2024, 2025) combines instead
Finite and Discrete Element formulations, constituting a promising modelling strategy for
the future.

An alternative micro-modelling approach seldomly used in recent years for the static
analysis of RC walls, and never used for the dynamic analysis of these structures, is the
Applied Element Method (AEM). Examples of such modelling exercises can be found in
Meguro and Tagel-Din (2001) and Cismasiu et al. (2017), who modelled a planar RC wall
subjected to, respectively, cyclic and monotonic loading. Orgnoni and Pinho (2024) also
employed the AEM to numerically simulate, for the first time, the flexural-torsional experi-
mental response of two U-shaped walls (Fig. 1c) tested under cyclic loading by Hoult et al.
(2023).

Regarding the numerical simulation of the dynamic behaviour of, specifically, non-pla-
nar RC walls, very few examples of FE numerical modelling can currently be found in the
literature, partly due to the scarcity of shake-table experimental campaigns on these struc-
tural elements (Ile et al. 2002). At the time of writing, and to the authors’ knowledge, only
Payen (2023) and Hoult and Almeida (2024a), have thus far reported the modelling of the
shake-table response of a U-shaped wall, respectively adopting the BTM approach, using
SeismoStruct, and the MCFT framework with VecTor3. In the current study, a numerical
model of a U-shaped wall scaled specimen (UWS1) tested experimentally by Hoult et al.
(2025) is developed using the Applied Element Method, whose major advantages are the
simplicity in modelling and the accuracy of the results with a reasonable computational
effort. This methodology, although widely used in the modelling of the response of RC
structures under dynamic conditions (e.g., Tagel-Din and Meguro 2000; Grunwald et al.
2018; Malomo et al. 2020; Scattarreggia et al. 2022) has not been previously employed to
reproduce the shake-table nonlinear dynamic response of planar or non-planar RC walls;
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recently, a number of application of the AEM on the numerical modelling of RC walls were
reported in Orgnoni (2025).

In the subsequent sections of this manuscript, therefore, we proceed with a brief over-
view of the adopted modelling approach, the AEM, followed by the description of the test
specimen and its model. Subsequently, the numerical results, obtained before the under-
taking of the test, are compared with their experimental counterparts, both at the global
and local scales. Selected numerical and experimental results are also used to propose an
update to an existing empirical formulation for the prediction of residual displacements,
given imposed structural drift, for this type of structural elements. In conclusion, potential
future improvements in the numerical modelling of non-planar RC walls using the AEM
formulation are suggested.

2 Brief overview of the Applied Element Method

The Applied Element Method (AEM) combines the strengths of the continuous FE formula-
tion with the advantages of discrete element methods. It was developed in 2001 by Meguro
and Tagel-Din (2001) and employed successfully to perform nonlinear analysis of RC struc-
tures (e.g., Malomo et al. 2020; Scattarreggia et al. 2022; Orgnoni and Pinho 2024). The
underlying principle of the AEM is to model a structure as an assembly of small, rigid units
with six degrees of freedom, connected along their surfaces by zero-thickness spring layers,
as depicted in Fig. 2a. In this approach, material properties are concentrated in the springs
location, so stresses and strains are primarily calculated at these spring locations, unlike
the Finite Element Method (FEM), where deformations are computed within the elements.

The interface springs are defined by both normal stiffness &, = Edt/L and shear stiffness
ky sy =Gdt/L, where E and G represent the Young’s modulus and shear modulus, respec-
tively. These stiffness values fully describe the stresses and deformations within a specific
unit volume dV (the 3D region defined by d - t - L, where d is the distance between adjacent
springs, and ¢ and L are the thickness and length of the element). Together, these springs
render the entire assembly deformable.

RC ELEMENT IDEALIZATION COMPONENTS CONSTITUTIVE LAWS
t d b4 b T (©)

rough crack surf.
loading
ELEMENT 1

unloading
reinforcement bar

ELEMENT 2

HEDUR IR

tension \4 compression

CONCRETE

k, REINFORCEMENT

g

. X
ELEMENT 1 ELEMENT 1 [==] ELEMENT 1 szﬁ“x‘

reinforcement bar

(a) springs (d)

Fig. 2 (a) AEM modelling of RC assemblies, (b) material models for concrete under uniaxial cyclic
tension-compression and (¢) shear-compression loading, (d) constitutive law for steel reinforcement
(Malomo et al. 2020)
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For reinforced concrete (RC) structures, as illustrated in Fig. 2a, additional springs rep-
resenting the reinforcement bars are introduced, in addition to the concrete matrix, with
appropriate constitutive properties and stiffness values. However, this modelling technique
does not account for the interface between reinforcement and concrete, thereby limiting the
ability to capture bond-slip behaviour. To model this interaction, the reinforcement bars
should be explicitly represented, and the springs connecting the rebars with surrounding
concrete units defined to appropriately account for the bond-slip properties.

In the post-cracking response phase, the elastic parameters of the springs are updated
based on the constitutive material laws, adjusting their stiffness and strength at each loading
step to reflect the evolving damage.

In the version of the AEM-based software used in this study — Extreme Loading for
Structures (ASI - Applied Science International 2021), the Maekawa and Okamura (1983)
model (Fig. 2b) simulates the response of concrete under uniaxial cyclic tension-compres-
sion loading; ELS material models, in the used software version, only consider one-dimen-
sional states of stress and hence the confinement provided by the reinforcement layout is
not considered (Grunwald et al. 2018). To account for this feature, as it was done in this
study (Sect. 4.2), user defined materials must be defined. Shear-compression stress states
can be simulated adopting a simplified model (Fig. 2b). Steel rebars are modelled using the
hysteretic model proposed by Menegotto and Pinto (1973), showed in Fig. 2c. The tangent
stiffness of reinforcement is calculated based on the strain from the reinforcement spring,
loading status (loading-unloading), and previous history of the steel spring.

The AEM offers several advantages over the FEM and DEM, among which the ease of
modelling and the speed of calculation certainly stand out. The implicit integration scheme
iterations enable the use of larger time steps compared to explicit approaches mentioned
above, and the absence of in-cycle Newton-Raphson type allows to avoid continuous, time-
consuming, inversions of the stiffness matrix (although at the cost of having to adopt a
smaller step discretisation).

As described above, the implementation of the mesh and reinforcement layout is
extremely simple and accurate; the AEM formulation, which does not require nodal connec-
tivity (which is instead necessary for the FEM), allows the connection of various elements
of distinct dimensions without the need for mesh transitions.

A comprehensive summary of the adopted methodology (AEM), as well as an excursus
on its historical development, are available in Orgnoni (2025).

3 Description of the case-study: specimen UWS1 from Hoult et al.
(2025)

3.1 Introduction

Two large-scale RC U-shaped walls were tested at the shake-table of the National Laboratory
for Civil Engineering (LNEC, Lisbon, Portugal), within the framework of the ALL4wALL
project, “Smart ALLoys for WALLSs: towards durable structures with long service lives and
minimal seismic displacements” (Hoult et al. 2025). These dynamic tests constituted also a
natural continuation of the experimental program conducted previously at UCLouvain (Bel-
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gium) by Hoult et al. (2023), which involved the cyclic testing of two similar RC U-shaped
walls, subjected to axial-flexural and axial-torsional loading.

3.2 Geometrical and material characteristics

The steel-reinforced specimen considered herein (UWS1), which, contrary to its companion
USW?2, did not contain smart alloy rebars, is depicted in Fig. 3a, and comprises, in addition
to the two flanges and the web, a foundation, two intermediate slabs, and a top collar. This
half-scaled core wall, with a full height, to the top of the collar, of 4.54m, has the same
cross-section and reinforcement detailing as the specimens tested under cyclic conditions
by Hoult et al. (2023), with the only difference being the confinement and shear stirrup spac-
ing, which, for these shake-table tests, was shortened from 75 mm to S0 mm and 150 mm to
100 mm, respectively.

The dimensions of UWST1 are 100 mm, 1300 mm, and 1050 mm respectively for the
thickness (t,,), length of the web (L,,) and flanges (L;). The reinforcement layout, shown
in Fig. 3b, consist of 12 mm diameter rebars located in the boundary ends, 8 mm rebars
in the web-flange boundary regions, while distributed 6 mm bars are evenly distrib-
uted in the web and flanges. Large masses, needed for the specimen to develop its full
flexural capacity, are located at the top of the structure, as shown in Fig. 3a: a series of
1.13-ton and 0.59-ton mass blocks, stacked along four towers, are rigidly connected to
the collar of the wall, for a total of 24.96 ton.

For what concerns the reference system and sign convention (depicted in Fig. 3b),
necessary for the interpretation of the results reported in the following sections, positive
directions are taken from North to South and from West to East.

The mechanical properties of the concrete and reinforcement were determined by
means of material characterisation tests, described in Hoult and Almeida (2024a) and
Hoult et al. (2025), which yielded the mean values summarised in Table 1 and Table
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Fig. 3 Test specimen: (a) three-dimensional view, and (b) cross-section, reinforcement details, and refer-
ence system. All dimensions are in mm
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Table 1 Mean values of the

ind ) Specimen Foundation Wall Collar
concrete cylinder compression
strengths f”, expressed in MPa UWS1 29:6 270 34.6
Table2 Mean valucs of the dylmm]  f,[MPa]  f,[MPa]  esu[]  E[GPa]
ectamca  properues ol the 6 550 676 0.095 207
longitudinal reinforcing bars
538 664 0.120 196
12 580 690 0.101 199

10
305
[ -]
S
T 00 " )
o
[ -
] .
-05 < ——HNE (North-South
< ——HNN (West-East) 'g-g ( )
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Time [s]
(a) (b)

Fig. 4 Central Italy ground motion components applied on the shake table: (a) HNN (East-West on the
shake-table). and (b) HNE (North-South)

Table 3 Scale factors applied to the ground motions of the M, 6.5 central Italy earthquake event

GM GMO GM1 GM2 GM3 GM4 GMS5 GM6 GM7 GM8
HNN 0.10 0.25 0.25 0.50 0.50 0.75 0.75 1.00 1.00
HNE 0.00 0.00 0.25 0.00 0.50 0.00 0.75 0.00 1.00

2, where dy; is the rebar diameter, f, the yield strength, f, the ultimate strength, ¢, the
ultimate strain and E the Young’s modulus of the reinforcement steel.

3.3 Loading protocol

The applied loading protocol consisted in the application, under increasing scale fac-
tors (Table 2), of the two horizontal components (HNN, HNE) of a recording (station
MZ04) from the Mw 6.5 Central Italy earthquake of the 30" October 2016 (Fig. 4). The
HNN GM were used along the East-West (EW) shake table direction, whilst the HNE
component along the North-South (NS) one. As reported in Table 3, regardless of GMO,
which is considered as the test acceleration on the system, all the odd-numbered GMs
(i.e., GM1, GM3, GMS, and GM?7) represent a unidirectional acceleration in the EW
direction, with an intensity increasing by 25% for each ground motion. Similarly, the
even-numbered GMs (i.e., GM2, GM4, GM6, and GMS) represent bidirectional accel-
erations, adding the component in the N-S direction.

It is noted, however, that, by virtue of the half-scale nature of the test specimen, and in
order for similitude laws to be respected (e.g., Pinho 2000), the ground motions had also to

be scaled in time, using a “time compression” factor equal to 1/\/ﬁ
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3.4 Experimental instrumentation

The experimental response of the tested walls was monitored using different types of con-
ventional instrumentation, among which: (i) linear variable differential transducer (LVDTs),
employed to record the longitudinal deformation at the base of the wall, (ii) potentiometers
(also referred to as string pots), used to measure the absolute displacement and rotation of
the wall both in EW and NS directions at a height of 4.29 m, corresponding to the mid-depth
of the collar, and (iii) accelerometers to measure acceleration along both horizontal direc-
tions, placed at different heights.

The employment of state-of-the-art optical instrumentation, namely the OptiTrack
motion capture system and the Digital Image Correlation (DIC) technique, rendered pos-
sible the measurement of the 3D displacement field over a large portion of the structure
(Almeida et al. 2024). A speckle pattern at the wall base, also post-processed with DIC,
allowed to compute the field of 3D local strains throughout the test runs.

3.5 Observed damage - brief overview of the specimen response

The experimental response in terms of developed forces, displacements, and deformations
will be discussed in Sect. 1. Herein, with a view to provide additional context to such results,
a brief summary of the observed cracking is given, with the reader being directed to Hoult et
al. (2025) for a more detailed account of the observed damage.

When subjected to the first four ground motions (GM1, GM2, GM3 and GM4), the struc-
ture responds essentially in “elastic-cracked” fashion; during the post-test at-rest phase,
only minor hairline cracking was detected at the base of the flange and on the web. Under
GMS, flexural cracks started to develop within the bottom story height at the flange bound-
ary extremities, exacerbating existing cracks at the wall-foundation interface. Non-negli-
gible torsion, in combination with flexural actions, were detected during the application of
bidirectional ground motions GM6, with concrete crushing of a small portion located at the
base of the flange-web south-west intersection being observed. Horizontal sliding along the
east-west direction, was also observed at the north wall flange-foundation interface. Dur-
ing GM7, corresponding to 100% intensity along the east-west direction, further concrete
crushing was observed in the boundary element of the south flange and in the intersection
of both flanges with the web; the largest in-plane drift was recorded, reaching §yr=2.71%.

During GM8, maximum drifts of dy=1.82%, dyg=0.76%, and a rotation of 6,,,,, =24.7
mrad, were recorded. Visible buckling of the longitudinal rebars at the boundary end of the
south flange (Fig. 5a), as well as noticeable out-of-plane buckling of the north flange bound-
ary element towards the inside of the wall core (Fig. 5b) developed. A non-negligible sliding
at the wall-foundation interface was also observed during the final four GMs, with values
of+~6 mm being recorded from the OptiTrack data during GM7 and GMS. More informa-
tion is available in Hoult and Almeida (2024a) and Hoult et al. (2025).
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Fig.5 Failure locations of unit UWS1 after GMS: (a) rebar buckling in the boundary end of south flange,
and (b) out-of-plane buckling of the boundary end of north flange towards the inside of the wall

Explicitly modelled
Masses

Elastic Collar

Coarse Mesh

I
Partially Confined 10,1400 wom)
Concrete ' —— Legend
: ._;\ 6
Fine Mesh
Unconfined 0.5t (~50 mm) 98
Concrete N ¢0

= Confined Concrete Coarse Mesh

1,01, (~100 mm) Elastic Foundation

Fig.6 (a) UWSI specimen at the LNEC laboratory, and (b) corresponding AEM numerical modelling

4 AEM numerical modelling of test specimen response
4.1 Geometry and meshing approach

The numerical model of specimen UWS1, depicted in Fig. 6a, was implemented in the com-
puter program Extreme Loading for Structures (ELS) (ASI 2021). The approach adopted
for the definition of the structural mesh, represented in Fig. 6b, followed that described in
Orgnoni and Pinho (2024), herein briefly summarised.

The foundation was modelled adopting a mesh discretisation with dimensions equal to
~100mm per element. Regarding the web and flanges, a reasonable departure hypothesis
is that the deformations will be concentrated at the first floor of the structure (between the

@ Springer



Bulletin of Earthquake Engineering

foundation and the first slab), while the two upper floors will mainly behave in an elastic
manner. For this reason, a mesh of dimension equal to 0.5 t, (50 mm) was used for the first
floor, whilst a mesh of 1.0 t,, was employed in the remaining upper portion of the wall. The
discretisation of the collar was analogous to that adopted for the foundations. The intermedi-
ate slabs were modelled adopting a mesh discretisation of 0.5 t,, (50 mm). All these elements
were adopted cubic elements (i.e., =L, as depicted in Fig. 2). The top masses were imple-
mented through the introduction of elements that have the same dimensions and density of
the mass blocks employed in the test. These elements are rigidly connected between each
other and also to the collar.

Overall, the numerical model features therefore 10,854 elements, each of which with
twenty-five springs (5x5) implemented between the contact faces of the elements; given the
blind prediction nature of this modelling effort, we have decided to adopt the meshing that
had been successfully employed in Orgnoni and Pinho (2024) to reproduce the cyclic testing
of two specimens practically identical to the one considered in this work.

4.2 Materials

In the same way as the AEM numerical modelling of UW1 and UW2 developed by Orgnoni
and Pinho (2024), also in this case three different type of concrete materials (confined,
partially confined and unconfined — see Fig. 7), were implemented in the adopted software
as a user-defined material using the Mander et al. (1988) constitutive model, adopting the
mechanical parameters reported in Table 1 and considering the confining effect provided by
the reinforcement layout.

The Menegotto and Pinto (1973) steel constitutive model was used for the reinforcement,
using the properties reported in Table 2. The reinforcement bars are assumed as being fully
bonded with the concrete, and, as stated above, are represented by springs, additional to
the 5x Sused to represent the concrete, positioned at the actual local of the rebars. Finally,
foundations and collars were characterized by an elastic material featuring the uncracked
stiffness of the concrete.

40 Unconfined Concrete
— Partially Confined Concrete

Eéﬂ I@ﬁ 45 — Confined Concrete

—— Confined Concrete
Unconfined Concrete
— Partially Confined Concrete

Stress [MPa]

[EISZ

:

Fig. 7 (a) discretisation of the wall cross-section in zones with different degrees of confinement and (b)
constitutive models adopted for concrete in compression

0.02 0.04 0.06 0.08 0.1
Strain [-]

(a) (b)
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4.3 Loading protocol

As described in Sect. 1 and shown in Fig. 4, the shake-table loading protocol consisted in
the consecutive application, for nine increasing intensity scale factors, of one or both of the
two components of the record from the Mw 6.5 Central Italy earthquake of 30" October
2016, namely GM0-GMS. In the AEM numerical model, the nine dynamic analyses were
also performed in consecutive fashion, so as to take into account the effects of damage
accumulation. The 30-s long accelerograms that were recorded atop of the fixed founda-
tion to the shake table during the test were used as input for the model, with a time-step of
0.005 s (200 Hz); these accelerograms were made public subsequently to the test, within the
framework of the blind prediction competition organised by Hoult and Almeida (2024a). A
time step of 0.005 s (200 Hz) was adopted for the numerical analysis.

5 Comparison of numerical vs. experimental results - global
behaviour

This section evaluates the ability of the AEM model in replicating the global dynamic
response of the U-shaped wall USW1 tested at LNEC, by comparing the numerical results,
obtained before the tests execution, with experimental observations and measurements
obtained from the shake table experimental campaign.

5.1 Hysteretic response
5.1.1 Comparison of the experimental results with Nonlinear Dynamic Analysis

In order to compare the numerical top displacement vs. base shear hysteretic response
against its experimental counterpart, there is a need to obtain the shear force developed at
the base of the test specimen. This can be estimated through the product of the total struc-
tural mass, computed as 33.6 ton (without considering the foundation), by the recorded
acceleration at the (dynamic response) effective height of the wall. The latter is proposed
in Priestley et al. (2018) to vary between 0.7 and 0.8 of the height of the wall, which would
correspond to values of approximately 3.2 and 3.6 m. Given that the accelerometers were
placed at the foundation, at the slabs (1.55m and 3.05m) and at the collar (4.29m), the
response acceleration time-histories at the height of 3.05 were herein employed to estimate
the base shear forces developed during the test runs. It is also noted that, in order to remove
signal noise, a filter was applied to the recorded acceleration time-histories using a moving
average along 10 recorded values (i.e. 0.05 s).

In Fig. 8, the experimental vs. numerical results in the EW direction are reported for
GMs 1 to 8, whilst in Fig. 9 the same is done for the NS direction, albeit considering only
the ground motions with a perpendicular component, i.e. GM2, GM4, GM6, and GMS.
From Fig. 8a to Fig. 8d (i.e. from GM1 to GM4), it is observed that in the first cycles of
EW response, the numerical model does not seem to be able to capture the light energy dis-
sipation observed in the experiment. The latter most likely arises from the hairline cracks
formed at the base of the wall (see Sect. 2), which were seemingly not captured by the
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Fig. 8 Comparison between experimental and numerical hysteretic response along the EW direction
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Fig. 9 Comparison between experimental and numerical hysteretic response along the NS direction,
under bidirectional dynamic loading

numerical model. We note also that no equivalent viscous damping was added to the model,
which, if present, could have served as a proxy for this non-captured light cracking/damage.

In the first cycles of NS response, instead, the numerical model was capable of repro-
ducing the observed damage/energy dissipation (see Fig. 9), probably because this was
instead related to cracking induced by the torsional loading, which the model was capable
of simulating.

For what concerns the ground motions of higher intensity, from GMS5 to GMS8 (Figs. 8 to
8), where energy dissipation through material inelasticity dominates, the numerical model
reproduces more closely the experimental hysteretic response.

5.1.2 Comparison of the experimental results with Pushover and Cyclic Analyses

A quasi-static reverse cyclic analysis in the EW direction, considered the one of greatest
interest, was performed on a modified numerical model of UWSI1, implemented following
the approach proposed by Orgnoni and Pinho (2024), considering the external masses as a
load, and consequently a height of the effective mass in a SDOF system of 5.1 m (Hoult et
al. 2025).
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Increments of 0.25% of drift, both in positive and negative direction, were applied to the
structure, up to exceeding the maximum drift obtained from the dynamic experimental tests.
In addition, a pushover analysis was performed, also in EW direction, by means of the appli-
cation of a monotonic displacement load at the equivalent SDOF height of the structure.

In Fig. 10a, the results obtained from these two nonlinear static analyses are compared
with each other, whilst in Fig. 10b they are compared also against the experimental and
numerical dynamic responses, already shown in section Sect. 5.1.1, considering all eight
GMs superimposed (GMO excluded). The comparison reveals that the results from the
pushover and cyclic analyses, even if obtained with a simplified model (i.e without explic-
itly modelling the mass block), closely envelop the dynamic numerical counterpart, which
slightly overestimates the experimental dynamic response.

5.2 Displacement and rotational response histories

The numerical EW displacement time-history of the AEM model for the UWS1 specimen
is illustrated in Fig. 11 and superimposed to the experimental results, obtained through the
average response of two potentiometers SP10 and SP11, positioned on the most-eastern
surface of the north and south collar boundary ends and at a height of 4.29m (Hoult et al.
2025). The AEM numerical model captures well the experimental results in the final four
GMs, when the intensity level is high, and the structural response is well into the inelastic
range.

For GM1 to GM4 (Fig. 11a—d), the dynamic analyses results show instead a seemingly
underdamped response, especially after the peak displacement for each of these initial four
GMs. This could potentially have been mitigated through the addition of equivalent viscous
damping to the model (albeit potentially risking an overdamped response for the final four
GMs), however, herein the objective is that of showing results obtained with a model that
has not been updated and fine-tuned after the experiment.

300 .. AEM Pushover 300 AEM Pushover
—— AEM Cyclic

—— AEM Cyclic ... I

200 200
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%) %)
[O] [0}
2-100 ©-100
m m

200 | L= -200

-300 -300

-150 -100 -50 O 50 100 150 -150 -100 -50 O 50 100 150
Displacement @ h = 4.29 m [mm] Displacement @ h = 4.29 m [mm]

(a) (b)

Fig. 10 (a) superposition of the numerical results obtained from the reverse cyclic and pushover analyses,
and (b) comparison of the results from the pushover and reverse cyclic analyses, together with the experi-
mental (“Exp”) and numerical (“AEM dynamic”) dynamic hysteretic responses
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Fig. 11 Comparison between experimental and numerical displacement time-histories along the EW di-
rection, from (a) GM1 to (h) GMS. Positive sign is toward west

Notwithstanding the low intensity underdamped response discussed above, good esti-
mates of the peak displacement (taken as the absolute maximum displacement from the
previous displacement time-histories) under every ground motion were obtained, as further
confirmed in Fig. 12. The maximum relative error (i.e. the absolute value of the difference
between experimental and predicted peaks, divided by the predicted value) remained infe-
rior to 10%.

For sake of completeness, the North-South displacement and the torsional rotation time-
histories are also herein scrutinised; North-South displacement were obtained as average
from potentiometers SP07 and SPOS, positioned at 4.29m, while the rotations were com-
puted by dividing the difference between East-West displacement obtained from SP10 and
SP11 for their distance (1.2m). Contrary to what was observed for the EW displacement
predictions, overprediction of post-peak response histories under the first GMs is not as
evident. Indeed, as gathered from Figs. 13 and 14, for all analysed ground motions (we
considered only the GMs where the NS component was present, i.e. GM2, GM4, GM6 and
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Fig. 13 Comparison between experimental and numerical displacement time-history analysis under bidi-
rectional dynamic loading, along the NS direction: (a) GM2, (b) GM4, (¢) GM6 and (d) GMS. Positive
sign is towards South

GMS), the AEM numerical model captures the experimental results in a reliable manner,
with exception for GMS8, where some discrepancy between numerical and experimental
results arise, both from the NS and rotational point of view, mainly after the peak displace-
ment. The cause for this difference could be related to the sliding observed between the
foundation and the wall, mentioned in Sect. 3, or a local failure in the wall, which reveals
itself in the appearance of a large residual displacement/rotation, and which is not captured
by the numerical model.

Figure 15a and Fig. 16b report the comparison of peak NS displacements and peak rota-
tions; for the former, a good match was found, even if still with some discrepancies, which
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translate into a relative error on average of around 30%. For the latter, instead, the compari-
son is decidedly better, with an average error of about 16%.
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5.3 Residual displacements
5.3.1 Residual displacements obtained from Cyclic Analysis

Given that in the following paragraphs the residual displacements resulting from cyclic and
dynamic analyses will often be compared, to facilitate understanding, the residual displace-
ments obtained from a nonlinear cyclic analysis will be indicated as cyclic residual displace-
ments, while those resulting from nonlinear dynamic analyses, or experimentally observed
from shaking table tests, are indicated as dynamic residual displacements.

Cyclic residual displacements obtained from the quasi-static reverse-cyclic analysis,
described in Sect. 5.1.2, are reported in Fig. 16 and normalised as a function of the in-plane
drift, applying the same procedure used in Orgnoni and Pinho (2024). The residual displace-
ments are very much in line with the empirical expression (Eq. 1) developed by Hoult and
Almeida (2022b) from a large database of force-displacement hysteresis curves obtained
from experimental walls campaigns, that express the normalised maximum possible resid-

ual drift (A../h,) as a function of the in-plane (6) imposed on the wall planar and non-planar
walls tested using quasi-static reverse cyclic analyses, is also plotted.
A’I'CS
=0.0022 - 62 (1)
hes

5.3.2 Residual displacements obtained from Dynamic Analysis

Figure 17a reports a comparison between experimental and numerical dynamic residual
displacements (i.e., the displacement of the wall at rest, after the ground motion shaking)
expressed for each GM. Contrary to what was observed for their peak transient counterparts
(Fig. 12), in this case the differences are slightly more pronounced, especially for the final
four GMs, where yielding of the rebars occurred. This discrepancy between experimental
and numerical residual displacements could be linked either to the impossibility of numeri-
cal rebar slippage (as discussed, in the model the reinforcement was considered as fully
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Fig. 17 Comparison between numerical (“AEM”) and experimental (“Exp”) East-West residual displace-
ments, expressed in: (a) peak dynamic residual displacements vs. applied GM, and (b) normalised dy-
namic residual displacements vs. attained in-plane drift & (absolute values)

bonded to the concrete), and/or, perhaps more likely, to the presence of sliding between the
foundation and the wall.

In Fig. 17b, instead, the same numerical and experimental residual displacements,
expressed as normalised residual displacements, are plotted against the maximum attained
in-plane drift J, adopting the same procedure used in Orgnoni and Pinho (2024). In the
same figure, as done in the previous section, the empirical equation (Eq. 1) was compared
to the dynamic residual displacements; however in this case, Eq. (1) do not envelope the
dynamic residual displacements, obtained both experimentally and numerically, because it
was derived from a large sample of quasi-static cyclic experimental tests and hence confirm-
ing that that the difference with respect to the cyclic response case, shown in the previous
section, is attributable to a dynamic effect. In Sect. 6, the possible causes of this mismatch
are scrutinised.

For what concerns instead the NS residual displacements and rotations (Fig. 18a and b),
once again for the lower intensities (i.e. GM2 and GM4) the predictions coincide with the
test observations, while for higher intensities (i.e. GM6 and especially GM8) more pro-
nounced discrepancies are visible. These differences in displacements and residual rotations
could be related to the higher stiffness used to model the collar beam, as well as the adopted
G parameter (shear elastic modulus); Orgnoni and Pinho (2024) found that results of a
structure subjected to a torsional loading protocol can be affected in non-negligible fashion
by the parameters described above. A sensitivity analysis on the torsional stiffness, and
mainly on G parameter, could have potentially helped improving results accuracy, however,
as noted already, this work is focused on showing results obtained with a model that has not
been updated and fine-tuned after the experiment.
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5.3.3 Discussion

Figure 19 shows the experimental normalised residual displacements, expressed in terms of
the residual displacement A, divided by the UWS1 specimen height h, (and multiplied by
10%) against the in-plane drift, obtained for each GM level; the measurements are compared
to their numerical counterpart. These residual displacements (already reported above in Fig.
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17b), labelled in Fig. 19 as Dynamic Residual Drift, were obtained, both experimentally and
numerically, at a height of 4.29m, at rest, when the dynamic response effectively finished.
Further, in the case of the numerical analysis, this residual displacement was computed as
the average displacement over the final second of the response displacement time-history,
when the ground motion is practically nil, and hence the structure is essentially in free-
vibration mode.

Figure 19 also displays the values of maximum possible residual displacement (Cyclic
Res. Drift), i.e. the residual displacement obtained at a force of zero, upon quasi-static
unloading from the peak displacement, on attempting to return to its original pre-load posi-
tion; these values were obtained by applying the procedure suggested by Hoult and Almeida
(2022b) for reverse-cyclic analyses (reported above in Fig. 16).

As one may readily observe, the maximum possible residual displacements (Cyclic Res.
Drift) based on slow unloading from the peak displacement, computed from the quasi-static
cyclic analysis described above, are quite different from the dynamic residual displace-
ments, obtained both from the shake-table test results as well as from the corresponding
numerical simulation. MacRae and Kawashima (1997) have shown, from a numerical study
on many bilinear single-degree-of-freedom (SDOF) oscillators, that structures with positive
stiffness ratios (i.e. post-elastic hardening behaviour), subjected to dynamic loading, gener-
ally oscillate about the zero displacement position and have small residual displacements
compared to the peak dynamic displacement, and compared to the residual displacement
obtained from a quasi-static cyclic analysis.

In this study, leveraging on the results obtained by MacRae and Kawashima (1997), a
modified version of Eq. (1), intended to capture the actual residual displacement for both
quasi-static cyclic and dynamic responses, is proposed (Eq. 2).

A}:” =0.0022 - 6% - drr )
dr
drr = |——

= o 3)

Eq. (2) sees the introduction of a new term, drr, termed residual displacement ratio (Eq. 3),
varying between zero and one, expressed as the ratio of the residual displacement at the end
of the ground motion dr (or, as mentioned above, dynamic residual displacement) and the
maximum possible residual displacement (cyclic residual displacement) dmr.

MacRae and Kawashima (1997) found the average residual displacement ratio to be
almost totally dependent on the stiffness ratio obtained from the enveloping bilinear approx-
imation to the quasi-static reverse-cyclic response; other parameters, such as the earthquake
record type, period of oscillator, and peak ductility do not significantly affect the average
values obtained.

As depicted in Fig. 20a, the quasi-static reverse-cyclic hysteretic curve, obtained from
the analysis described in the previous section, can be approximated by a bilinear curve. A
stiffness ratio of ¥=0.15 was then calculated as the ratio of the plastic stiffness k,; over the
elastic stiffness k., as follows:

@ Springer



Bulletin of Earthquake Engineering

300 ——AEM Cyclic
——Bilinear Envelope g
200 1.0 e .
° o N KEY
i 2\ i xxxex AV — 25D
— 100 © '-.‘\ \ anosnn AV — SD
Z o HAURR! AV
= o AR ---- AV + SD
g 0 5 . 4 AV + 25D
= 2]
n a
-100 =
®© le}
o 2
Ky 2
-200 i K “
el 3
Pl %0028 0.00 0.25 0.50 0.75
-300 Stiffness Ratio, r

-150 -100 -50 O 50 100 150
Displacement @ h =4.29 m [mm]
(a) (b)

Fig. 20 (a) calculation of the stiffness ratio  required for the (b) definition of the residual displacement
ratio d,, through the employment of the abacus derived by MacRae and Kawashima (1997)

(yP2 —yp1)
kg = ——"—%< =6.02 4
! (IPQ - SUP1) @

(yps — ypr2)
ky = ——=0.87 5
v (xp3 — xp2) ©)
k
r=-2-015 (6)
kel

This value was then used as input to the abacus derived by MacRae and Kawashima (Fig.
20b), and a residual displacement ratio drr = 0.12 was selected from the average (AV)
curve.

The proposed curve (Eq. 2, plotted in Fig. 19), seems to interpolate in a quite good
manner the dynamic residual displacements, both experimental and numerical. With the
proposed approach, it is possible to express the dynamic residual displacement (i.e., after the
end of the GM, when the structure comes to rest) as function of the in-plane drift attained
during the dynamic response of the wall. In other words, Eq. (1) provides an estimate of
the maximum residual displacements that can be compared against the results of cyclic
analyses, whilst the dynamic residual displacements, obtained for example at the end of a
nonlinear dynamic analysis, can be estimated with Eq. (2). The latter, through the definition
of the residual displacement ratio drr, takes into account the dynamic/transient response of
the structure. These equations may therefore be employed to check the results from cyclic/
dynamic numerical analyses.

5.4 Crack patterns
The crack patterns developed on the external surfaces of specimen UWS1 were monitored in

two different manners; for the North flange, Digital Image Correlation (DIC) was employed
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to follow crack development throughout the experiment, whilst for the South flange the
cracks were visually inspected and manually annotated after each run. In the first case, the
DIC allows to observe the evolution of the cracking while the structure is in motion, allow-
ing moreover one to accurately measure the crack widths, as well as to compute the strain
profile along the wall height. Conversely, manual recording of the crack state only allows
the position of the cracks to be identified, with some scattered pointwise manual measure-
ments of the crack widths at rest (i.e., when the cracks have closed). This procedure doesn’t
give a good idea of the largest crack widths, and make it difficult to identify cracks in gen-
eral, particularly at early GM stages.

Figure 21 shows the comparison of the experimentally-obtained crack patterns, as
obtained by DIC, against the principal strains in the first principal direction (1-Dir), as
obtained with AEM, similarly to what has been done by Orgnoni and Pinho (2024). The
comparison is performed at two different instants of GMS8 (Table 4), namely at the maxi-
mum imposed negative drift along the East-West direction and at the end of the shaking.

In Fig. 21a, the numerically-computed principal strains are superimposed to the crack-
pattern frame at the maximum imposed negative drift; the comparison confirms the ability

Principal Normal Strain 1-Dir Principal Normal Strain 1-Dir
o MECTETT 1M o.0s0 o MECTEETT 1M o.075
NORTH FLANGE SOUTH FLANGE

Fig. 21 Comparison between experimentally-obtained crack patterns and the numerically-derived ten-
sile principal strains, at different times, for GMS: (a) at the maximum negative imposed drift along the
East-West direction, and (b) at the end of the ground motion. (note: the graphical resolution of the cracks
pattern in figure (a) appears of lower quality because it has been automatically produced by the DIC
algorithms)
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Tabl_e 41 Exli(egfflffnzgl) a?d nut_h Observed Data Numerical Model
r]él;srtl_c\?\]eif Zire:;ltiosn, ex?);)erﬁed fi:n GM Ouen Ocqs Oues Ocas
percentage (%) of the measured 1 —0.7 0.7 —0.71 0.75
structural height (4.29 m), con- 2 -0.6 0.6 -0.71 0.69
sidered for the computation of 3 —0.8 1.0 —-0.85 0.85
the curvature profiles 4 ~1.0 0.8 ~0.93 0.84
5 -1.6 1.0 -1.59 1.10
6 -1.6 1.0 —-1.53 1.35
7 -2.6 1.7 -2.40 1.35
8 -1.8 2.0 —-1.88 1.54

of the numerical model to reliably simulate the crack distribution, which will be backed up
by the comparison of the curvatures shown in the subsequent section.

Figure 21b, instead, shows the comparison of the residual crack state at the end of GMS,
compared with the manual crack registration. Also in this case it is noted how the principal
strains closely reproduce the crack pattern observed experimentally.

6 Comparison of numerical vs. experimental results - local behaviour
6.1 Plastic hinge length and curvature profile

Data from the OptiTrack optical system placed on the external surfaces of the North flange
and the Web were used to determine the experimental curvature profiles along the EW direc-
tion; vertical displacement variation between consecutive markers were divided by the dis-
tance between the markers to obtain strain estimates, which could then be employed to
compute curvature values (dividing the strain differential at a given section by the section’s
width).

Numerical estimates of the above parameters were also computed, and superimposed
to their experimental counterparts, as reported in Fig. 22a—d for GM1 to GM4, and in Fig.
23a—d for GM5-38, for the base of UWSI, up until the first slab. The comparisons are car-
ried out at the maximum drifts reached towards West and East directions; these values are
summarised in Table 4, below.

In Figs. 22 and 23, the yield curvature profile given by the expressions for non-planar
walls developed by Sullivan et al. (2012) is also indicated; it is perhaps interesting to notice
that this computed yield curvature matches almost exactly the numerical curvature profiles
in the upper portion of the wall (above the height of plastic rotation), while the experimental
ones are well interpolated.

It can be observed that the variation throughout the height of the experimental curvature
is more segmented than the numerical one, as a consequence of the discrete positioning of
the OptiTrack sensors (placed at a distance of ~150 mm along the wall height), compared
to the finer mesh of the numerical model (50 mm). In Fig. 22 it can be gathered that the
structural behaviour during the GM1 to GM4 loading stages is essentially elastic, as noted in
Sect. 5.1.1; it is in fact possible, especially from the AEM results, to note how the curvature
trend is linear starting from the foundation level. This is especially noticeable for GM1 and
GM2 (intensity equal to 25%), while for GM3 and GM4 (intensity equal to 50%) the influ-
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Fig. 22 Curvature profile, along the EW direction, derived experimentally (“EXP”) from Hoult et al.
(2025) and numerically (“AEM”) for: (a) GM1, (b) GM2, (¢) GM3, and (d) GM4. Results are compared
both for maximum drift towards West and East directions

ence of the wall base cracks becomes more noticeable. Conversely, in Fig. 23 the curvature
profile clearly depicts the non-negligible excursion into the inelastic range of response.
The experimental and numerical curvature distributions throughout the height of the wall

allow one to estimate also the experimental plastic hinge length (L,), defined as the length
where post-yield curvature values were observed. The difference of the curvature shape,
as well as the plastic hinge length L, between drifts towards West and East is evident:
when the structure is subjected to a negative drift (i.e. towards West), the observed height
of plastic rotations is qualitatively almost double compared to the same quantity computed
when the structure is pushed towards East, both from the experimental and numerical point
of view.

In Fig. 24 the equivalent plastic hinge L, values are plotted against the maximum drift
at which the structure was subjected for the GMs where the structure was subjected to
inelastic deformations (GMS to GMS), both for positive (web in tension, Fig. 24a) and
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Fig. 23 Curvature profile, along the EW direction, derived experimentally (“EXP”) from Hoult et al.
(2025) and numerically (“AEM”) for: (a) GMS5, (b) GM6, (¢) GM7, and (d) GMS. Results are compared
both for maximum drift towards West and East directions

negative (web in compression, Fig. 24b) directions. It can be noticed that, contrary to what
was observed for the nonlinear static reverse-cyclic analysis in Orgnoni (2025), here the
dispersion of results is higher. This could probably be linked to the difference between the
analysis (cyclic vs dynamic) and also to the experimental measuring instrumentation preci-
sion (LVDTs vs OptiTrack results). However, the comparison shows that, especially for
high levels of imposed drifts, numerical and experimental L are quite in line. It is noted
also that in both directions, computed L, are generally lower than what would be expected
from the empirical equations of Hoult (2022) and Eurocode 8 (2005) ; this is due to the fact
that the empirical equations were obtained from databases of experimental tests mainly on
cyclic (and not dynamic) analyses of walls. It is also interesting to note how the L, values,
obtained from both numerical analyses and experimental results, are different for positive
drifts (web in tension) and negative drifts (web in compression); in particular, for positive
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Fig. 25 (a) comparison of strains between the numerical (“AEM”) and experimental (“exp”) results at
peak GM rotations, and (b) localisation of the LVDT used to derive the experimental results

drifts, the L are smaller than for negative drifts. Again, the empirical equations do not
reproduce these differences, as they were formulated for planar RC walls.

6.2 Longitudinal base strains

The comparison between observed and predicted strains at the base of the wall was per-
formed using the data from the LVDT shown in Fig. 25. For this reason, the longitudinal
strain is compared only locally (i.e. at the base of the South flange end), and not along
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Fig. 26 Comparison between experimental and numerical average strain time-history of the south flange
boundary end, from (a) GM1 to (h) GMS8

the entire length of the wall. The observed stains were calculated over a gauge length of
70mm above the foundation. The numerical counterpart was obtained by computing verti-
cal displacements at 75 mm (this value was obviously conditioned by the adopted mesh
discretisation). In Fig. 25a, the maximum values obtained for each GM are compared to the
experimental counterpart. The match for the first four GMs is very satisfactory, whilst from
GMS5 to GM7 (GMS is not considered due to the detachment of the LVDT) there are some
non-negligible differences (average error of around 50%), most likely due to the fact that
strain penetration into the foundation is not adequately captured, thus underestimating the
observed strain values.

Figure 26 reports the complete tensile strain time-history. Also in this case, the AEM
model was able to reproduce the general trend observed experimentally. From GMI to
GM4, as in the previous comparisons, the effect of the absence of damping is still visible,
whilst from GMS5 to GMS the experimental values are consistently larger than the numerical
ones (in line with Fig. 25a above).
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For comparison purposes, it is important to highlight that the deviation of the time his-
tory of the experimental strains compared to the numerical ones, represented in Fig. 26h,
is simply due to the detaching of the measuring instrument, caused by the spalling of the
concrete at the base of the wall.

Although the AEM model was overall able to simulate this important local demand
parameter at the base of the wall, the comparisons shown in Fig. 26 reveal that the strain
penetration in the foundation block is not adequately captured, thus underestimating the
strain values observed experimentally under the higher intensity ground motions. This is
most likely due to the adoption of an elastic material model for the foundation concrete, as
well as the absence of bond-slip modelling, which, in the software employed in this study,
would require a computationally expensive explicit modelling of the rebars.

7 Conclusions

Reinforced Concrete (RC) structural walls are commonly employed as the primary wind
and earthquake lateral load-resisting system in RC buildings, and increasingly in buildings
of other structural typologies. However, the additional stresses from the combined effects
of flexural and torsional actions can lead to premature low-ductility failure of RC walls,
or result in significant residual displacements. Further, past experimental campaigns high-
lighted the susceptibility of some types of core U-shaped concrete walls, mainly character-
ised by a small flange thickness t,, to certain types of global and local instabilities, such as
out-of-plane failure and rebar buckling, the occurrence of which causes a drastic reduction
in the displacement capacity of the structural element.

In this context, several numerical modelling approaches, both in the macroscopic and
microscopic domains, have been developed in recent years to address these challenges.
In this paper, the U-shaped wall UWS1, which was experimentally tested at the National
Laboratory for Civil Engineering (LNEC) in Lisbon as part of the ERIES ALL4wALL proj-
ect, was simulated with the Applied Element Method (AEM), with a model developed and
run prior to the execution of the test. To the authors’ knowledge, this corresponds to first
application of AEM to the simulation of the nonlinear dynamic response of RC walls. The
AEM offers several key advantages, including simplicity in modelling combined with high
accuracy of results, at a reasonable computational effort. A broad range of analysis capabili-
ties, from basic elastic static analysis to advanced explicit progressive collapse modelling,
are available.

A summary of the main findings of the present investigation is given below:

e Global results for specimen UWS1 were simulated with a good degree of accuracy; the
comparison of the longitudinal, transverse and rotational time histories, measured at the
top of the RC structure, were simulated with relatively low error, for all the applied GM
intensities. Further, the numerical residual drifts and residual rotations were in line with
the observed ones, except for the higher intensities (GM7, GMS), where the effects of
a non-negligible sliding at the base of the wall could have had a marked influence on
the residual displacements. The comparison of the crack distribution, both at maximum
drift and at rest, demonstrate the adequacy of the AEM modelling approach.

e The adopted mesh approach, although suitable for simulating the global response, char-
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acterised by a complex interaction between flexural and torsional deformations, did
not allow the simulation of the out-of-plane failure localised at the base of the flanges’
boundary elements; more evolved material constitutive relationships and an explicit
modelling of the rebars in the failure zone, together with explicit modelling of bond-slip
and strain penetration, could have potentially catered for the simulation of this phenom-
enon.

e The analysis of a numerically-defined cyclic-loading of the structure, in the longitudinal
direction, allowed one to further validate the numerical modelling, through the super-
position of the results obtained from the cyclic analysis with those obtained from the
dynamic runs.

o The numerical results, in terms of dynamic residual displacement, validated with ex-
perimental observations, allowed the updating of an empirical formulation capable of
predicting the residual displacements for a structure, given an imposed peak drift value.
This approach, although seemingly applicable to the results obtained from the current
RC U-shaped wall tests, should be validated with other case studies.

e The comparisons of curvature profiles and time-histories of the longitudinal strains at
the base of the wall further demonstrated the overall adequacy of the AEM modelling
approach in modelling of RC core walls subjected to flexural-torsional behaviour, de-
spite some limitations.

Although the results obtained, prior to the test execution, with the numerical model herein
described reproduced the experimental observation in a very satisfactory manner, some
improvements could be adopted to further increase the accuracy level of the simulation. A
minimum value of equivalent viscous damping could perhaps be added to more correctly
simulate the complete time-history response during the first elastic stages, mainly along the
EW direction. Sensitivity analyses could also be performed on the mesh discretisation of the
second and third floor, as well as of the collar, as carried out in Orgnoni and Pinho (2024),
to further improve the torsional response simulation. The same reasoning could be made
regarding the shear stiffness of the collar and slabs.

More challenging time-consuming improvements could include the wall-foundation
cold-joint interface modelling to simulate the non-negligible sliding observed experimen-
tally, or the explicit modelling of the @12 rebars positioned in the boundary elements of the
flanges, to account both for the bond-slip behaviour and thus the strain penetration in the
foundation, as well as to explicitly simulate the buckling of the rebars.
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