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Reinforced concrete (RC) structures, widely used in mid- to high-rise construction, face significant 8 

challenges related to sustainability, durability, and seismic resilience. Despite extensive 9 

experimental research on RC walls, studies specifically focusing on their torsional response remain 10 

limited. To address these gaps, the ERIES-ALL4wALL project investigates the torsional and 11 

bidirectional flexural behavior of RC U-shaped walls, a key structural feature in contemporary and 12 

future high-rise buildings. This paper presents experimental findings from shake-table tests on two 13 

slender U-shaped walls, evaluating their nonlinear flexural and torsional performance under 14 

realistic seismic ground motions. Advanced instrumentation techniques—such as camera-based 15 

vibration measurements—are introduced to capture detailed performance data. The accompanying 16 

open-access data is then outlined, enabling further research and development of models to improve 17 

the resilience and sustainability of RC core walls in urban environments. 18 

INTRODUCTION 19 

Reinforced concrete (RC) has been the dominant material for medium- to high-rise construction worldwide 20 

for over a century, owing to its strength, versatility, and availability. However, its continued use raises urgent 21 

environmental and durability concerns. Concrete production is the third-largest source of carbon dioxide 22 

emissions globally (Andrew, 2018), and recycling concrete remains costly and inefficient. In Europe alone, 23 
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construction and demolition waste amounts to nearly 500 million tons annually, with concrete comprising 24 

roughly one-third of that total (Mália et al., 2013). Moreover, the maintenance, repair, and eventual 25 

replacement of RC infrastructure—such as buildings and bridges—will place a heavy financial and 26 

environmental burden on future generations (Smil, 2013). 27 

These challenges highlight a broader need: to design concrete structures that are not only more sustainable, 28 

but also more durable—capable of serving longer lifespans with lower environmental and economic impacts. 29 

Achieving this demands a shift in engineering focus from short-term performance to long-term resilience and 30 

serviceability (Flatt et al., 2012). This aligns with a growing societal emphasis on quality and longevity over 31 

quantity and disposability (Smil, 2013). 32 

The ERIES-ALL4WALL project—“Smart ALLoys for WALLs: towards durable structures with long service 33 

lives and minimal seismic residual displacements”—directly responds to these challenges. Funded by the 34 

Engineering Research Infrastructures for European Synergies (ERIES) Transnational Access program, the 35 

project investigates how innovative materials and wall systems can enhance structural durability while also 36 

improving seismic performance. A detailed overview of the project’s aims, novel experimental approaches, 37 

and collaborative efforts involving seven international research partners and a blind prediction competition 38 

can be found elsewhere (Almeida et al., 2024). 39 

Extending the design life of structures, however, presents unique trade-offs. For example, increasing a 40 

building’s lifespan from 50 to 100 years approximately doubles its probability of experiencing a major 41 

earthquake, thereby increasing the required seismic design forces. This paradox—where enhancing long-term 42 

utility simultaneously increases disaster exposure—complicates structural design decisions. It also raises 43 

critical questions about how to meet the United Nations (2025) Sustainable Development Goal of promoting 44 

safety and resilience in disaster risk reduction, especially in the context of rising global seismic risk. While 45 

the 20th century saw a general decline in natural disaster fatalities, earthquake-related losses have surged in 46 

recent decades, both in lives and economic costs. 47 

In this context, enhancing the seismic resilience of RC buildings is critical. The ERIES-ALL4WALL project 48 

focuses on U-shaped RC core walls, a globally common lateral force-resisting system used in mid- and high-49 
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rise buildings. These walls will be even more essential in the future, as the global building stock is expected 50 

to double by 2060 (UN Environment, 2017) and urban populations grow substantially by 2050. U-shaped RC 51 

walls are also foundational in emerging hybrid building types, including tall timber and steel structures, where 52 

they provide the necessary stiffness and strength. For instance, landmark timber buildings such as Ascent 53 

(USA), HAUT and De Karel Doorman (Netherlands), and Roots Tower (Germany) all rely on RC core walls. 54 

This trend is likely to extend to even more unconventional structures using materials like bamboo, tree trunks, 55 

or fiber-reinforced polymer reinforcement. 56 

Despite significant advances in RC wall research, two key aspects remain underexplored experimentally: 57 

1. Torsional response, which can amplify inelastic demands and damage during seismic events, 58 

especially in irregular structures. 59 

2. Residual displacements, which are vital for evaluating post-earthquake repairability and usability. 60 

These two interconnected challenges form the technical focus of the ERIES-ALL4WALL project and are 61 

addressed in the sections that follow. 62 

TORSIONAL RESPONSE 63 

During seismic response, all vertical members in a building inevitably experience torsional deformation due 64 

to "natural eccentricity" between the center of mass (CM) and either the center of stiffness (CS) during elastic 65 

response or the center of resistance (CV) during inelastic response. This torsion occurs even in fully symmetric 66 

structures due to "accidental eccentricities" caused by factors such as: (i) non-uniform distribution of live 67 

loads; (ii) asymmetric placement of infill walls; (iii) differences between effective member stiffness and 68 

design nominal stiffness; (iv) variations in CS along the height of the building; (v) shift in CS during inelastic 69 

response; (vi) structural imperfections (Isaković et al., 2021). 70 

Torsion, or twisting, in buildings is a critical mechanism that imposes significant displacement demands on 71 

the "flexible side" of the structure. When members yield, torsional stiffness decreases, exacerbating torsion 72 

and potentially leading to member failure. Evidence of collapsed or severely damaged structures after strong 73 

earthquakes often highlights the critical role of torsional effects. 74 
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In RC U-shaped walls, which are much stiffer than other vertical elements, torsion is particularly relevant. 75 

Concerns arise due to: (i) significant natural eccentricities in each story, such as having a single peripheral U-76 

shaped wall in regions with low-to-moderate seismic activity (Hoult et al., 2015); (ii) potential amplification 77 

of building twist due to differential damage and stiffness degradation in the flanges or web during inelastic 78 

response; (iii) significant changes in the center of stiffness (CS) along the height of irregular buildings, 79 

sometimes beyond the story’s plan perimeter. 80 

While some torsion-related experimental research has focused on RC U-shaped beams for rail viaducts, these 81 

findings cannot directly apply to U-shaped walls due to differences in boundary conditions, reinforcement 82 

detailing, axial load, and test scale. Only three experimental studies have specifically investigated the torsional 83 

capacity of RC walls. Two of these focused on rectangular walls (Peng & Wong, 2011; Türkay & Altun, 84 

2022), with one using monotonic loading. The third study examined H-shaped core walls but used a 85 

contentious 1:12 scale factor  (Maruta et al., 2000). While there has recently been some experimental testing 86 

on RC U-shaped walls (Beyer et al., 2008; Hoult et al., 2020), only small twists were applied to these 87 

specimens to provide information on the torsional stiffness, and not on torsional strength. 88 

A recent experimental program led by some of the authors (Hoult et al., 2023b) used reverse-cyclic quasi-89 

static tests to determine the torsional capacity of U-shaped walls. However, a better understanding of the 90 

torsional performance of RC U-shaped walls requires evidence from nonlinear dynamic responses, such as 91 

shake-table testing. Such need is further emphasized by findings from past experimental research on U-shaped 92 

walls, which showed that: (i) the most critical loading direction is the diagonal one (Beyer et al., 2008), and 93 

(ii) shear deformation can be significantly larger for U-shaped walls than for rectangular ones (Constantin & 94 

Beyer, 2016). 95 

RESIDUAL DISPLACEMENTS 96 

Economic losses from earthquakes often result from excessive residual displacements in structures, which 97 

become evident after the ground motion ends. These displacements can cause costly repairs or even demolition 98 

and reconstruction. Following major earthquakes, buildings (Marquis et al., 2017) and bridges (Kawashima 99 

& Tirasit, 2008) can remain tilted, sometimes imperceptibly. For example, following the 2010–2011 New 100 
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Zealand earthquakes, approximately 25 % of buildings in Christchurch's Central Business District (CBD) were 101 

deemed uneconomical to repair (Marquis et al., 2017) due to tilts exceeding 25 mm (Muir-Wood, 2015). 102 

However, the heights at which some of these tilt measurements were taken were not specified. 103 

Interestingly, many demolitions are not due to structural failure but rather to functional impairments and 104 

psychological effects like headaches and dizziness caused by perceived tilts. It is concerning that many 105 

demolished structures had performed satisfactorily according to existing regulations, which typically limit 106 

lateral displacements or force demands. Even with modern building codes or design standards for concrete 107 

structures like those in Europe (CEN, 2004b, 2005), the United States (ACI, 2019), and New Zealand 108 

(Standards Association NZ, 2006), countries can still suffer significant economic losses during earthquakes 109 

despite low human casualties. 110 

For instance, the Christchurch CBD incurred losses exceeding $NZD 40 billion (20 % of the country’s Gross 111 

Domestic Product), with about 60 % of multi-story RC buildings demolished and the core business district 112 

closed for over two years (Marquis et al., 2017). This has spurred increased analytical and experimental 113 

research on residual displacements, with future international design codes likely to include strict limits and 114 

revised performance objectives, such as maximum permissible residual drift ratios of 0.5 % (i.e., 115 

approximately an angle of 0.3 degrees) (Hoult & Almeida, 2022; McCormick et al., 2008). Instead of a 'life-116 

safe' performance objective, engineers must design buildings to remain serviceable and operational with 117 

minimal damage during strong earthquakes. Achieving this requires not only designing for larger seismic 118 

loads, as noted in the Introduction, but also adopting advanced structural technologies and materials. This 119 

study focuses on the latter by exploring a cost-effective reinforcement material—iron-based shape memory 120 

alloys—which have the potential to reduce residual displacements. These alloys are used in the second test 121 

specimen, as described in the Description of Test Units section. 122 

The above restriction may be introduced indirectly via limits to the peak displacement demands, since a 123 

relationship between peak inelastic displacements and residual displacements has been recognized for over 40 124 

years (Mahin & Bertero, 1981), and confirmed in numerous subsequent studies (Liossatou & Fardis, 2015). 125 

Recent research (Hoult & Almeida, 2022) using a comprehensive dataset of conventional RC wall tests 126 
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demonstrated a direct correlation: a maximum residual drift ratio of 0.5 % was observed after walls 127 

experienced an in-plane drift of approximately 1.5 %. 128 

Thus, poor torsional response of core walls, and consequently the building's increased displacement demands 129 

on its flexible side, will likely result in significant non-repairable residual displacements, necessitating 130 

demolition. 131 

Although the current work does not, due to brevity, provide a detailed investigation of the residual 132 

displacements observed in the experimental results, it is worth noting that some of the authors have examined 133 

this topic extensively in other studies (Orgnoni, 2025), namely the relation between residual displacements 134 

from quasi-static and dynamic tests. 135 

ERIES-ALL4WALL PROJECT 136 

The ERIES-ALL4wALL project involves shake-table testing of two slender U-shaped walls, designated as 137 

UWS1 and UWS2. These walls are subjected to increasing-intensity input motions that induce, in an 138 

alternating manner, unidirectional flexure without torsion along the wall weak axis, and bidirectional flexure 139 

with torsion. To the authors' knowledge, there have been no previous shake-table tests specifically 140 

investigating the torsional response of U-shaped core walls. Some tests have been conducted on U-shaped 141 

walls, namely those reported in the previous sections, as well as three U-shaped walls tested at the ELSA 142 

laboratory in 2000 (Ile & Reynouard, 2005). However, these were quasi-cyclic tests that did not directly 143 

address torsion. 144 

As far as the authors are aware, the only previous shake-table tests on U-shaped walls were performed at the 145 

Azalée shake-table at CEA (Ile et al., 2002) using low ductility steel. The primary difference among the three 146 

units tested was the spacing of the stirrups, and none considered bidirectional loading or natural eccentricity 147 

for torsion. Therefore, the tests herein described are the first to assess the torsional nonlinear dynamic response 148 

of U-shaped walls. 149 

The project will concurrently focus on determining (UWS1) and minimizing (UWS2) residual displacements. 150 

In this respect, it is noted that the previous Azalée tests showed significant residual displacements. This paper 151 

presents key experimental observations and findings from the tests and outlines the organization of the test 152 
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data, which has been uploaded to a public open-source repository, as detailed in the Organization of Test Data 153 

and Summary sections. 154 

In addition to studying the interaction of torsion and bi-directional flexure in the dynamic response of RC U-155 

shaped core walls, and to investigate, under realistic excitation conditions, a new technology that has the 156 

potential to minimize post-earthquake residual displacements, the ERIES-ALL4wALL project had the two 157 

following objectives: (i) develop and calibrate numerical models for the walls’ response, which was also 158 

needed to estimate the behavior of the units prior to the tests; the description of the employed state-of-the-art 159 

and state-of-the-practice models will be made in other publications (e.g., Hoult & Almeida, 2024b; Hoult et 160 

al., 2025b); (ii) apply innovative instrumentation techniques, including distributed fiber optic sensing (DFOS), 161 

camera-based vibration measurements, and a motion capture system; these will also be described in the present 162 

paper. 163 

The paper begins by highlighting the significance of the dataset. It then describes the test units, including their 164 

geometry, reinforcement layout, material properties, and the experimental setup. An overview of the 165 

instrumentation and data acquisition methods are presented, followed by a brief explanation of the similitude 166 

laws and the selection of ground motions used. Observations from the tests, including failure modes of both 167 

units, are then summarized. The organization of the dataset is subsequently detailed, with example plots 168 

provided to illustrate its potential use. The paper concludes with a brief summary and acknowledgements. 169 

DATA SIGNIFICANCE 170 

RC core walls are integral to countless mid- and high-rise buildings worldwide. Despite their popularity, there 171 

is limited experimental evidence on the seismic performance of RC U-shaped core walls. Constrained by 172 

laboratory limitations, previous investigations by the research community have frequently utilized quasi-static 173 

methods, often neglecting explicit considerations of torsional actions. This has hindered the validation of 174 

micro- and macro-models of RC buildings with non-planar walls exhibiting torsional response. 175 

The ERIES-ALL4wALL experimental program presented in this paper aims to address these gaps by 176 

examining the global and local response of dynamically tested wall units using a shake table. The data obtained 177 
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is expected to facilitate the validation of numerical models and enhance confidence in computer-aided outputs 178 

among engineers and researchers. Additionally, and despite the importance of their economic impact, residual 179 

displacements are still almost completely disregarded in Eurocode 8 (CEN, 2004) and many other codes; 180 

ERIES-ALL4wALL is expected to promote an explicit consideration of residual displacements, and the need 181 

for their minimization, in future code versions. 182 

DESCRIPTION OF TEST UNITS 183 

GEOMETRY AND REINFORCEMENT LAYOUT 184 

The two half-scale U-shaped wall units, denoted UWS1 and UWS2, are identical in geometry. The walls have 185 

a thickness (tw) of 100 mm, with web and flange lengths (Lw and Lf) of 1300 mm and 1050 mm, respectively, 186 

as defined in Figure 1. These wall units share the same cross-sectional dimensions as previously tested quasi-187 

static wall units (e.g., Beyer et al., 2008; Constantin & Beyer, 2016; Hoult et al., 2020; Hoult et al., 2023b) 188 

but vary with respect to their reinforcement detailing. Differing from previous quasi-static units, these units 189 

for dynamic tests have two 100 mm thick intermediate slabs spaced 1.5 m apart, as illustrated in Figure 2. 190 

They intend to partially represent the effect of story slabs in the wall response, namely regarding warping and 191 

distortion. To the best of the author's knowledge, there is a lack of investigative studies specifically examining 192 

the restraint of warping in non-planar walls provided by slabs and other structural elements (e.g., coupling 193 

beams). Each slab measures 1900 mm x 1620 mm and is hollow inside the core wall. The slabs were reinforced 194 

with two layers of mesh of 6 mm diameter, with a square spacing of 100 mm. The foundation block, measuring 195 

2.1 m x 2.1 m as depicted in Figure 2, was fastened to the shake table floor using sixteen M30 threaded bars 196 

evenly spaced at 500 mm orthogonal intervals. A top collar (obtained by considerably increasing the wall 197 

thickness at the head) was employed to support the top masses, which is expected to only partially restrain 198 

warping (Beyer et al., 2008; Hoult & Almeida, 2024a). The dimensions of the top collar, as shown in Figure 199 

2, include a depth of 500 mm. The wall height, measured from the foundation top to the wall collar and 200 

approximately the center of the imposed mass blocks, is 4.54 m (Figure 2) and 5.1 m (Hoult & Almeida, 201 
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2024b). Notably, these heights differ from previous quasi-static tests by some of the authors, which had a 202 

shear span of 6.72 m (Hoult et al., 2023b). 203 

The design of the test units followed a similar approach to others (e.g., Beyer et al., 2008). Rather than strictly 204 

adhering to a specific code, the design prioritized high ductility using capacity design principles deemed 205 

reasonable. However, certain aspects, such as longitudinal reinforcement placement, aligned with international 206 

building standards for high ductility—e.g., Ductility Class Medium (DCM) or High (DCH) (Varsamis & 207 

Papanikolaou, 2021) according to Eurocodes 2 and 8 (CEN, 2004a, 2004b). As shown in Figure 1, the wall 208 

units were designed with boundary elements containing a higher concentration of longitudinal and transverse 209 

reinforcement to ensure the development of high compressive strains in these regions, necessary for a ductile 210 

wall response (Sritharan et al., 2014). The two test units differed in the material used to vertically reinforce 211 

these boundary elements: UWS1 was reinforced with 12 mm (Φ12) conventional steel according to Eurocode 212 

8 (CEN, 2004b), as depicted on the right-hand side of Figure 1. In contrast, UWS2 was reinforced with Φ10.7 213 

iron-based shape memory alloys (FeSMA), as depicted on the left-hand side of Figure 1 and explained further 214 

in the next section. The FeSMA material was selected to reduce the residual displacements of the wall, as 215 

explained in the following section. Additionally, the units differed in the amount of vertical rebars in the 216 

boundary elements, commonly expressed in terms of reinforcement ratio (ρwv), which is the ratio of the area 217 

of the lumped longitudinal rebars to the area of concrete in the boundary regions. For example, the flange 218 

boundary ends of UWS1, detailed with 6 × 12 mm steel rebars, have a ρwv of approximately 2.3 %, whereas 219 

the 7 × 10.7 mm FeSMA rebars (with an effective area of 89.9 mm²) in UWS2 result in a ρwv of 2.1 %. The 4 220 

× 12 mm steel rebars at each web-flange intersection of UWS1 was replaced by 5 × 10.7 mm FeSMA rebars 221 

in UWS2. The specific amount of longitudinal reinforcement in each wall was chosen to achieve similar 222 

strengths, as predicted from sectional analyses.  223 

The FeSMA rebars extend from the foundation to a lap-splicing region above the first slab. Within the ground-224 

story height (i.e., below the first-story slab), they were shrink-wrapped to promote unbonded behavior with 225 

the concrete. The length of this debonded region for specimen UWS2 is shown in Figure 2. Only the rebar 226 

ends, i.e. along the foundation and the lap-splice region, remained effectively anchored (i.e., bonded), 227 
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preventing the strain recovery resulting from the heating process that will be described after; instead, the shape 228 

memory effect induced by heating results in recovery stress and the prestressing of the wall. A detailed 229 

description of the FeSMA material, including the heating process and its role in inducing the shape memory 230 

effect, is provided in the next section. 231 

 232 

Figure 1 Cross-section, reinforcement layout, and labelling of test units (UWS1 on the right-hand side with indication of DFOS 233 
instrumented bars in red, UWS2 on the left-hand side). All dimensions are in millimeters. 234 
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 235 

Figure 2 Elevation view of test units UWS1 and UWS2. All dimensions are in millimeters. 236 

MATERIAL PROPERTIES 237 

The design concrete strength for the wall units, defined as the 28-day cylinder strength, was 30 MPa. Table 1 238 

presents the average (“Avg.”) and covariance (“COV”) compressive strengths (f’c) of the different wall 239 

components, measured from testing 150 mm (diameter) x 300 mm cylinders at 28 days. For each wall 240 

component, three cylinders were tested. Note that unit UWS1 was tested 41 days after concrete casting of the 241 

wall, while unit UWS2 was tested at 28 days. 242 

Table 1 Mean values of the concrete cylinder compressive strengths. 243 

 Cylinder compressive strength (f'c, MPa) 
 Foundation Wall Collar 

 Avg. COV Avg. COV Avg. COV 

UWS1 29.6 0.02 27.0 0.52 34.6 1.04 

UWS2 24.7 0.24 30.3 0.64 29.5 0.25 
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Table 2 lists, where applicable, the average (“Avg.”) and covariance (“COV”) of yield strength (fy), ultimate 244 

strength (fu), yield strain (εsy), ultimate strain (εsu), number of bars tested (n), and Young’s modulus (Es) for 245 

the different reinforcing materials and longitudinal rebar diameters (dbl). The hardening strain (εsh), indicating 246 

the end of the constant strength yield plateau for steel, is also provided in Table 2. In compliance with the 247 

requirements of Eurocode 8 (CEN, 2004b) to ensure ductility and energy dissipation, Class C steel was used 248 

for all the longitudinal reinforcing bars in unit UWS1 and the 6 mm-diameter longitudinal bars in unit UWS2. 249 

Class C steel was also used for the transverse (shear and confinement) reinforcement in both wall units. Figure 250 

3a shows the stress-strain relationship for the Class C steel with a 12 mm diameter, used for the longitudinal 251 

reinforcement at the boundary ends of unit UWS1.  252 
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 253 

Table 2 Mechanical properties of the reinforcing bars. “Avg.” refers to the average value, whereas “COV” refers to the covariance. 254 

Material dbl fy fu εsy εsh εsu Es n 

- [mm] [MPa] [MPa] [%] [%] [mm/mm] [GPa] − 

  Avg. COV Avg. COV Avg. COV Avg. COV Avg. COV Avg. COV  
Steel 6* 577 53 623 10 0.28 0 − − 4.6 0.5 208 100 5 

Steel 6# 550 2 676 6 0.27 0 − − 9.5 0.6 207 13 3 

Steel 8 538 2 664 0 0.27 0 2.7 0 12.0 0.0 196 112 3 

Steel 12 580 9 690 4 0.29 0 2.1 0 10.1 3.2 199 0 3 

FeSMA^ 10 555 − 830 − 0.35 − − − 16.0 − 157 − 1 

* transverse steel                     

# longitudinal steel              

^ values reported are constrained by the limitations of the testing apparatus          

 255 
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Compared to unit UWS1, the Class C 12 mm steel rebars were replaced by iron-based shape memory alloy 256 

(FeSMA) bars, illustrated as blue dots on the left-hand side of Figure 1. Ribbed FeSMA rebars were sourced 257 

from the Swiss company re-fer AG (re-fer, 2025) with an alloy composition of Fe-17Mn-5Si-10Cr-4Ni-1 258 

(V,C) (in mass-%). These FeSMA bars were prestrained by the manufacturer to a minimum of 4 % (Shahverdi 259 

et al., 2018) to achieve the desired shape memory effect after "activation," allowing them to undergo 260 

substantial reversible deformation and recover their original shape. The shape memory effect refers to the 261 

FeSMA's ability to return to its pre-deformed shape when exposed to a specific stimulus, such as stress. 262 

"Activation" involves applying a stimulus, such as heat, to trigger the recovery of the bars' original shape. 263 

When the deformation of the FeSMA is constrained—such as by the encasing concrete—recovery stresses 264 

develop in the FeSMA. These stresses are used to effectively apply a prestressing effect to the wall, thus 265 

harnessing the shape memory effect of the material. In this study, the goal was to use this prestressing effect 266 

to reduce residual displacements in the wall, compared to a conventional steel-reinforced counterpart. Notably, 267 

recent tests on RC bridge columns reinforced with the same FeSMA material have shown promising 268 

reductions in residual displacement (Raza et al., 2023). All the FeSMA rebars have a diameter of 10.7 mm, 269 

and their surface geometry complied with the British Standard 6744:2001 (BSI, 2009). A recent study by 270 

Fawaz and Murcia-Delso (2020) involving pull-out tests on the same FeSMA bars found that, in confined 271 

specimens—such as the walls examined in this study—the bond stress–slip behavior was comparable to that 272 

of conventional steel rebars. However, the average bond strength was approximately 15% lower. The study 273 

also showed that activation temperature had only a minor effect on the bond stress–slip response. 274 

The FeSMA rebars underwent heating at a specific activation temperature to achieve the desired recovery 275 

stresses. It is noted that the prestrain level before activation, and the activation temperature, are recognized as 276 

the two fundamental parameters in terms of the recovery stress of FeSMA. Previous research has shown that 277 

the recovery stress of FeSMA reaches a plateau of approximately 350 MPa within the temperature range of 278 

250°C to 300°C (Raza et al., 2023). Additionally, Gu et al. (2021) indicated that the recovery stress of FeSMA 279 

strips does not increase when the activation temperature exceeds 350 °C. In other research studies, the thermal 280 

activation of the FeSMA rebars was performed by gas flame heating (Raza et al., 2023), electric resistive 281 
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heating (ERH) (Michels et al., 2018; Soroushian et al., 2001), or heating tapes (Vahedi et al., 2024). The 282 

second option, thermal activation via ERH, was used in unit UWS2 as it allows for a more precise and uniform 283 

temperature application; the latter was monitored by thermocouples. ERH, also known as the Joule effect—284 

where material temperature rises under an electrical current—has been widely used in previous research to 285 

activate FeSMA rebars (e.g., Liu et al., 2023; Raza et al., 2022a). In this study, the electrical current was 286 

applied directly to the rebars after concrete curing and before the shake table testing. 287 

Different researchers have used varying "holding times," which refer to the interval during which the 288 

maximum activation temperature is attained and maintained. For instance, Raza et al. (2022b) used a holding 289 

time of 30 minutes with a target activation temperature of 160 °C, while Liu et al. (2023) recommended a 290 

holding time of only 120 seconds. 291 

Laboratory tensile material tests were conducted on the 10.7 mm FeSMA rebar. The activation temperature 292 

using ERH in the laboratory exceeded 450 °C, perhaps considerably, as the bar was observed to glow red from 293 

the heat. This high temperature value was not intended and can be explained by a malfunctioning of the 294 

thermocouple data acquisition system. Figure 3b shows the prestress measured by the universal tensile 295 

machine in the laboratory during the first minutes of heat application and after, i.e. during subsequent cooling 296 

over a period of almost three hours. The results are consistent with the stress plateau observed in previous 297 

tests (Raza et al., 2023). Figure 3a presents in blue the resulting cyclic stress-strain behavior of the previously 298 

activated 10.7 mm FeSMA rebar. The corresponding mechanical properties are provided in Table 2, and the 299 

limited number of FeSMA bars tested (n) is due to the restricted availability of materials. It is worth noting 300 

that the tensile testing machine reached its stroke limits while testing the FeSMA bar over an effective gauge 301 

length of approximately 625 mm, indicating that higher strength and strain values could likely have been 302 

achieved (Figure 3a). According to the mechanical properties from re-fer (2025), these bars have an elongation 303 

at break exceeding 20%. Although Figure 3a may not clearly illustrate the recentering capabilities, it is worth 304 

noting that the same activated material was used in RC columns (Raza et al., 2023), where it reduced residual 305 

drifts by up to 75 % compared to the same specimen reinforced with conventional steel. 306 
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Figure 3 (a) Stress-strain relationship for the class C 12 mm steel reinforcement and the 10.7 mm FeSMA reinforcement (b) prestress 307 
achieved for the FeSMA 10.7 mm rebar during initial application of electrical resistive heating, and three-hour cooling phase. 308 

TEST SETUP 309 

The wall units, one of which is shown in Figure 4, were tested on the large shake table at the National 310 

Laboratory for Civil Engineering (LNEC) in Lisbon, Portugal. The maximum capacities of the horizontal 311 

actuators are 700 kN in the west-east (WE) direction and 500 kN in the north-south (NS) direction. Figure 1 312 

illustrates the orientation of the wall relative to these cardinal directions. The positive axis conventions are 313 

defined as north to south and west to east, as indicated in Figure 1. The shake table can achieve maximum 314 

displacements and velocities of ±200 mm and ±700 mm/s, respectively, in either direction. The table has a 315 

maximum payload capacity of approximately 40 tons. 316 

To generate the required lateral inertial forces and reach the flexural capacity of the scaled wall units, several 317 

mass blocks were used. These included 1.13-ton and 0.59-ton blocks, which were connected to the collar 318 

(head) of the wall. These mass blocks have a cross-section of 840 mm × 840 mm, with thicknesses of 250 mm 319 

for the 1.13-ton blocks (red blocks, Figure 4) and 130 mm for the 0.59-ton blocks (yellow blocks, Figure 4). 320 

A total of 16 (arranged in a 4 x 4 grid) 1.13-ton mass blocks were placed on the collar of the wall unit, along 321 

with 12 (arranged in a 4 x 3 grid) 0.59-ton mass blocks. This setup results in a total mass of about 25.16 tons 322 

above the collar. Including the mass of the wall unit’s collar, which is approximately 3.27 tons, the total mass 323 

at the top of the wall is 28.43 tons. 324 
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 325 
Figure 4 Photo of test unit UWS2 taken from the north-east prior to testing. 326 

INSTRUMENTATION 327 

Conventional Instrumentation 328 

Throughout testing, the behavior of the walls was monitored using conventional instrumentation. Linear 329 

variable differential transformers (LVDTs) measured the vertical elongation of the wall edges and the wall 330 

base with a gauge length of 70 mm. LVDTs also measured any uplift of the foundation edges. Wire 331 

potentiometers (also referred to as string pots) were used to measure the global in-plane horizontal 332 

displacements at the collar (head) of the wall and the shear deformation of the lower region of the wall. 333 

Additionally, an optical measurement system was used to measure the in-plane displacements at the collar and 334 

base of the wall. Accelerometers were installed at the base (on the foundation), the intermediate slabs, and the 335 
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collar of the wall to measure the in-plane and vertical accelerations. For the sake of brevity, the precise 336 

locations of these instruments, along with their corresponding names and numbers, are not included here but 337 

can be found in the dataset (see the Organization of Test Data section). 338 

Virtual Targets and DIC 339 

The motion of the Web and Flange Two (see Figure 1) was recorded during both experimental campaigns 340 

(UWS1 and UWS2) using a network of cameras synchronized by an external electronic trigger. The trigger 341 

generates a Transistor–Transistor Logic (TTL) signal that synchronizes all cameras and the data acquisition 342 

(DAQ) systems of the conventional sensors. This setup ensures that the timestamps of the recorded images 343 

are aligned with other collected data. 344 

Two different surface texturing and camera systems were applied to the structure to facilitate optical 345 

measurements. As shown in Figure 5b, the first texturing involved a grid of 168 (UWS1) and 201 (UWS2) 346 

black spray-painted circles and crosses, each approximately 5 cm in diameter. Such virtual sensor targets were 347 

painted on specific locations of the wall units — such as the base, slabs, collar, and second and third levels 348 

(Figure 5a) — to capture the global dynamic behavior of the RC U-shaped walls, including modal 349 

identification and maximum amplitudes (Lo Feudo et al., 2025). Discrete target detection and tracking through 350 

digital image correlation enabled the determination of each target's spatial position at every frame, recorded 351 

at a frequency of 100 Hz. Additionally, the use of cruciform (cross-shaped) virtual sensors theoretically allow 352 

for the measurement of not only translational motions, as provided by the circular targets, but also of local 353 

rotations at the sensor locations; this is an ongoing work. Future studies will further investigate the rotational 354 

behavior of these virtual sensors caused by wall flexure. 355 

Three Basler digital cameras — two acA1300-200um models and one acA1440-220um model — were used 356 

to record the upper regions of the walls above the ground floor. These cameras captured the motion of the 357 

virtual sensors, with frames acquired in real-time using Pylon Viewer software and transmitted to three 358 

computers via Micro USB 3.0 connections. To enable three-dimensional (3-D) reconstruction of the vibratory 359 

field based on stereovision principles, the cameras were strategically positioned. Specifically, one camera 360 

captured the exterior surface of the Web, another focused on the exterior surface of Flange Two, and the third 361 
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camera recorded both surfaces, ensuring comprehensive coverage. More details can be found in the paper by 362 

Lo Feudo et al. (2025). 363 

The second surface texturing involved the application of a speckle pattern to the ground floor surfaces of the 364 

Web and Flange Two, designed to enable high-resolution measurements of displacement and strain fields, as 365 

well as the evolution of crack patterns. As illustrated in Figure 5c, this speckle pattern was created using a 366 

stamp roller to produce a random distribution of black dots, each approximately 2.5 mm in diameter. 367 

To capture data, three-dimensional digital image correlation (DIC) systems were employed. Each system 368 

consisted of two pairs of video cameras, with one pair monitoring the Web and the other pair focusing on 369 

Flange Two. Specifically, two Vieworks VC-12MX-M-180 cameras (designated as V1 and V2) recorded the 370 

motion of the Web, while two JAI SP-12000M-CXP4 cameras (designated as JA1 and JA2) captured the 371 

motion of Flange Two. The DIC system recorded at a frequency of 100 Hz and 50 Hz for units UWS1 and 372 

UWS2, respectively. Detailed information regarding the camera equipment and settings can be found in the 373 

documentation accompanying the dataset. 374 

It is important to note that, to manage data volume, only the ground motion (GM) runs were recorded during 375 

the UWS1 campaign. In contrast, for the UWS2 campaign, noise sequences (used for modal identification 376 

between GM runs) were also recorded by the Basler cameras for the virtual targets, specifically in the EW 377 

direction. 378 
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 379 

Figure 5 Surface texturing for optical measurements (a) photo of the wall taken pre-test from the north-west (facing south-east) of the 380 
Web and Flange Two (b) circle and cross targets to capture global response (c) speckle pattern for high-resolution strain and 381 

displacement field of the first (ground) floor. 382 

Motion Capture 383 

The OptiTrack motion capture system used in the tests consists of ten cameras: four OptiTrack PrimeX 22 384 

cameras (2.2 MP resolution, 2048 × 1088) and six OptiTrack Prime 17W cameras (1.7 MP resolution, 1664 × 385 

1088). The cameras were strategically positioned around the test specimens, primarily towards the northwest, 386 

to capture multiple viewpoints (both in height and orientation) of the exterior surfaces of the north flange (or 387 

Flange Two, in Figure 1) and web. All cameras operated at a frame rate of 100 Hz with an exposure time of 8 388 

ms. Motive software (version 3.0.3) was used to track the three-dimensional displacements of 90 reflective 389 

markers (19 mm in diameter) affixed to the wall’s exterior surface. 390 

Before measurement recording, the system underwent a calibration phase using a CW-500 calibration wand, 391 

which contains three precisely spaced markers. The wand was moved within the cameras’ field of view to 392 
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determine each camera's position, orientation, and any image distortions. This process generated a 3D capture 393 

volume within Motive. Calibration accuracy was assessed using two error metrics: (i) mean ray error, which 394 

measures how precisely the tracked rays from each camera converge on a 3D point; (ii) mean wand error, 395 

which represents the difference between the detected and expected wand length. For the tests presented herein, 396 

the mean ray error was 0.8 mm, and the mean wand error was 0.13 mm—both indicating high calibration 397 

accuracy. Finally, a CS-400 calibration square was used to align the ground plane with the shaking table. 398 

Lo Feudo et al. (2025) shows a detailed comparison between the 3D optical tracking of the painted targets, 399 

motion capture markers, and conventional instrumentation employed in this study.  400 

Distributed Fiber-Optic Strain Sensing 401 

State-of-the-art high-definition fiber-optic sensing was employed to measure strains in selected reinforcing 402 

bars indicated in Figure 1 for UWS1. This instrumentation technique has been successfully applied in previous 403 

quasi-static testing of RC U-shaped core walls using the same methodology (Hoult et al., 2023b). Strain data 404 

was collected using the LUNA ODiSI 6104 Series optical distributed sensor interrogator, a four-channel 405 

system from DIMIONE Systems. The DFOS provided high-spatial-resolution measurements (5.2 mm) with 406 

an accuracy of more than 30 με. Data was recorded at a frequency of 16.67 Hz during the testing of unit 407 

UWS1. 408 

Three longitudinal rebars in the north flange of wall unit UWS1 were selected for bonding DFOS to the 409 

reinforcing steel to derive strain profiles along the height of the wall. A small groove (1 mm wide and 1 mm 410 

deep) was cut along the longitudinal ribs of each rebar, a widely adopted practice in previous research to 411 

securely attach DFOS to steel reinforcement and to minimize the risk of premature fiber failure (Bado et al., 412 

2020; Hoult et al., 2023a; Michou et al., 2015; Quiertant et al., 2012; Zhang et al., 2021). The sensing fiber 413 

used was a polyimide-coated fiber. Following preliminary performance tests, a general-purpose adhesive 414 

(“Loctite 401,” based on cyanoacrylate technology) was applied to bond the fiber within the groove, a method 415 

that has been successfully implemented in previous studies (Barrias et al., 2018; Berrocal et al., 2021; Hoult 416 

et al., 2023a). Additionally, an epoxy coating (“ESK-50”) was applied over the glued fiber to provide an extra 417 
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layer of protection between the fiber and the surrounding concrete. A more detailed explanation of the 418 

instrumentation setup is provided by some of the authors in Hoult et al. (2023a). 419 

Unlike previous quasi-static tests where this instrumentation technique was successfully employed (e.g., Hoult 420 

et al., 2023b), the dynamic nature of the tests reported here resulted in significant data loss from the LUNA 421 

system during recording. According to post-test communication with Luna Innovations (personal 422 

communication, June 14, 2024), the ODiSI system is primarily designed for quasi-static testing, and its 423 

performance is compromised under dynamic conditions, particularly due to slower measurement rates, longer 424 

sensor lengths, higher excitation frequencies, and large strain amplitudes. Despite these challenges, some 425 

strain data was captured, especially during the initial input motion levels, albeit sporadically. As a result, the 426 

authors have chosen to publish the raw DFOS data in its current form, recognizing its potential value for future 427 

research. 428 

Crack widths, photos, and videos 429 

Photos of all wall faces of each of the test units were taken after every ground motion (GM), along with closer-430 

range photos focusing on any notable local damage (e.g., cracks, concrete spalling, splitting, crushing, rebar 431 

buckling, and fracture). Additionally, several cameras, including GoPros, were used to capture time-lapse 432 

recordings and standalone videos of both wall units. These resources have proven to be very powerful and 433 

useful in the post-analysis of the wall behavior, contributing to a better understanding of the progression of 434 

damage in each of the wall units investigated. 435 

SIMILITUDE, GROUND MOTIONS, AND LOADING PROTOCOL 436 

Similitude Laws 437 

As explained in Pinho (2000), reproducing the true dynamic response of a prototype core wall structure 438 

requires accurate simulation of the geometry, initial and boundary conditions, stress-strain relationship of the 439 

materials, and mass and gravity forces. The latter poses a challenging problem, where the simulation of the 440 

mass and gravity forces are closely linked to the similitude law adopted. As such, the Cauchy-Froude law 441 

must be respected in the dynamic testing of scaled models (Pinho, 2000). Assuming that the materials are the 442 

same for the full-scale prototype and half-scale model, the scale factors using the Cauchy-Froude similitude 443 
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laws can be derived. It is worth noting that, because the density of the concrete and reinforcing steel materials 444 

becomes inversely proportional to the geometric scale factor (λ = 2 in this case), it is not uncommon for the 445 

scale of the specific mass to be considered independently of the geometric scale. As previously mentioned, 446 

the total applied mass used for these tests is 25.16 ton, which, in conjunction with the self-weight of the unit 447 

(estimated at 12.95 ton, assuming a conservative reinforced concrete density of 2500 kg/m3), is below the 448 

maximum payload of the shake table, of 40 ton. Importantly, these similitude laws and the corresponding 449 

scaling factor/s were applied to the ground motions discussed in the next section, which essentially shifts the 450 

spectral acceleration response. 451 

Loading Protocol 452 

The 2016 Central Italy earthquake sequence caused significant damage and loss of life (Sextos et al., 2018), 453 

representing the largest Italian seismic sequence densely observed with modern geodetic measurements 454 

(Cheloni et al., 2017). The moment magnitude Mw 6.5 event was the largest of the three main events that 455 

occurred on 30 October 2016. The normal faulting event ruptured a 15 km-long section of the fault at a shallow 456 

depth of 3‒7 km (Cheloni et al., 2017; Stewart et al., 2018). The seismometer station MZ04 was one of many 457 

that captured the event of October 30. The MZ04 recording station (Luzi et al., 2020) was located at a close 458 

Joyner-Boore distance (Rjb) of 6.4 km, with an epicentral distance of 23 km. The station is situated on site 459 

class C (CEN, 2004b) with an estimated shear wave velocity in the upper 30 m (VS30) measured of 355 m/s. 460 

The 5 % damped pseudo spectral accelerations (PSa) response captured by the MZ04 station are given in 461 

Figure 6a. These spectra were adjusted using a time-step (dt) correction from 0.005 s to 0.0035 s, following 462 

the laws of similitude (Candeias et al., 2023) (see also the previous section). Specifically, the ground motions 463 

were time-scaled by a factor of 1/√λ (where λ is geometric scaling factor), resampled to 200 Hz (dt = 0.005s), 464 

and cropped to a 30-second duration, with a 40 Hz low-pass filter applied. The peak ground acceleration 465 

(PGA) in the north-south (NS) and west-east (WE) directions is approximately 0.64 g and 0.81 g, respectively. 466 
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Figure 6 Moment magnitude Mw 6.5 event from the 2016 Central Italy earthquake sequence on 30 October: (a) 5 % damped pseudo 467 

spectral acceleration (corrected using a scaled time-step) (b) acceleration-time history in the west-east (i.e., HNN) (c) acceleration-time 468 
history in the north-south (i.e., HNE). 469 

The dynamic tests of units UWS1 and UWS2 included nine different levels of ground (input) motion (GM0 – 470 

GM8), each corresponding to a different scale combination of the horizontal west-east (HNN record in the 471 

MZ04 station) and north-south (HNE record in the MZ04 station) components. The HNN ground motions 472 

were applied in the WE direction of the shake table, and the HNE ground motions were applied in the NS 473 

direction. As previously defined, the positive direction of the ground motion corresponds to the positive 474 

direction of the shake table (see Figure 1). 475 

For consistency with the shake table cardinal directions and conventions, the HNN and HNE directions have 476 

been renamed WE and NS, respectively. Table 3 shows the combined scaling factors applied to each of the 477 

WE and NS input motions for each run (i.e., GM0 – GM8). The first input motion, GM0, and all odd-numbered 478 

input motions (e.g., GM1, GM3, etc.), are unidirectional in the WE direction only. The other input motion 479 

levels are bidirectional and are intended to induce bi-directional flexural and torsional demands. 480 

Table 3 Scale factors (in percent) used for the input motions captured by MZ04 of the Mw 6.5 Central Italy earthquake event. 481 

 Scale [%] 
 HNN (west-east on shake table) HNE (north-south on shake table) 

GM0 10 0 

GM1 25 0 

GM2 25 25 

GM3 50 0 

GM4 50 50 

GM5 75 0 
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GM6 75 75 

GM7 100 0 

GM8 100 100 

 482 

As noted in the Material Properties section, the FeSMA rebars in unit UWS2 required heating for activation 483 

and to induce the desired shape memory effect upon cooling, thereby prestressing the wall. A 15 kW power 484 

supply, originally designed for welding, was repurposed for Electrical Resistive Heating (ERH) of the FeSMA 485 

bars. Several thermocouples were attached to some of the embedded rebars to monitor the heating process, 486 

targeting a temperature of 250 °C. 487 

To isolate the FeSMA rebars from the surrounding steel reinforcement (e.g., confinement, shear, longitudinal 488 

reinforcement, and foundation elements), the bars were primarily wrapped in plastic heat shrink. However, a 489 

later inspection of construction photos revealed that some FeSMA bars were in contact with steel 490 

reinforcement near the lap splice region above the first intermediate slab. This unintended contact resulted in 491 

inconsistent heating, as the ERH system lacked sufficient power to effectively heat the rebars when they were 492 

not fully isolated. 493 

The maximum recorded temperatures from thermocouples at each wall corner were: south-east: 399.2 °C, 494 

south-west: 63.5 °C, north-west: 98.1 °C, and north-east: 97.8 °C. These temperature readings indicate that 495 

the ERH system was largely ineffective. Based on a previously established relationship between activation 496 

temperature and induced prestress (Hoult & Almeida, 2024c), the corresponding estimated prestress levels 497 

were: 393 MPa, 144 MPa, 203 MPa, and 202 MPa, respectively. Some indirect signs of heat transfer were 498 

observed—such as the concrete surfaces at the south-east flange boundary and the north-west web-flange 499 

intersection becoming warm to the touch during heating. However, the duration and localized nature of the 500 

heat application appeared insufficient to cause any noticeable signs of degradation of the concrete. 501 

Ultimately, the authors conclude that only partial precompression was achieved due to the inconsistent 502 

activation of the FeSMA rebars. This uneven heating likely contributed to the observed torsional rotation and 503 

increased displacement demand in the northward direction (see “Example Plots of Global Behavior” for 504 

further discussion). Additional details on the activation of the FeSMA bars and the corresponding performance 505 

of unit UWS2 can be found in the literature (e.g., Almeida & Hoult, 2025). 506 
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TEST OBSERVATIONS 507 

This section summarizes some important findings from the tests. Detailed observations of each test for UWS1 508 

and UWS2 are provided in the subsequent sub-sections. At the time of writing this document, the post-509 

processing of some of the experimental data is ongoing. Therefore, the following observations are based on 510 

some preliminarily analyzed results and on the observed cracking from visual inspection of the unit after it 511 

came to rest following each ground motion (GM). The description of the cracking refers to residual cracking 512 

after each test run; the full identification of the crack pattern attained during each input motion, along with the 513 

maximum crack opening, will only be available after the post-processing of digital image correlation. 514 

To provide context when comparing engineering parameters such as drift ratio demands, Table 4 presents 5 515 

% damped pseudo spectral acceleration values (in units of g) for both wall specimens across all ground 516 

motions. For simplicity, these values were calculated based on the structure’s fundamental period, Sa(T1), 517 

determined from the 'noise' sequences used for modal identification before GM0.  518 

Table 4 Pseudo spectral acceleration (5 % damping) corresponding to the fundamental (first natural) period Sa(T1) for UWS1 (T1=0.33 519 
s) and UWS2 (T1=0.32 s) 520 

 Sa(T1) [g] 

  UWS1 UWS2 

GM0 0.15 0.18 

GM1 0.65 0.78 

GM2 0.68 0.92 

GM3 1.07 1.24 

GM4 1.08 1.18 

GM5 1.52 1.57 

GM6 1.55 1.62 

GM7 1.90 2.05 

GM8 1.99 2.23 

Unit UWS1 521 

The initial input motions induced minor hairline cracking on the web's external surface and at the extremities 522 

of the flange boundary. GM2, the first series of accelerations applied in both the west-east and north-south 523 

directions, led to crack appearance along the wall-foundation interface. Subsequently, the uniaxial input 524 

motion GM5 generated a maximum west-east drift ratio (δWE) of 1.74 %. The drift ratios were calculated by 525 
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averaging the readings from two potentiometers positioned 4.29 m above the foundation on the eastern face 526 

of the collar (head), to the north and south, dividing by the height (of 4.29 m), and subtracting the displacement 527 

of the shake table. These two potentiometers were also used to measure the rotations, as indicated below. This 528 

level of loading from GM5 caused flexural cracks to develop within the bottom story height (i.e., below the 529 

slab) at the flange boundary extremities, exacerbating existing cracks at the wall-foundation interface, which 530 

were apparent even after the unit came to rest. 531 

The bi-directional input motions of GM6 induced noticeable torsion, as expected, in combination with flexural 532 

actions, likely due to the offset of the shear center of the wall specimen (Hoult, 2021; Hoult & Almeida, 2024a; 533 

Hoult & Beyer, 2020). Concrete crushing was observed during GM6 in the corner of the flange-web south-534 

west intersection. During this input motion, the maximum west-east drift ratio (δWE), north-south drift ratio 535 

(δNS), and torsional rotation (θmax), were recorded to be 1.65 %, 0.65 %, and 25.4 mrad, respectively. Some 536 

horizontal sliding at the wall-foundation interface was also visually observed during the shaking on the north 537 

flange face along the west-east direction, parallel to the flanges. 538 

Further concrete crushing occurred during GM7 in the south flange (i.e., Flange One) boundary end, and at 539 

the flange-web intersection in both the north-west and south-west corners. During GM7, the largest recorded 540 

in-plane west-east drift, reaching δWE = 2.71 %, was observed. Subsequently, the largest amplitudes of bi-541 

directional accelerations with GM8 caused significant crushing in both flange boundary ends. The large 542 

attained maximum drifts of δWE = 1.82 %, δNS = 0.46 %, and rotation θmax = 27.4 mrad from GM8 also resulted 543 

in noticeable buckling of the longitudinal rebars in the south-east flange boundary end – see Figure 7a. Upon 544 

inspection, a larger-than-prescribed spacing between two consecutive confining rebars in the south-east flange 545 

boundary end was observed, facilitating the aforementioned rebar buckling response. In the east extremity of 546 

the north flange (e.g., Flange Two), however, the tight confining reinforcement led to high compressive strain 547 

demands, inducing noticeable local out-of-plane buckling of the flange towards the inside of the core wall – 548 

see Figure 7b. The residual cracking distributions observed on the outside surface of Flange One after GM8 549 

are depicted in Figure 8a. 550 
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Videos of the test during GM8 confirmed suspicions of exacerbated horizontal sliding at the wall-foundation 551 

interface in the west-east direction (see Figure 1 for cardinal directions). The preliminary analysis of the 552 

Optitrack motion capture system showed a maximum base sliding displacement of 6.7 mm and 7.9 mm during 553 

GM7 and GM8, respectively. 554 

  

Figure 7 Failure locations of unit UWS1 at the base after GM8 (a) boundary end of Flange One with rebar buckling (b) boundary end of 555 
Flange Two with local out-of-plane buckling towards the inside of the wall. 556 
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Figure 8 Cracking distribution observed on the outside surface of Flange One after GM8 (a) UWS1 (b) UWS2. The grey-colored regions 557 

indicate areas of the wall where the concrete crushed. 558 

Unit UWS2 559 

Similar to the first wall unit (UWS1), the second unit (UWS2) exhibited minor hairline cracking during the 560 

initial input motion stages. In particular, vertical splitting cracks developed at the base of the north and south 561 

flange boundary ends after GM1, likely due to a combination of horizontal flexural cracking followed by 562 

crushing of the unconfined concrete cover. As observed in UWS1, cracks also formed along the wall-563 

foundation interface after GM2. However, unlike UWS1, which experienced flexural cracks near its base 564 

under these initial input motions, UWS2 developed near-horizontal flexural cracks approximately 500 mm 565 

above the foundation—most notably on the outside surface of Flange One (Figure 8b). 566 

The cracks in UWS2 worsened under GM5 (i.e., 75 % uniaxial west-east loading), which induced a maximum 567 

west-east drift (δWE) of 1.73 %—almost identical to UWS1 under similar spectral acceleration demands (see 568 

Table 4). However, unlike UWS1, this level of loading caused the unconfined concrete cover at the flange 569 

boundary ends of UWS2 to crush. 570 
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Under bi-directional input motions from GM6 (75 % west-east and north-south), additional flexural cracks 571 

formed on the inner surfaces of the wall and the outer south face of Flange One. Compared to UWS1, the 572 

spacing between these cracks was noticeably larger (Figure 8b), likely due to (partial) debonding of the 573 

FeSMA rebars and the minor pre-compression applied through temperature inducement. Interestingly, under 574 

these input motions, UWS2 experienced less north-south displacement and rotation than UWS1. The recorded 575 

maximum values for west-east drift (δWE), north-south drift (δNS), and rotation (θmax) were 1.80 %, 0.39 %, and 576 

15.8 mrad, respectively. Furthermore, UWS2 exhibited minimal horizontal sliding, differing from the behavior 577 

observed in UWS1. 578 

Further concrete crushing at both flange boundary ends was observed during GM7, exposing the longitudinal 579 

FeSMA bars (encased in two layers of plastic heat shrink, to promote debonding as discussed above, and 580 

guarantee electrical insulation) in these regions (Figure 9). During GM7, UWS2 reached its highest recorded 581 

in-plane west-east drift (δWE = 2.39 %), which was approximately 13 % lower than that of UWS1, despite the 582 

slightly lower spectral acceleration demands (see Table 4). As with UWS1, the subsequent bi-directional 583 

accelerations of GM8 caused severe crushing of the north-east flange boundary end (Figure 8). The attained 584 

maximum drifts of δWE = 1.97 % and δNS = 0.56 %, along with a rotation of θmax = 24.8 mrad, also led to 585 

noticeable buckling of the longitudinal rebars in this boundary end (Figure 8), even with the closely spaced 586 

transverse hooks (confinement) at 50 mm. The buckling behavior observed in UWS2 was consistent with the 587 

trends seen in UWS1. 588 
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Figure 9 Failure locations of unit UWS2 at the base of Flange Two after GM8. The longitudinal rebars were wrapped in colored heat 589 
shrink plastic for the purpose of electrical insulation with the rebar cage, and to promote debonding. 590 

ORGANIZATION OF TEST DATA 591 

All test data for UWS1 and UWS2 are publicly available for download from Dataverse at 592 

https://doi.org/10.14428/DVN/MSDSWS. The data folder structure is summarized in Figure 10 and can also 593 

be viewed directly on Dataverse by selecting the “Tree” view. The dataset is organized by specimen, with 594 

dedicated folders for each test unit, labeled “UWS(i)”. 595 

Before proceeding, it is important to note that Dataverse automatically converts certain file types, such as 596 

Microsoft Excel (.xlsx) and comma-separated values (.csv) files, into tabular data (.tab) format for online 597 

viewing. However, users have the option to download the original uploaded files in their native formats, as 598 

described below. 599 

UWS(i) FOLDERS 600 

The data is organized by wall unit. Figure 10 illustrates the folder and file structure for a generic specimen, 601 

UWS(i) (“i” stands for 1 or 2), representing the standardized layout. However, minor variations exist between 602 

the two wall units due to differences in instrumentation and test setup. Each wall unit dataset contains two 603 

main folders: 604 

1. “UWS(i)_General”. This folder contains the following files: 605 

▪ “UWS(i)_Lab_Book.xlsx”: a copy of the laboratory notebook, which records all of the 606 

observations made during the experimental tests, is provided in the form of a Microsoft Excel 607 

spreadsheet. 608 

https://doi.org/10.14428/DVN/MSDSWS
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▪ “UWS(i)_Specimen_Description.pdf”: a report summarizing the test specimen and test setup. 609 

▪ “UWS(i)_Plans.pdf”: the wall construction drawings, with detailed representation of the 610 

reinforcement layout. 611 

▪ “UWS(i)_Test_Report.pdf”: a test report summarizing the observed behavior and overall test 612 

results. 613 

There are also additional sub-folders: 614 

(i). “Material_Tests”: this sub-folder contains the results of the material tests that were performed 615 

on the concrete (i.e., compression tests on regular 150 mm × 300 mm cylinders). 616 

(ii). “Photos”: this sub-folder contains the collected photos before and during the test, taken at 617 

subsequent load stages, and separated by the photo of the “GM” (i.e., Ground Motion) number 618 

sign attached to the wall units. 619 

(iii). “Videos”: this sub-folder contains videos captured by cameras, such as the Go Pros, at various 620 

locations during testing. 621 

2. “Processed_Data”. In general, this folder contains different processed data files in Binary MATLAB 622 

(.mat) (Mathworks, 2020), Comma Separated Values (.csv), and Microsoft Excel (.xlsx) formats. The 623 

following files can be found in this sub-folder: 624 

▪ “UW(i)_Processed_Data.pdf”: a document that provides more detailed information on the 625 

processed instrumentation files. This important document summarizes all the data acquisition 626 

files and how they can be read. 627 

Sub-folders at this sub-level contain different processed data:  628 

(i). “Conventional”: this sub-folder contains the processed dataset from the conventional 629 

instrumentation (e.g., potentiometers, LVDTs, accelerometers, etc). This data is stored in a 630 

Microsoft Excel file, “UWS(i)_DATA.xlsx”. The Microsoft Excel file contains nine tabs, 631 

corresponding to each ground (input) motion intensity (i.e., GM0 through to GM8). Furthermore, 632 

each column of data corresponds to an instrument that can be visualized in the 633 

“Instrumentation_Setup.pdf” file, also stored in this sub-folder. For more information on how to 634 

use this data, please see the “UW(i)_Processed_Data.pdf” document. 635 

(ii). “DFOS” (only applicable to unit UWS1): this sub-folder contains the processed and indexed strain 636 

measurements captured by the DFOS system; these files are only provided in Binary MATLAB 637 

(.mat) file type. Two files are included in this sub-folder: 638 

▪  “UW(i)_OpFib_Parameters.mat” contains instrument information about the distributed fiber 639 

optic sensors (e.g., frequency, location of gages, recording time, etc).  640 

▪ “UW(i)_OpFib_Strain.mat” contains the strain measurements (in units of microstrain = ×10-6 641 

mm/mm) recorded during testing. 642 
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(iii). “OptiTrack”: this sub-folder contains data from the motion capture OptiTrack instrumentation. 643 

This data is separated into files corresponding to each ground motion (GM) and is provided in 644 

Comma Separated Value (.csv) files. Each column of the .csv files contain information on the x-, 645 

y-, and z- coordinates of the different markers. More information on how this file can be interpreted 646 

can be found in the “UW(i)_Processed_Data.pdf” document. 647 

(iv). “Virtual_Targets”: this sub-folder contains the data corresponding to the optical measurements 648 

extracted from the circular and cross virtual targets painted on the surface of the walls. Similar to 649 

the OptiTrack data, Comma Separated Value (.csv) files are provided for each ground motion 650 

intensity, and each column of data contain information on the x-, y-, and z- coordinates of the 651 

virtual targets. More information on how this file can be interpreted can be found in the 652 

“UW(i)_Processed_Data.pdf” document. 653 

(v). “DIC”: this sub-folder contains exported, processed digital image correlation (DIC) results. Due 654 

to the large size of the full dataset, only selected displacement and strain fields have been included. 655 

Specifically, the data corresponds to the outside surfaces of the Web and Flange Two at the largest 656 

north-south and east-west global wall displacements, respectively, for each ground motion run. 657 

Further details on interpreting this file can be found in the UW(i)_Processed_Data.pdf document. 658 

Please note that, at the time of writing, the DIC data for both wall units has not yet been fully 659 

processed or compiled. It is expected to be uploaded to the dataset in late 2025. 660 

 661 
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Figure 10 Flowchart of test data organization. The i and n parameters correspond to the wall unit number (1 or 2) and the ground 662 
motion number (0‒8), respectively. 663 

POSTPROCESSED DATA AND EXAMPLE PLOTS 664 

This section includes some examples of plots and figures that can be produced by using the provided 665 

experimental data. All plots have been created using the post-processed data. MATLAB files (“.m”) have been 666 

provided on the online repository that can replicate the plots and figures in this section (see Figure 10, under 667 

“DATA”). 668 

EXAMPLE PLOTS OF GLOBAL BEHAVIOUR 669 

Figure 11 shows the displacement time histories for both test units, UWS1 and UWS2, under each ground 670 

motion (GM), excluding GM0. West–east displacement ("WE Disp.") was calculated as the average of two 671 

string potentiometers (SP10 and SP11) mounted at the flange ends of the collar, 4290 mm above the 672 

foundation. North–south displacement ("NS Disp.") was measured using SP7, located on the north side of the 673 

collar, 4290 mm above the foundation, near the wall web. In both directions, the reported displacements are 674 

relative, obtained by subtracting the displacement of the shake table. 675 

For unidirectional input motions in the west-east direction (GM1, GM3, GM5, and GM7), the corresponding 676 

west-east displacement of both test units is nearly identical, despite differences in reinforcement type and 677 

content (i.e., steel vs. FeSMA). However, under bidirectional input motions (GM2, GM4, GM6, and GM8), a 678 

noticeable difference emerges in the north-south displacement between the two test units. 679 

For instance, under GM8, UWS1 exhibits a displacement of -19.9 mm (i.e., toward the north), whereas UWS2 680 

records -24.1 mm. This distinction is significant because UWS2 also experienced greater crushing at the north 681 

flange boundary end. It is likely that the increased displacement demand in the northward direction, coupled 682 

with displacements to the east and a rise in torsional rotation, contributed to the extent of crushing in UWS2 683 

compared to UWS1 (see Figure 7b vs. Figure 9). 684 

These figures can be reproduced using the "DisplacementTimeHistories.m" MATLAB script, located in the 685 

primary DATA folder (see Figure 10). The data files used to generate these plots can be found in DATA / 686 

UWS(i) / Processed_Data / Conventional / DATA.xlsx. 687 
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 688 
Figure 11 Displacement time-histories for units UWS1 and UWS2. “WE Disp.” and “NS Disp.” is short for west-east and north-south 689 

displacement, respectively. 690 

EXAMPLE PLOTS OF LOCAL BEHAVIOUR 691 

The distributed fiber-optic sensors (DFOS) were used to measure longitudinal rebar strains. Figure 12a 692 

presents the longitudinal strain profiles of the instrumented rebar in the north flange boundary end (see Figure 693 

1) of UWS1 during GM1. The strain profiles are shown for two key instances: (1) when the wall experiences 694 

its largest displacement towards the east, resulting in compression, and (2) when the wall experiences its 695 

largest displacement towards the west, resulting in tension. 696 

The results in Figure 12a confirm that, under these input motions, the wall remains in a cracked-elastic state. 697 

The largest tensile strains at the base of the north flange boundary end reach approximately 1.4 mm/m (0.14%), 698 

which is about half the strain required for steel yielding. Notably, a small increase in compressive strains is 699 

observed at approximately 1.5 m above the foundation, aligning with the height of the first-story intermediate 700 
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slab (see Figure 2). This may result from increased axial force in the boundary element due to the flexural 701 

response and the coupling effect of the intermediate slab (Janevski & Isaković, 2025). 702 

In contrast, Figure 12b presents the longitudinal strain profiles from the OptiTrack data corresponding to the 703 

maximum wall displacement towards the east and west under GM7. The tracking markers for OptiTrack were 704 

attached to the outer surface of the north flange, approximately 75 mm from the boundary end edge, with a 705 

vertical spacing of ~150 mm, though minor height variations existed because of the intermediate slabs. These 706 

results indicate an inelastic response, as expected. The tensile strain profiles align well with observed crack 707 

patterns on the south flange (Figure 12a). A key limitation of using “spot sensors” (Hoult et al., 2023a), such 708 

as the OptiTrack passive markers used in this study, is their inability to directly measure strain penetration 709 

into the foundation—unlike the DFOS in Figure 12a. 710 

These figures can be reproduced using the "DFOS_UWS1_GM1.m" and “OptiTrack_UWS1_GM7.m” 711 

MATLAB scripts, located in the primary DATA folder (see Figure 10). Regarding the latter file, two 712 

MATLAB functions are also needed to run the script, “OptiTrack_reader.m” and 713 

“importOptiTrackCSVfile.m”. The data files used to generate these plots can be found in the DATA / UWS(i) 714 

/ Processed_Data / DFOS and OptiTrack subfolders. 715 
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Figure 12 Longitudinal (Vertical) strain profiles for UWS1 measured from (a) DFOS of steel bar in north flange boundary end during 716 
GM1 (b) OptiTrack during GM7 corresponding to the largest west-east displacement. 717 

SUMMARY 718 

An experimental campaign was conducted to test two large-scale RC U-shaped core wall units. The first wall, 719 

UWS1, was reinforced with conventional steel, while the second wall, UWS2, incorporated iron-based shape 720 

memory alloys (FeSMAs). The primary objectives were to investigate the flexural and torsional behavior of 721 

these walls and to assess their residual displacements. These aspects will be explored in more detail in 722 

subsequent publications, as the current paper primarily focuses on the data repository. 723 

Failure of both test units occurred during the largest uni- and bi-directional ground motions (GM7 and GM8), 724 

with flange boundary end crushing accompanied by longitudinal reinforcement buckling. The crushing zone 725 

in UWS2 was larger than in UWS1 under the same loading conditions, likely due to increased north-south 726 

displacement and torsional rotation demands. However, UWS2 exhibited far less flexural cracking and shear 727 

sliding compared to UWS1. This reduction in cracking was likely due to precompression applied through 728 

temperature-induced activation of the FeSMAs and partial debonding of the FeSMAs over the first (ground) 729 

story. 730 
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The wall units were extensively instrumented with conventional sensors alongside state-of-the-practice 731 

measurement technologies, including digital image correlation, video tracking of painted targets, motion 732 

capture, and distributed fiber-optic sensors. The corresponding data has been made publicly available through 733 

the UCLouvain open repository, Dataverse (https://doi.org/10.14428/DVN/MSDSWS). 734 

Publicly accessible datasets, such as those presented in this study, are crucial for advancing the understanding 735 

of RC wall behavior and for validating future numerical models. 736 
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