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Preface

Natural hazards continue to cause immense harm worldwide through their direct and
indirect impacts on the built environment, the economy, and the overall functionality of
society. In particular, direct damage, financial losses, and operation interruptions caused
by earthquakes and strong wind, combined with the impact of soil-structure interaction
and hazards of geotechnical origin (i.e., liquefaction), are critical issues that still need to
be addressed fully via innovative research and development. When considered collec-
tively, the multi-hazard nature of their impacts, interaction, and cascading effects also
forms a critical area requiring advanced research.

Past seismic events (e.g., L’Aquila 2009, Central Italy 2016-2017, Samos Island
Aegean Sea 2020, Albania 2019, Croatia 2020), just to mention the most recent ones, have
had an immense impact on society and continually highlight the need for future research
and innovation. For example, the 2020 Aegean Sea earthquake left approximately 15,000
people homeless and had an estimated damage in excess of €400M, not to mention the
numerous casualties. Local soil conditions of the Durrés coastal area played a significant
role in the seismic performance of buildings during the November 2019 Earthquake in
Albania, which took 52 human lives, saw more than 3,000 people injured, 14,000 remain
homeless, and 14,000 buildings damaged. Geotechnical instabilities, soil liquefaction,
and the appearance of sinkholes during the 2020 Petrinja, Croatia earthquake amplified
the total damage and made the reconstruction efforts much more complicated and costly.
Similarly, climate-related hazards also have the potential for notable impact on structures
and infrastructures. During the past decades, strong storms have induced severe human
losses and extensive damage to properties. For example, the great storm of 15th October
1987 caused €5M in damage and killed 34 people in France and the UK. The Lothar and
Martin storms in December 1999 caused €13.5M of damage in Europe and killed 125
people. These impacts of storms are continually growing in terms of economic losses
along with their occurrence frequency as a result of climate change. The database of the
European Severe Storm Laboratory (ESSL) documents almost 60,000 cases of structural
damage and collapse due to extreme winds recorded in Europe in the last 3 years, with
enormous economic damage, situations of discomfort, and risk for people. Many of these
are associated with tornadoes and thunderstorms, the intensity of which could increase
in the coming years due to global warming, leading to increasingly destructive events.
According to Munich Re (GeoRisk Research Group), economic losses due to natural
hazards are approximately equally distributed between earthquakes (35%), floods (30%),
and windstorms (28%). In terms of fatalities, earthquakes (47%) and windstorms (45%)
are predominant compared to floods (7%).

The ongoing impacts of these disasters underline the need for further research
and technological innovations. Addressing this need, the ERIES project (European
Research Infrastructures for European Synergies, www.eries.eu) responds to the Euro-
pean Commission’s Horizon Europe call INFRA-2021-SERV-01-07. ERIES aims to
provide transnational access (TA) to advanced research infrastructures in structural,
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seismic, wind, and geotechnical engineering, enabling ground-breaking research. This
project offers access to leading experimental facilities, facilitating research that addresses
hazard-related losses, risk management, and the development of innovative solutions for
a greener, more sustainable society.

The 2025 International Workshop in Engineering Research Infrastructures for Euro-
pean Synergies (ERIES-IW2025) aims to bring transnational access (TA) users involved
in the ERIES project, providing a unique platform to exchange experiences, share results,
and explore future directions in seismic, wind, and geotechnical engineering research.
This event aims to strengthen collaboration and knowledge-sharing within the ERIES
community, fostering impactful research, guiding future policy, and influencing building
standards that will drive resilience and sustainability in European engineering for years
to come.

Gerard J. O’Reilly
Gian Michele Calvi
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Abstract. A comprehensive experimental campaign was conducted as part of
the ERIES-CLIMATHUNDERR project (CLIMAtic Investigation of THUNDER-
storm Winds) at the Jules Verne Climatic Wind Tunnel, CSTB, Nantes, France.
The study aimed to investigate the thermal effects driving downdraft winds from
thunderstorm clouds and their influence on downburst outflow dynamics near the
ground.

Downbursts are typically simulated using two methods: (i) the gravity cur-
rent (GC), which models jet formation through density instability between two
fluids, and (ii) the impinging jet (1J), which generates the downdraft mechanically
using wind tunnel fans. While the 1J method is preferred in wind engineering
for its scalability, it lacks the thermodynamic contributions intrinsic to GC-based
simulations.

For the first time, the CLIMATHUNDERR project combines these two tech-
niques at large scale, leveraging varied temperature differentials between the jet
and its surroundings to analyze the dynamic and geometric evolution of down-
burst outflows and associated vortex structures, particularly the leading primary
vortex (PV). The experiments also include testing these reproduced flows over
a scaled topographic model of the Polcevera Valley in Genoa, Italy, to assess
real-world applications. Evolving flow and temperature fields are captured using
state-of-the-art measurement techniques, including Large-Scale Particle Image
Velocimetry (LS-PIV) and high-response thermocouples.

Keywords: Thunderstorm downbursts - Gravity current - Impinging jet -
Thermal effects - LS-PIV

© The Author(s) 2025
G. O’Reilly and G. M. Calvi (Eds.): ERIES-IW 2025, LNCE 718, pp. 1-13, 2025.
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1 Introduction

The pioneering studies of Ted Fujita [1] and Mark R. Hjelmfelt [2] on thunderstorm
downbursts were primarily motivated by their role in aviation disasters, where unex-
pected, sudden, high-speed vertical winds (i.e., the downdraft wind component) near
airports led to fatal crashes. Initially, these extreme winds were often misidentified
as turbulence or poor pilot control until meteorologists started investigating their true
nature. While advancements in onboard radar systems and other early-warning instru-
ments have significantly reduced downburst-related aviation accidents, research in wind
engineering over the past decades has increasingly focused on the characterization of the
horizontal outflow component of thunderstorm winds near the ground. This research is
particularly relevant for understanding wind loading and its effects on structures [3-5].

A downdraft originates when cold air within a thunderstorm cloud— formed by
the condensation of warm updrafts from the surface—buoyantly descends toward the
ground. The greater the temperature difference between the downdraft air and its sur-
roundings, the stronger the resulting gravity current and, consequently, the higher the
wind speeds during the outflow stage. Upon impact with the ground, the downdraft
creates a radially expanding outburst of wind, driven by the high-pressure zone at the
impingement point. Maximum horizontal wind speeds in the outflow typically occur
between 30 and 150 m above ground level (AGL) [6], posing a severe threat to both
natural and built environments.

Despite more than 50 years of research, many aspects of thunderstorm downbursts
remain poorly understood. This is largely due to their localized and transient nature:
downbursts typically span only a few kilometers horizontally, last for tens of minutes, and
exhibit their most intense phase within just a few tens of seconds. Ultrasonic anemome-
ters and other high-temporal resolution instruments capture wind data at a single fixed
point, often missing the full structure of the phenomenon unless the event occurs pre-
cisely within the instrument’s vicinity. Additionally, the complex flow interactions gov-
erning downbursts are difficult to discern from full-scale measurements alone, further
complicating efforts to develop accurate analytical models capable of describing the
spatiotemporal evolution of both mean and turbulent flow fields. Standards and codes
are mainly based on large-scale and stationary winds, i.e., extra-tropical cyclones, while
not accounting for non-stationary and localized winds, such as downbursts.

Recently, a collaborative research team from Italy and Canada experimentally char-
acterized the full dynamics of downburst winds, analyzing their spatiotemporal evolution
and the contributions of different flow components to the overall storm system [7, 8].
These experiments were conducted under the European Research Council (ERC) project
THUNDERR (Principal Investigator: Prof. Giovanni Solari) at the WindEEE Dome lab-
oratory at Western University, Canada—one of the world’s largest wind simulators,
capable of replicating non-stationary extreme wind events [9].

This study introduces the ERIES project CLIMATHUNDERR (CLIMAtic Investi-
gation of THUNDERSstorm Winds), which builds upon the findings of its predecessor,
THUNDERR, while aiming to make groundbreaking contributions to the study of down-
burst winds. Traditionally, downbursts have been analyzed using two primary experimen-
tal approaches: impinging jet (IJ) simulations [7, 10-12], which generate a mechanically
induced downdraft using wind tunnel fans, and gravity current (GC) simulations [13, 14],
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which reproduce density-driven outflows. CLIMATHUNDERR innovatively combines
these two techniques at the Jules Verne Climatic Wind Tunnel JVCWT) — Thermal Unit
SC2 at the Centre Scientifique et Technique du Batiment (CSTB) in Nantes, France.
This project investigates thermal effects on downburst dynamics and morphology, with
a particular focus on the leading vortex ring (primary vortex, PV) responsible for the
highest near-ground wind intensities. Additionally, CLIMATHUNDERR includes exper-
iments on a 1:2000 scale orographic model of the Polcevera Valley in Genoa, Italy. The
Mediterranean region is particularly prone to convective storm phenomena [15], includ-
ing downburst winds, and is highly vulnerable to the effects of climate change [16].
The Polcevera Valley, which extends from Genoa’s port—a common entry point for
downbursts forming over the Mediterranean Sea—to inland areas, serves as an ideal
case study for analyzing the flow channeling effects of thermal downburst winds and
their associated vortex structures.

A further innovation of this study lies in its measurement techniques: Large-Scale
Particle Image Velocimetry (LS-PIV) was employed to capture variation of the flow field
over a large field of view (FOV), while thermocouples were used to monitor temperature
profiles before and during downburst onset.

2 Experimental Setup

2.1 Facility and Generation of Buoyant Impinging-Jet Downbursts

The experimental campaign was conducted within the thermal circuit of the JVCWT
(Fig. 1a), a facility capable of replicating a wide range of climatic conditions, including
rain, ice, snow, and solar radiation [17, 18].

The test section measures 10 m in width (W), 7 m in height (H), and 25 m in length
(L). The axial fan, with a diameter of 6.2 m, can generate wind speeds ranging from
1 to 40 m/s, powered by a maximum output of 1100 kW. Downstream of the fan, heat
exchangers are installed to regulate ambient air temperature between — 32 °C and +
55 °C within the testing chamber.

Unlike the WindEEE Dome laboratory, which was specifically designed to repro-
duce vertical-axis winds—such as downbursts and tornadoes—through an opening (bell
mouth) at the ceiling level for air injection or suction, respectively, the CSTB climatic
wind tunnel primarily generates horizontal, straight-line winds. It is a versatile wind
tunnel designed to address issues related to the construction and transportation sector.
As a result, the main technical challenge at the base of the entire project was the need
to manufacture a mechanism capable of producing a downdraft-like flow.

Leveraging the expertise of CSTB’s technical team, an impinging-jet plenum (I1JP)
measuring 2 x 2 x 2 m> was fabricated and installed at a height H = 3 m above the
laboratory floor (Fig. 1b). The IJP was constructed from plywood lined with insulation
material to minimize thermal losses, in the view of stabilizing the thermal difference
between the IJP air and the surrounding environment. A circular nozzle, with diameter
D =1 m, was opened at the center of the IJP’s bottom surface, ensuring a height-to-
diameter ratio H/D > 1, which facilitates full vertical expansion of the downburst outflow
and vortices [19]. To minimize turbulence and homogenize the downward flow at the
nozzle outlet, the nozzle was equipped with a honeycomb structure. An electromagnetic
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mechanism was developed to control the nozzle opening, enabling the reproduction
of the transient nature of downburst winds. Additionally, this mechanism allowed for
precise synchronization of measurements, facilitating comparisons of flow evolution
across different thermal configurations.

The IJP was mounted on a rigid wooden frame with horizontal dimensions 5 (L)
x 2 (W) m? (see Fig. 1b). A piston measuring 2 x 2 x 0.6 m> was positioned at the
top of the IJP and suspended from the testing chamber ceiling using a winch. At the
designated time—1000 ms after the nozzle opening—the piston was lowered over a2 m
vertical distance until it reached the IJP bottom surface. Two vertical piston velocities,
wp = 0.15 m/s and 0.25 m/s, were tested, generating corresponding jet velocities at the
nozzle outlet of wyy = 0.8 and 1.3 m/s, respectively, based on mass flow conservation.
This piston motion contributed to the mechanically driven impinging-jet component of
the generated downburst winds.

In addition to the IJ component, a buoyancy-driven jet (GC) naturally developed due
to the temperature difference AT between the cooled 1JP air and the warmer chamber
air. To achieve this temperature contrast, a 7.3 kW air conditioning unit was installed
adjacent to one of the IJP’s sidewalls and connected via three insulated tubes in a closed-
loop thermal circuit. This system enabled cooling of the internal IJP air to a minimum
temperature below 10 °C, while the ambient temperature in the testing chamber, with-
out active heating from the heat exchangers, was maintained at approximately 25 °C.
During the experiments, AT ranged from 0 °C to 25 °C. Theoretical calculations, based
on the Navier-Stokes equations and assumptions such as treating air as an ideal gas
under hydrostatic approximation, estimated the maximum buoyancy-driven jet velocity
before impingement to be wg = 2.18 m/s. While an ideal downburst would be best rep-
resented by the buoyancy-driven GC jet alone, the mechanically induced 1J component
was necessary to control the initial test conditions.

(a)

Fig. 1. (a) Schematics of the JVCWT thermal unit; (b) Photograph of the experimental setup
without orography model.
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Maintaining stable temperatures inside the IJP and testing chamber presented several
challenges due to factors such as large geometric dimensions, thermal diffusion, incom-
plete insulation, and the efficiency of the air conditioning system. To mitigate vertical
temperature stratification, both the chamber fan and air conditioning unit were operated
for approximately five minutes before each experiment to distribute warm and cool air
within the chamber and the IJP, respectively. These systems were turned off one minute
before each test to minimize external disturbances.

2.2 Orography Model

The generated downburst flows were tested on a 1:2000 scale model of the Polcevera
Valley, located in the Municipality of Genoa, Italy (Fig. 3). The model represented a
7 km (L) x 4 km (W) portion of terrain (scaled to 3.5 m x 2 m) extending from the
Genoa-Voltri commercial port in the northern Mediterranean to the inland hilly region
that mark-s the city’s northern boundary. The terrain elevation ranged from sea level to
approximately 600 m above sea level (ASL).

The model was 3D-milled from lightweight expanded polystyrene (EPS) and
installed in the chamber with its transverse section centered at the geometric location of
the jet touchdown. The longitudinal position was varied between two configurations: the
southern edge of the model, representing the port dam, was positioned & 0.3 m from the
jet touchdown center, corresponding to real-world downbursts landing 600 m onshore
or offshore of the port area.

2.3 Measurement Techniques

Large-Scale Particle Image Velocimetry (LS-PIV). Traditional point-velocity mea-
surement techniques, such as multi-hole pressure probes, were deemed unsuitable due to
the low wind speeds of the experimental flow. Instead, LS-PIV was employed to capture
vortex-dominated downbursts, which exhibit low wind speeds and strong recirculations,
over a large field of view (FOV) with high spatial resolution.

The fluid was seeded with Helium-Filled Soap Bubbles (HFSB), averaging 300 um
in diameter, introduced through a rectangular opening at the bottom of one of the IJP’s
lateral walls. A dual-pulsed Nd:YAG laser, with a wavelength of 532 nm, was used to
illuminate the particles. Two LaVision cameras were employed for flow field imaging:
the first, with a resolution of 4 MP at 7 Hz, and, after failure during experiment #15, a
second camera with a resolution of 6 MP at 14 Hz. The respective FOVs were 2.5 x
2.5m?and 3.2 x 2.5 m? with the coordinate ori gin (rp, zo) set at the jet vertical centerline
and floor level. In non-dimensional terms, the FOV extended horizontally from /D = 0
to 2.5 or 3.2 and vertically from z/D = 0 to 2.5 (0.5 m below the nozzle outlet), covering
all critical regions of the downburst wind [20]. Figure 2 provides a schematic of the
LS-PIV setup.

For experiments involving the orography model, the FOV was adjusted to consis-
tently capture the same region of the model in both test configurations. The FOV center
was shifted + 0.5 m downstream of the 1J center to record the evolution of the downburst
outflow and any resulting flow channeling effects within the range of approximately /D
= 0.3 to 3.5 and #/D = 0.9 to 4.2 for the two model positions.



6 F. Canepa et al.

Movable top
surface/piston
Air
conditioning
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Fig. 2. Schematics (vertical view) of the LS-PIV and thermocouples setup.

Temperature Measurements. To record transient temperature profiles during down-
burst passage, 20 fast-response thermocouples (reaction time =~ 0.5 s) were deployed
(Fig. 2). 18 thermocouples were placed in the outflow region at various radial positions,
while the remaining two were positioned along the jet vertical centerline at z/D = 0 and
2.90. Additionally, four slower-response thermocouples were placed inside the IJP and
at its connection to the air conditioning unit.

During experiments with the orography model, the 18 fast-response thermocouples
were relocated to the model surface, covering both valley and ridge locations (Fig. 3).
Key areas, including the Erzelli Hill—soon to house the new engineering campus of the
University of Genoa—and the San Giorgio Bridge, which replaced the Morandi Bridge
following its tragic collapse in August 2018, were monitored for flow channeling. Fur-
thermore, thermocouples were strategically located to assess the potential development
of heat/cool islands.

2.4 Test Plan

A total of 57 experimental runs were conducted in the thermal unit of the JVCWT.
The first 39 runs focused on analyzing the reproduced downburst flows without the
orography model, while the remaining 18 runs included the model. The test cases varied
based on several key parameters, including the temperature difference (AT) between
the IJP and the testing chamber, the mechanical impinging-jet velocity (wyy), and the
model’s installation position. During the initial phase of the experimental campaign,
three temperature differences were tested: AT = 0 °C, 10 °C, and 20 °C for wy =
1.3 m/s, and AT = 0 °C, 10 °C, and 25 °C for wi; = 0.8 m/s. When the model was
installed, time constraints limited the study to only two temperature differences, AT =
0 °C and 20 °C. Additionally, the number of experimental repetitions per configuration
was reduced from the planned eight to just two runs with the model in place. Unlike
conventional fluid mechanics studies, where a high number of repetitions is required
to achieve statistical significance, each experiment in this campaign was considered
unique due to inherent variations in parameter values between repetitions of the same
configuration.
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7 km

outflow y

L4

>

4 km

Fig. 3. 3D stereolithography (STL) orography showing thermocouple positions. White numbers
indicate thermocouples installed on the model surface; grey numbers represent thermocouples
positioned at elevated heights (0.095 m and 0.100 m above the model surface for thermocouples
#9 and #12m, respectively). Yellow numbers denote thermocouples relocated from experiment
#50. Full-scale dimensions of the orography domain are also indicated in the figure, as well as the
geographic north direction and incoming direction of the experimental downburst outflow.

3 Results

3.1 Thermal Effects on Downburst Outflows and Interaction with the Orography
Model

Figure 4 highlights the crucial role of buoyancy in shaping the dynamics and geometry
of downburst outflows, as well as their interaction with the orography model. The two
experiments, conducted with thermal differences of AT = 0 °C and 20 °C between
the IJP and its surroundings, are shown at the moment when the PV is approximately
at the radial location #/D = 1.5. However, the two scenarios occur at different times,
specifically t = 10 s for AT =0 °C and t = 6 s for AT = 20 °C. This indicates that a
temperature difference of 20 °C significantly accelerates the jet and its evolving outflow
at the ground, causing the PV to reach /D = 1.5 approximately 4 s earlier than in the
base case (AT =0 °C).

Buoyancy is observed to narrow the width of the descending jet, which is dominated
by trailing vortices (TVs) following the leading PV. The PV flow field appears more
turbulent and dispersed, with strong shear even in the rear part of the vortex. As a result,
the PV center is less well-defined compared to the pure IJ case. Additionally, the PV
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is more compressed toward the ground. This, combined with the inherent increase in
flow velocity due to buoyancy, results in maximum horizontal velocities at the interface
between the lower end of the PV and the ground [20], approximately doubling those
observed for the base 1J case.

In the pure 1J scenario, the well-organized PV structure generates a clearly defined
secondary counter-rotating vortex (secondary vortex, SV) in front of the PV. This occurs
due to boundary layer separation and reattachment caused by air being pushed outward
as the PV expands [20]. Conversely, in the buoyant configuration, the more dispersed PV
leads to a more turbulent SV. This effect is further amplified by the interaction with the
orography model, which influences the development of both the PV and SV. The weaker
flow structure in the AT = 20 °C case is more pronounced for the topography of the
Polcevera Valley, causing the PV-SV structure to break apart near the ridges surrounding
the San Giorgio Bridge.

R ———— 0
05 1 15 2 25 1 1.5 2 25
r/D /D

Fig. 4. Experiments with the model in place, wiy = 0.8 m/s, AT = 0 °C (a,c) and 20° (b,d),
captured at the time r = 10 s and 6 s, respectively, of PV passing over /D = 1.5 (approximate
location of the San Giorgio bridge in Genoa): flow visualizations (a,b) and zoom-in (red dashed
rectangle) on the velocity field from PIV measurements (c,d).

3.2 Tracking of the Primary Vortex Center

Figure 5 illustrates the temporal evolution of the PV center in the vertical (7, z) plane
obtained from PIV measurements. The PV center at each time instant was identified as
the location of maximum vorticity, defined as:

w=08w/8r — u/dz (1)

Where u and w are the velocity component in the radial (r) and vertical (z) directions,
respectively.
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The legend in Fig. 5 indicates the actual thermal differentials AT between the IJP
and the surrounding air at the time of nozzle opening. Both the 1J (wyy) and buoyancy
(AT) contributions significantly influence the evolution of the PV. The role of thermal
instability becomes more pronounced at lower jet velocities: as AT increases, buoyancy
enhances the vertical convection of the PV toward the ground. Conversely, for lower AT,
the descending jet and PV expand more laterally, entraining ambient air. Notably, in the
case (wy = 0.8 m/s, AT = 17.0 °C), the PV transitions from a vertical to a horizontal
trajectory at a relatively high elevation of approximately z/D = 0.7. In contrast, for
other cases, the PV deflects horizontally at lower heights, typically below z/D = 0.5,
and increasingly closer to /D = 1 as AT decreases or wyy increases. Interestingly, the
configurations (wyy = 0.8 m/s, AT = 10.6 °C) and (wyy = 1.3 m/s, AT = 13.0 °C) exhibit
a minimum PV height below z/D = 0.3 following the 1J touchdown. Beyond /D = 1.5
— 2, the PV height stabilizes around z/D = 0.3 — 0.4, aligning with other experimental
cases.

3 : : 10
—wy =08ms™ !, AT =04°C
—wy =08ms™, AT =10.6°C |9
25 wy =08ms™, AT =17.0°C
’ —uwy =1.3ms™!, AT =0.5°C 8
—wy =13ms™}, AT =13.0°C
2 —uwy =13ms™!, AT =189°C W7
6
SEN y s =
= +
4
1
3
®
2
0.5
0 ! I I 0
0 0.5 1 1.5 2 25 3
r/D

Fig. 5. Tracking of the PV center for different experimental cases with varying wyy and actual AT
(see legend), without model installed. The color gradient represents the temporal evolution (see
colorbar), while the circle marker indicates the time instant # = 6 s for each case. (Color figure
online)

3.3 Wind Speed and Temperature Vertical Profiles

For the same cases presented in Fig. 5, Fig. 6 shows the vertical profiles of wind speed
captured at the moment of its absolute maximum within the flow field. In general, the
profiles exhibit a peak wind speed near the ground, below z/D = 0.2. As the thermal dif-
ference (AT) increases, the PV becomes more compressed to the surface. Consequently,
the vertical plateau of nearly constant velocities surrounding the absolute maximum is
more confined to the ground, characterizing the flow field beneath the PV determined
by the combination of the PV’s advection velocity at the surface and its vorticity [20].
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Above this region, velocity decreases sharply as it follows the counterflow direction
in the upper part of the PV. A second velocity inversion point is observed at a higher
altitude, where velocity approaches zero due to the nearly stagnant flow above the PV.
This second inversion point may serve as an indicator of the PV height, which decreases
with increasing AT.

When normalized by the jet velocity (wry), the velocity profiles follow a consistent
trend for corresponding values of AT. A significant deviation is observed in the case
(wy = 1.3 m/s, AT = 13.0 °C) where the maximum velocity occurs at a higher position
of approximately z/D = 0.3 and at larger radial distances (#/D = 1.89). For other cases,
the maximum velocity is observed at progressively lower radial and height positions as
AT increases. The highest thermal differences result in maximum velocities reaching
approximately three times the jet velocity (wyy). The overall maximum wind speed among
all cases is observed for (wyy = 0.8 m/s, AT = 10.6 °C), occurring at the first velocity
inversion point (/D =~ 0.06).

. :
—wy =08ms™!, AT =04°C, r/D =158
/ —wy =0.8ms™!, AT =10.6°C, r/D=131
wy =08ms™!, AT =17.0°C, /D =120
—uwy =13ms™, AT =05°C, r/D =140
06 T~ —wy =13ms™', AT =13.0°C, r/D =189
1 AT =189°C, r/D =137

\— —wyy =1.3ms ™,

0.1+~

0 I I I I T~ I I >
0 02 04 06 08 1 12 14 16 1.8 2 22 24 26 28 3 32 34 36 38 4
V /wiy
Fig. 6. Vertical profiles of wind speed at the moment of its absolute maximum within the flow
field. The radial location of this occurrence, along with the experimental configuration parameters,
is provided in the figure legend.

Figure 7 presents the corresponding normalized vertical temperature profiles,
recorded at the moment of maximum velocity (see Fig. 6) using thermocouples posi-
tioned as schematized in Fig. 2. As expected, configurations with A7 = 0 °C show
no significant temperature change with the passage of the downburst outflow. As AT
increases, the passage of the cold front driven by the PV results in a sharp temperature
drop. In general, the lowest temperatures are observed near the ground and increase with
height, though not in a strictly monotonic fashion. This pattern reflects the temperature
transition from the cold flow confined beneath the PV to the warmer inner and upper
regions of the vortex. Notably, the lowest jet velocity (wyy = 0.8 m/s) results in lower
outflow temperatures compared to wy = 1.3 m/s. This supports the idea that higher jet
velocities enhance mixing with the warmer chamber air, leading to increased outflow
temperatures.
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. AT =04°C, r/D=150
. AT =106°C, r/D =100
. AT =17.0°C, r/D =100
. r/D=100
, 0°C, r/D =150
, AT =189°C, r/D =100

0.5 0.6 0.7 0.8

Fig. 7. Vertical temperature profiles normalized by the chamber ambient air temperature prior to
the jet release. Profiles were recorded at the time of maximum wind speed at the nearest radial
location behind the maximum velocity position, corresponding to the instantaneous location of
the PV (see /D in Fig. 6 legend), thus immersed in the outflow.

4 Conclusions and Prospects

The ERIES-CLIMATHUNDERR project introduces an innovative approach to modeling
downburst winds by incorporating thermal effects, which are the primary drivers of
these winds in nature. For the first time, experimental impinging jet and gravity current
approaches are combined to investigate how different thermal instabilities (AT') between
the downdraft jet and the surrounding ambient air influence the dynamics and geometry
of the evolving outflow and vortex structures.

The results demonstrate that higher AT values lead to more compressed outflows
and vortices near the surface, with two key effects: (i) an increase in maximum veloc-
ity magnitude and (ii) a decrease in the height at which this maximum occurs. These
conclusions have important structural loading implications. Additionally, increasing the
jet velocity and thermal difference disrupts the regular structure of the outflow and the
symmetry of the primary vortex. This, in turn, enhances mixing with the surrounding
environment, raising the temperature of the evolving outflow and altering the PV-SV
interaction. This overall dynamic is found to be strongly influenced by the orographic
features of the terrain model.

Future studies will focus on quantifying and modeling the contributions of both
mechanical and thermal components to the resulting downburst flow. Additionally, fur-
ther research will explore their interaction with the scaled model of the Polcevera Valley
in Genoa, Italy, whose complex orography can significantly impact the evolution of
thermal downburst flows.
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Abstract. Antenna masts are particularly vulnerable to dynamic wind forces, and
the inclusion of ancillaries has been shown to substantially influence the loads act-
ing on the mast. This study outlines an experimental investigation aimed at eval-
vating the drag, lift, and moment coefficients of a functional antenna mast. Wind
tunnel experiments were carried out on a scaled 3D mast model under both smooth
and turbulent airflow conditions, with five distinct ancillary configurations mod-
eled after commonly observed patterns. Aerodynamic coefficients were derived
for angles of attack spanning 0° to 360°. Measurements of drag, lift, and moment
forces were taken using two six-axis force sensors attached to the model’s ends,
while downstream three-dimensional velocity data were captured using a Cobra
probe mounted on a rigid vertical mast. The results provide a detailed analy-
sis of the force coefficients, emphasizing the impact of both linear and discrete
ancillaries on the aerodynamic behavior of the mast.

Keywords: Aerodynamic Coefficients - Wind Tunnel Test - Antenna Mast

1 Introduction

The reliable estimation of the wind forces acting on structures is crucial to improve the
current understanding of their structural response mechanisms and reduce the risk of
failure. This is particularly relevant in the case of slender, flexible structures such as
antenna masts, which are highly sensitive to dynamic wind loads, resulting in numerous
collapses due to strong wind phenomena [1]. Recent research at KU Leuven focuses on
applying model-based system inversion techniques as an alternative to estimate wind
loads on tall guyed masts. These techniques integrate measured response data with
dynamic structural models to estimate the forces acting on the structure. A valuable
set of full-scale response data and wind flow measurements has been acquired on an
operating 80-m-tall mast (see Fig. 1) located in Santa Cruz del Norte, Cuba, but accurate
estimation of the aerodynamic coefficients is vital to establish a reliable reference model
for the wind loads.
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Fig. 1. Picture of the 80-m-tall antenna mast located in Santa Cruz del Norte, Cuba

Current design codes and guidelines [2—4] offer simplified methods to estimate such
coefficients based on the solidity ratio,. However, experimental studies [5, 6] have shown
that the presence of ancillary components, such as linear and discrete elements, can sig-
nificantly influence aerodynamic coefficients, depending on their placement and the wind
incidence angle. Furthermore, significant discrepancies between wind loads derived
from experimental tests and those predicted by design standards have been observed
for skewed wind conditions [6—8]. Overall, wind tunnel tests [8—10] remain one of the
most reliable methods for accurately determining aerodynamic coefficients for lattice
structures.

This study presents a recent experimental campaign conducted as part of the ERIES
Horizon Project at the Giovanni Solari Wind Tunnel Facility at the University of Genoa
[11]. The main aim of the experimental test is to characterize the aerodynamic coefficients
of the aforementioned mast. The drag forces, lift forces and moments are determined
through static wind tunnel tests performed in both smooth and turbulent wind flow con-
ditions. Five test models are considered, each corresponding to a specific configuration
of linear and discrete ancillaries. For each configuration, angles of attack from 0° to
360° are tested, with a maximal angular step of 10°. Additionally, the three-component
downstream wind velocities are acquired, allowing to investigate wake characteristics.

The complete dataset is made available online in the open-access repository Zenodo
[12]. The dataset is highly valuable for developing and validating methods to quantify
wind forces from measured wind velocities, as well as investigating wind-induced effects
on lattice structures equipped with both linear and discrete ancillaries. It expands the
limited experimental data available for static and aerodynamic tests on triangular spatial
arrays. A notable feature of this dataset is the inclusion of double angle members angled
at 60°, commonly used in antenna masts but not yet studied as part of a complete
lattice structure. These results also serve as benchmarks for validating analytical and
computational methods for estimating wind forces and force coefficients across varying
wind incidence angles.
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2 Test Description

Figure 2 shows the test setup and mounting system for the test models. Drag force,
lift force, and moments are measured using two Kistler 9257B six-dimensional force
balances mounted at each end of the model (see Fig. 2b). To analyse downstream wind
flow characteristics, a Cobra probe is positioned to capture three-component velocity
data, allowing a detailed investigation of wake turbulence. Inlet wind velocities are
monitored with a Pitot tube, and stepper motors are used to rotate the model, capturing
a full range of wind attack angles from 0° to 360°, in maximal steps of 10°. Additional
measurements are performed at specific angles of attack to enable a more accurate
estimation of the first derivative of the force coefficients in the ranges where they show
stronger variations.

H JZOO mm

850 mm
Force r N Pitot tube Force
balance A balance B
|
Bl |
Test model
Rigid o
supports . 1700 mm N
a) b)

Fig. 2. Test setup showcasing the elements inside the test section for (a) smooth flow and (b)
turbulent flow.

The tests are performed using a carbon-fiber scaled sectional model of the 80-m-tall
antenna mast, with a triangular lattice cross-section. A 1:10 scale is chosen to ensure both
model stiffness and manageable blockage ratios within the wind tunnel’s test section,
resulting in a sectional model of length # = 1680 mm and width » = 160 mm. The
model is fitted with both linear ancillaries (ladders, power supply and feeder cables) and
discrete ancillaries (UHF, VHF III, and VHF Dipole antenna systems), representing the
most common configurations observed in the mast. The linear ancillaries are recreated
using 3D-printed carbon fiber, whereas the discrete ancillaries, attached at the mid-
section of the model, are replicated using a combination of carbon fiber, high-density
foam and aluminium components.

A total of 5 different test model configurations (see Fig. 3) are tested. These con-
figurations reflect the predominant patterns of linear and discrete ancillaries present on
the real structure: 1. (Bare) bare model of the structure representing the geometry of
the modular section composed by the columns, crossed diagonals, braces and internal
braces (Fig. 3a); 2. (Linear) bare model equipped with linear ancillaries, i.e. internal
ladder, feeder cables and data cables for discrete antennas (Fig. 3b); 3. (Linear + UHF)
bare model equipped with linear ancillaries and four polarized UHF panels (Fig. 3c);
4. (Linear + VHF III) bare model equipped with linear ancillaries and three band III
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VHF antennas (87.5-108 MHz), mounted on a circular frame (Fig. 3d); 5. (Linear +
VHF Dipole) bare model equipped with linear ancillaries and four VHF closed dipole
antennas (174-230 MHz), mounted on a square frame (Fig. 3e).

a)
Mid-section
Antenna power
supply i
Antenna data
cables
2x UHF polarized g leF closed
1 antes ole antennas
(me e 3x VHF band ITT P
£ A
3 73
: ; |
]
e .
i
\_2x UHF polarized
panel antenna
- la=0°
c) d)

Fig. 3. Sectional model of (a) the bare specimen without ancillaries, and the specimen equipped
with (b) linear ancillaries (ladder and cables), (¢) UHF polarized panel antennas, (d) VHF band
IIT antennas, and (e) VHF closed-dipole antennas, highlighted in red.

Experiments were conducted under both smooth flow (turbulence intensity < 0.2%)
and turbulent flow conditions (turbulence intensity ~7-8%) generated by using a passive
grid device. Data are recorded at each angle of attack « for 60 s at a 400 Hz sampling
rate. Additionally, environmental conditions in the laboratory are monitored by measur-
ing the room temperature, atmospheric pressure and relative humidity throughout the
experiment. Table 1 summarizes the main characteristics of each test setup.

3 Aerodynamic Coefficients

To compute the aerodynamic coefficients, the forces and moments measured from each
force balance are combined to obtain the total forces and moments (Fy, Fy, M;). Then,
the mean values of the total forces, obtained by averaging over the total measurement
time, are decomposed to obtain the drag force (D), lift force (L) and moment (M) acting
on the model (see Fig. 4).

The drag, lift and moment coefficients are respectively computed as indicated in Eq.
(1):

2D 2L 2M
—— OL=—F— Ou=—7F—
pU Aq pU Aq pU Ab

Cp = (1



18 B. Clavelo et al.

Table 1. Setup characteristics

No | Test model Flow type | U Angles of attack [°]

[m/s]

Basic Additional

1 Bare Smooth 152 |0:10:360 |5,15,25,35, 85, 95,115
2 Linear Smooth 152 ]0:10:360 |5,15,115,195,205,315,325
3 Linear Turbulent | 11.1 0:30:360 | [-]
4 Linear + UHF Smooth 152 ]0:10:360 |5,15,115,155,195,205,325
5 Linear + VHF III Smooth 15.2 0:10:360 |5,15,115,185,195,198,202
6 Linear + VHF Dipole | Smooth 153  |0:10:360 |5,15,115,195,205

Wind
direction

—)

Fig. 4. Force decomposition scheme and definition of coordinate systems (z-axis pointing
outwards).

where p is the air density; D, L and M are the mean values of the drag force, lift force
and moment, respectively; U is the reference mean wind velocity; and b is the reference
dimension of the model, taken as the model width, equal to 0.16 m. The coefficients are
normalized with respect to the solid area A for an angle of attack « = 0°, taken as the
total projected area of the structural elements and ancillaries located in the windward
face.

Figure 5 presents the aerodynamic coefficients obtained using Eq. (1). The drag
coefficients are notably higher than the lift and moment coefficients, which remain
close to zero across most configurations and angles of attack, aligning with the quasi-
symmetric layout of the lattice. The drag coefficients for the bare model are generally
the lowest. In contrast, configurations equipped with UHF and VHF antennas and linear
ancillaries exhibit values up to 16% higher than those of the bare model, particularly at
angles of attack around 90° and 270°.

The study also finds substantial variation in the drag resistance across different con-
figurations, with drag resistance consistently increasing with the addition of ancillaries,
as shown in Table 2. This study found that adding linear ancillaries increases drag resis-
tance by up to 30%, while incorporating both linear and discrete ancillaries can raise
drag resistance by up to 45%.
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Fig. 5. Aerodynamic coefficients: (a) drag Cp, , (b) lift Cr, , and (c) moment Cy, as a func-
tion of the angle of attack o (markers), with a third-order cubic spline interpolation (solid line)
superimposed.

Table 2. Drag resistance (Cp - As) in m? for different test configurations.

o Bare |Linear Linear + UHF |Linear + VHF Il | Linear + VHF Dipole
0° 0.16 |0.19(20.1)" | 0.21(30.9) 0.22 (34.9) 0.21 (33.1)
60° 0.18 10.22(26.1) ]0.23(30.9) 0.25 (38.3) 0.24 (36.4)
120° 1 0.16 |0.21(30.8) |0.23(43.8) 0.22 (43.4) 0.23 (45.1)

*: number in parentheses indicates the percentage difference with respect to the bare structure

4 Conclusions

This study presents a comprehensive dataset aimed at the identification of aerodynamic
coefficients for an antenna mast for different ancillary configurations and various flow
conditions. The drag, lift and moment coefficients are obtained for angles of attack
ranging from 0° to 360°, allowing the full characterization of the aerodynamic forces
of the guyed mast under study. The results highlight the influence of linear and discrete
ancillaries, which increase the drag resistance of the mast in up to 30% and 45%, respec-
tively. Lastly, the dataset generated serves as a valuable resource for future research and
structural engineering applications. Potential for reuse is observed in several applica-
tions, including comparison with experimental data obtained from other wind tunnel
tests, validation of analytical and numerical CFD models with similar characteristics
and estimation of wind loads due to ancillaries.
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Abstract. Severe weather conditions may affect the structural integrity of build-
ings and infrastructures in port areas. Recommendations provided in international
codes are currently based on the quasi-steady atmospheric boundary layer (ABL)
winds which are not entirely representative of all the winds that may occur in the
lower atmosphere. For example, ABL winds are often characterized by a lower
mean wind velocity near the ground compared to other types of winds such as
downbursts, tornadoes, and downslope winds (DWs). DWs develop when cold air
flows over a mountain ridge with a steep lee slope, where the orographic wave
breaking commonly occurs, and the cold air further slides down the mountain.
DWs are well-known to occur all over the world. Thus, investigating the nature of
DWs is mandatory to improve the current standards and safely management proce-
dures of port infrastructure and operations. In this study, a measurement campaign
was carried out using the LiDAR installed in the Port of Genoa to analyze DWs
descending from the Apennines to the Ligurian coastline through the Turchino
Valley. LiDAR scans were conducted from December 2024 to early March 2025,
when DWs occur more frequently. RHI and PPI scans were carried out during
six strong DW events using azimuthal angles from 295° to 330°, scanning eleva-
tions from 0° to 15°, range gates from 0.3 to 14.3 km, and 100 m resolution. The
representative results of the studied DW events are presented here.

Keywords: ERIES-LIDAR - Downslope winds - Scanning Lidar - Scanning
strategies

1 Introduction

The broad field of wind engineering encompasses the social and economic impacts of
wind effects, wind characteristics, local wind environments, wind loads on structures,
and the structural response and resilience to wind actions. All these topics are particularly
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relevant in port areas, which are commonly exposed to extreme meteorological phenom-
ena, especially extreme winds [1] that can cause accidents and pose risks to human life
[2, 3]. To properly address these problems, it is sometimes of particular interest to learn
more about the exact characteristics of some strong unique winds that can affect a port
at the local scale. This is the case of some ports in the northern Mediterranean which are
locally affected by strong downslope windstorms (DWs) that develop especially during
the winter season.

DWs typically occur when the air flows over high mountains, where orographic
wave breaking is present, and the cold air slides down the steep lee slopes and accel-
erates because of the negative buoyancy, eventually producing internal gravity waves
that develop in a stable stratified environment [4—6]. Strong downslope windstorms can
occur all around the world with similar characteristics, e.g., in Mendoza, Argentina [7],
Hokkaido, Japan [8, 9], over the Pennine hills, Yorkshire, England [10], Boulder, Col-
orado, USA [11]. In the Mediterranean, Bora wind, which blows in the north-eastern
Italy and Croatia, causing often disruptions in the ports of Trieste and Monfalcone, is
likely the most famous and well-know DW, e.g., [12-17].

Similar DWs occur in other Mediterranean regions, like in north-western Italy, where
strong DWs can occasionally blow at the end of the main valleys [18]. This is a special
kind of downslope winds, called gap winds, that often occur along the main valleys of
Liguria, Italy, especially when the air to the North of the Maritime Alps and Apennines
reaches the top of the mountains and blows down the slope towards the sea because it is
cooler and denser than the maritime air above the warmer Mediterranean water.

According to [19], these gap flows are strong gusty winds present in the lee of
mountain gaps or passes, with their highest speed at the valley outlet. Their presence
over the Ligurian Sea is sometimes reinforced by larger scale low-pressure systems, as
during secondary cyclogenesis events in the Gulf of Genoa [20], so that stronger gusty
slope winds can develop under certain meteorological conditions.

In the western part of the Genoa city, the exit of the Turchino Valley is a hotspot of
strong DWs, which often develop in winter, blowing from the inland to the sea even for
several consecutive days. When this type of event is expected to occur, based on weather
forecast predictions, most of the port services in this area is halted, with detrimental
consequences regarding maritime operations.

The Giovanni Solari Wind Engineering and Structural Dynamics (GS-WinDyn)
Research Group of the University of Genoa operates a scanning Doppler wind lidar
infrastructure installed at the tip of a dam about 2.5 km southeast of the Turchino Val-
ley. This is an ideal position to measure DWs, both to study the phenomenon from the
physical point of view and compare the observations with other major DWs that occur
around the globe.

The major goal is to enhance the codification of DWs in engineering standards
and codes. The scope of the Project ERIES-LIDAR was to accordingly perform field
measurements of DWs using the Doppler lidar of the University of Genoa in the winter
season 2024-2025. In the following, the measurement campaign that took place from
December 2024 to early March 2025 is described and some preliminary results are
shown.
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2 Doppler Lidar Campaign

The Doppler Lidar operated by the University of Genoa is a WindCube 400S (ver-
sion 2018), which is the most powerful scanning Lidar developed and produced by
Vaisala/Leosphere. The Lidar is installed at the tip of a quay in the western part of the
Port of Genoa, 5 m above the sea level (ASL), Fig. 1. In this position, the Lidar is
sheltered from the sea waves by the 8 m high port dam. The Lidar has the field of view
ranging from the azimuthal angle 70° to 30°, considering a clockwise rotation, while it is
partially sheltered in the 30°-70° range due to the presence of the red light that indicates
the port entrance, Fig. 1d.

Fig. 1. Scanning Lidar in the Port of Genoa: (a) City of Genoa in the north-western Italy; (b)
location of the Lidar in the western part of the city; (c) photograph was taken westward from the
scanning Lidar position during an event of DWs; (d) the scanning Lidar at the tip of the quay (blue
circle).Since the Turchino Valley is to the northwest of the Lidar, the instrument can measure DWs
blowing within the 270°-360° range. For safety reasons, the Lidar site is located in a restricted area
managed by the Port Authority. To allow for the system to be fully operational 24/7, it is directly
connected to the power supply network. The communication with the instrument and data transfer
are via a 4G mobile connection based on a router accessible through a private VPN. (Color figure
online)

2.1 Experimental Details

Some relevant technical specifications of the scanning lidar are provided in Table 1. In
the third column the values selected for the measurement campaign are reported.
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Table 1. Performance specifications and measurement parameters of the WindCube 400S.

Parameter Values/Specification
Maximum range 14 km 14 km
Wind velocity range Doppler velocity from -30 to + -
30ms™!
Precision of velocity 05ms! -
measurements
Time record length 0.5-10 s (1 s is standard) ls
Physical range resolution | 75, 100, 150, 200 m 100 m
Scanning patterns PPI (Plan Position Indicator); RHI | Mixed PPI and RHI

(Range Height Indicator); DBS
(Doppler Beam Swing); fixed LOS
(Line-Of-Sight)

Output data Radial wind velocity and Doppler
spectrum broadening;
Carrier-to-Noise Ratio (CNR);
three-dimensional wind
components (DBS scenario)

Scanning angles Azimuth: 0 to 360° (with 0.01° Azimuth: 295° to 330°;
increment); Elevation: 0° to 90° Elevation: 2.5° to 12.5°
(with 0.01° increment); Endless
rotation

2.2 Observed DW Events

The measurement campaign lasted from the beginning of December 2024 to the begin-
ning of March 2025. During this period 6 DW events were observed. Table 2 provides
an overview of these events, classified by the synoptic meteorological conditions during
DW events. The events T1-T4 are all associated to the Omega-like blocks.

In T1-T2, the cold advection of the air over northern Italy originates from high
latitudes due to the presence of a stationary high-pressure system that slowly moved
from Scandinavia to Siberia (from T1 to T2) coupled to a low-pressure system over
central Italy. In T3 a trough was relevant for the cold air advection from the northern
Atlantic Ocean to the Mediterranean, when the air was more humid than for T1 and T2.
T4 was similar to T3 but the high pressure was stronger and displaced over northern
Europe. During T5 the strong northerly DWs were mainly due to the presence of a very
low and wide pressure system over the Atlantic Ocean that entrained the air from the
Mediterranean through the gap between the Alps and Pyrenees, following a wind pattern
opposite to the Mistral in southern France. Finally, T6 was a weaker event with lower
differences in temperature between the Padana Plain and the Mediterranean.

In the third column of Table 2, the scanning approach regarding the studied events
is described. In T1 and T2, only RHI scans were utilized, ranging from the azimuthal
angle 295° to 330° with step 5° (i.e., 295°,300°, ..., 330°). In all the other events, except
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T5, a mixed scanning strategy based on both RHI and PPI scans was used. If the wind
is persistent and quasi steady-state conditions can be assumed over about 10 min (i.e.,
the typical averaging times in boundary layer meteorology), combining RHI and PPI
data is expected to provide a relatively dense grid for mapping DWs, thus offering a
comprehensive spatial view of the wind field and its evolution over time. Finally, also
because TS5 was quite a short event, a rapid scan strategy was adopted using a single RHI
pointing at the azimuthal angle 320° with the specific aim of studying the evolution of
the bi-dimensional turbulent eddies.

Table 2. Performance specifications and measurement parameters of the WindCube 400S.

ID | Period (ddmmyy) | Synoptic condition Scanning approach
T1 | 031224-061224 | Low pressure over central Italy. Cold air 8 RHI"

advection from Scandinavia
T2 | 061224-131224 | Low pressure over central Italy. Cold air 8 RHI"

advection from Siberia

Ed

T3 | 131224-141224 | High pressure over the Balkans, trough extending | 8 RHI" + 5 PPI"™™
over the Mediterranean from northern Atlantic

T4 | 060225-100225 | Omega block with high pressure over 8 RHI" + 5 PPI""
Scandinavia

T5 | 190225-200225 | Low pressure over the Atlantic, high pressure 1 RHI™™
over central Europe
T6 | 010325-050325 | Azores anticyclone extending over central Europe | 8 RHI" + 5 PPI"™"
* RHI: Azimuth 295°-330° (step 5°); Elevation 0°-15° (step 0.5°)

** PPI: Azimuth 295°-330° (step 0.5°); Elevation 2.5°-12.5° (step 2.5°)

*** RHI: Azimuth 320°; Elevation 0°-15° (step 0.5°)

3 Preliminary Results

The parameters assessed during the project include the integral flow and turbulence
parameters, e.g., the mean wind speed, turbulence intensity, turbulence length scales,
etc., while in the frequency domain, the power spectral density of the wind velocity
fluctuations is accounted for.

As an example, in Fig. 2 the Doppler velocity measured along the RHI scans taken at
the azimuthal angle 310° in the period from 0926 UTC to 0956 UTC are shown for the
event T3. Firstly, it can be noted that, despite the maximum scanning range of 14 km,
the availability of measurements is limited to 2.5 km ASL, while above this threshold no
backscattered signal was observed. This can be due to either the reduced concentration
of aerosol in the upper atmosphere or the presence of clouds. It is also interesting to note
that, during this event, an upper air flow from sea to land (yellow contours) occurs above
2 km ASL, whereas the stronger DW (from land to sea) is present in the lower ABL,
i.e., the ASL, exhibiting the gravitational nature of the DW flow. 1000 m is the height
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of the top of the mountains at the position where DWs develop, i.e., the gap between
the Padana Plain and the lee slope that leads to the exit of the Turchino Valley at the sea
level.

20 14300 14.5°
2 10800 .
10 r (m) . 968
g 0 7300
10 4.84°
-20
-30 0.01°
RHI scan
Date: 13-Dec-2024 from 09:26:08 to 09:26:37
Azimuth: 310°
14300 14.5°
10800
r (m) 9.67°
7300
3800 4.84°
300”‘# -. -
RHI scan
Date: 13-Dec-2024 from 09:36:08 to 09:36:37
Azimuth: 310°
14300 14.5°
10800
r(m) . 9.67°
7300
3800 — 4.84°
0.012°
RHI scan
Date: 13-Dec-2024 from 09:46:07 to 09:46:36
Azimuth: 310°
14300 14.5°
10800
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. 4.84°
3800 f
300, st : 0.011°
RHI scan
Date: 13-Dec-2024 from 09:56:07 to 09:56:36
Azimuth: 310°

Fig. 2. RHI scans showing the Doppler velocity measured by the Lidar in the Port of Genoa on
December 13, 2024, from 0926 to 0956 UTC. Negative values correspond to the flow direction
towards the instrument.

The DW is stronger close to the ground from the mountain gap to about 4 km (radial
distance from the Lidar), while it becomes weaker close to the ground and stronger aloft,
and finally strong again nearby the instrument. What is particularly interesting is that
this seems to be a recurrent pattern, because the RHI scans in Fig. 2 are recorded every
10 min and they all show the same behaviour. However, it is not clear at the moment
why the strong wind detaches from the ground at 4 km and reattaches nearby the Lidar.
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Something similar to a hydraulic jump could be argued, but further investigations on
turbulence as well as on the three-dimensional structure of the flow are required to clarify
this phenomenon.

4 Conclusions

The database of downslope winds measured during six events that occurred in winter
2024-2025 in Genoa (north-western Italy) is presented in the framework of the ERIES-
LIDAR project. Measurements were performed using a Doppler scanning Lidar installed
in the Port of Genoa close to the exit of the Turchino Valley, where DWs commonly
blow, often causing harsh environmental conditions regarding port activities.

Only the portion of one event (T3) is analysed here in a preliminary way to show
the relevance of this type of measurements. Further work is required regarding various
aspects of DWs that are of interest for the wind engineering and atmospheric science
communities. It is expected that the forthcoming findings will yield substantial improve-
ments and validation of subsequent studies on DWs and their effects on structures, and
encourage a detailed codification of these winds.
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Abstract. ERIES-POLISHED studies the influence of sea-like atmospheric
boundary layers (ABL) wind conditions on the pollutant dispersion on deck of
a service operation vessel. Moreover, the influence of ship-ship interaction on
pollutant dispersion on deck of service operation vessels is assessed and com-
pared to the reference case. Also, an investigation is performed on the influence
on pollutant dispersion on deck of the service operation vessel close to typical har-
bour structures to identify differences to the previous cases. The investigations of
the above-mentioned configurations were tested in the closed-circuit Atmospheric
Boundary Layer Wind Tunnel (ABLWT) at Eindhoven University of Technology.
The results of the wind tunnel measurements are used to validate CFD models of
ReFRESCO, OpenFOAM and Star-CCM + flow solvers both at model and full-
scale conditions, by research groups in Portugal, the Netherlands and Denmark.
This paper presents the early results of objective 1 of the ERIES-POLISHED
project, where the ongoing activities for the validation studies of Industry 4.0
methods is being performed.

Keywords: Exhaust Smoke Dispersion - Atmospheric boundary layer - Wind
tunnel - CFD - Star-CCM + - OpenFOAM. ReFRESCO

1 Introduction

Operating ships in a harbour environment increases the likelihood of interference
between neighbouring ships. Moreover, exhaust gas dispersion into the surroundings
can potentially cause hindrance for residents [1] and during operation in harbour, emis-
sions may be higher than during regular operations in open sea [2]-[3]. There is a shift
towards zero emissions and decarbonization, as air pollution is considered one the largest
health risks [4]. While these developments are ongoing, air pollution remains an issue.
The majority of existing vessels are dependent on fossil fuels. As various harbours are
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enforcing stricter emission regulations, it becomes important to predict and quantify
exhaust gas emissions for existing vessels.

Vessels encounter various wind conditions while operating at open seas or manoeu-
vring in a harbour. In all such conditions, either the crew is working on open deck
spaces or gases are recirculated into ventilation intakes, potentially exposing crew and
passengers to noxious exhaust gases. Moreover, during harbour operations, there is
potential dispersion of exhaust gases into the urban environment which leads to more
local pollution.

The project of ERIES-POLISHED is dedicated to provide detailed wind tunnel dis-
persion experiments as validation data for various CFD software tools. As vessels are
operating in a harbour, the local atmospheric boundary layer will be disturbed by the pres-
ence of neighbouring structures, such as passing vessels or harbour buildings. Precisely
the influence of dispersion for neighbouring ships and dispersion into the atmosphere
under disturbance is evaluated within this project.

The project aims to investigate the following three objectives:

Objective 1:Investigation of the dispersion from a single ship under various wind
directions. This serves as a baseline study and is a typical investigation for these types
of studies where the neighbouring structures are neglected.

Objective 2:Determination of the influence and interference on exhaust gas disper-
sion with neighbouring ships within a ship’s length distance. This is relevant for ships
operating close to one other in harbours, offshore in wind turbine parks or in shipping
lanes.

Objective 3:Influence of exhaust gas dispersion with neighbouring harbour-like
structures. Buildings and harbour-like structures have a larger wake, and this objective
is very relevant for ships in a harbour.

A measurement campaign was carried out at the end of 2024 in the Atmospheric
Boundary Layer Wind Tunnel at Eindhoven University of Technology to gather concen-
tration levels around different ship configurations for each of the three objectives. These
configurations are now remodelled for CFD validation and simulation.

This paper presents the ongoing activities of the numerical modelling.

2 Details of Vessel

The vessel used in this project is a generic Construction and/or Service Operation Vessel
(CSOV) [5]. A picture of a CSOV is shown in Fig. la. The investigated CSOV has
a length of 84 m and beam of 17 m. Although it is related to other CSOV vessels in
the portfolio, the model studied contains a few simplifications and modifications. The
simplifications basically consist of removing various deck and equipment components
that are relatively small. These smaller elements only influence the flow field locally
and given that one of the primary aims of the investigation is to provide data for CFD
validation, the additional complication is unnecessary. Moreover, such finer details are
difficult to 3D-print for the wind tunnel model and will result in an unnecessarily high
cell count in CFD modelling.

The geometry has been simplified for experimental and numerical modelling as can
be seen in Fig. 1b.
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a) Damen CSOV 8417 b) Simplified CAD model

Fig. 1. Images of the vessel.

The most notable modification is that for the sole purpose of this project, it has been
decided to install the exhaust outlets on top of the wheelhouse. In practice the exhaust
outlets will be installed on top of the elevator, which is the highest available location on
the vessel. This location is, of course, beneficial for reducing issues with exposure to
exhaust gas on lower decks, but it would reveal very limited data for the validation study.
Therefore, the exhaust outlet has been placed at lower height to purposely increase the
exhaust gas concentration at working deck level.

2.1 Operational Profile of CSOV

These multi-role vessels service offshore wind farms by transferring crew and cargo to
various offshore wind turbines multiple times per day. At each wind turbine a dynamic
positioning system is used to safely and slowly manoeuvre towards the turbine. When
the vessel is near the wind turbine, the motion-compensated access system (attached to
the vertical elevator) will connect to the wind turbine to safely transfer crew and cargo to
or from the wind turbine. When the transfer is completed, the vessel slowly manoeuvres
away from the wind turbine and proceeds to its next mission. This process is carried out
several times per day. While doing the operations within a wind farm, the CSOV operates
most likely in the wake of wind turbines. Hence the incoming atmospheric boundary
layer may be disturbed. During manoeuvring and transfer phases some of the crew work
at open-deck spaces and therefore can be exposed to gas emissions from the vessel.

3 Experimental Set-Up

This paragraph briefly summarizes the experiments. More details can be found in dedi-
cated publications about the experiments [6]- [7]. A wind tunnel model at a scale of 1:100
was tested in the closed-circuit Atmospheric Boundary Layer Wind Tunnel (ABLWT)
at Eindhoven University of Technology. A schematic of the ABLWT is presented in
Fig. 2a. A picture of the model in the wind tunnel is shown in Fig. 2b.
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a) Atmospheric Boundary Layer Wind b) Photograph of modelship rotated 15°
Tunnel (ABLWT) layout

Fig. 2. Wind tunnel set-up.

A neutral maritime-like atmospheric boundary layer wind profile was generated with
vortex generators and surface roughness elements. The wind profile follows a power law
defined (with full-scale properties) with a reference velocity of 10 m/s at a reference
height of 20.2 m, which corresponds to the height of the centre of the exhaust outlet
above sea-level. The exponent of the power-law is 0.12.

Exhaust emissions are modelled with a mixture of synthetic air, ethylene and helium.
The exhaust gas is emitted at a reduced-scale velocity of 0.88 m/s (for Froude number
similitude). This corresponds to a 25% engine loading condition at full-scale (approx.
8.8 m/s).

The concentration of the emitted gas is measured at a height of 1.5 m (full-scale)
at multiple locations on deck of the vessel using a fast flame ionisation detector from
Cambustion Ltd. At each location, a 300-s-long time series of pollutant concentrations
is recorded at a frequency of 85 Hz. (Note that the sample locations (Fig. 10) is shown
later in the paper for easier comparison to CFD results.)

4 CFD Model Description

4.1 CFD-Tools

Star-CCM is a commercial CFD solver employed for RANS simulations that are part
of this study. Version 24.10.0001 has been used for this study [8]. Star-CCM + uses
the finite volume method on cell centre unstructured meshes. Second order upwind and
central differences schemes are used to discretize the convection and diffusion terms.
The SIMPLE algorithm solves the pressure-velocity coupling. The turbulence model
used in this study is the k- SST.

ReFRESCO is a community based open-usage viscous-flow CFD code [9]. It solves
multiphase, unsteady incompressible viscous flows using the Navier-Stokes equations,
complemented with turbulence models and volume-fraction transport equations for the
pollutant specie. The equations are discretized using a finite-volume approach with cell-
cantered collocated variables, in strong-conservation form. Pressure-correction equation
based on the SIMPLE algorithm is used to ensure mass conservation. For turbulence
modelling, a RANS approach was used in this study, but URANS and SRS (scale-
resolving simulations) approaches like DDES, PANS and LES are also available.
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OpenFOAM is a free, open source CFD software primarily developed by OpenCFD Litd,
which is a subsidiary of the ESI Group [10]. OpenFOAM incorporates various numerical
modelling techniques including DES and LES modelling. In this study, OpenFOAM
v2306 is used with the industrial standard steady-state Reynolds Averaged Navier-Stokes
(RANS) solver. A dedicated solver for buoyancy effects (buoyantSimpleFoam)
is used with a time-independent SIMPLE pressure-velocity coupling algorithm. The
solver is a steady state solver for compressible laminar or turbulent flow including
buoyancy effects. Turbulence is modelled using the k-®-SST RANS turbulence model
and the near wall boundary layers are modelled with a wall-function. The k-@-SST is
an accurate model for external flow simulations, and this model is appropriate for bluff
body flows, such as superstructure flow analysis). Air is modelled with an ideal gas (i.e.
incompressible perfect gas) description and (dynamic) viscosity, , is determined using
a Sutherland viscosity model. Exhaust gas dispersion is modelled with a passive scalar
transport equation.

4.2 Domains and Numerical Mesh

Star-CCM. The domain has been modelled as a cylinder with a radius of 10x Lpp (ship
lengths) and a height of 6x Lpp m to avoid interference of the domain boundaries with
the calculations by reducing the risk of having blockage effects. A global view of the
mesh is presented in Fig. 3.

a) Side view domain b) Bird view domain

Fig. 3. Star-CCM Mesh views.

Discretization of the volume elements has been achieved by using trimmed hexahe-
dral cells with several local refinements and the prism layer that extends from the surface
of the hull. The refinements were located close to the vessel and especially in those areas
where a finer mesh was required such as the superstructure, and the wake refinement
zone to capture the plume of exhaust gases. The y + values for the simulations stay
in the range 30 <y + < 600 independently of environmental conditions i.e., density,
reference speed among others. The cell count for this mesh is 16.4 million cells.

Views of the surface mesh of the vessel are shown in Fig. 4. To resolve the Atmo-
spheric Boundary Layer (ABL), a set of refinements in the bulk domain are depicted in
Fig. 5.

ReFRESCO. For the ReFRESCO simulations, a full hexahedral mesh was generated
using Fidelity-Hexpress. The used cylindrical domain is illustrated in Fig. 6a. It is cen-
tred around the vessel and has a radius of 10 LOA and a height of 410 m. The mesh,
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a) Front view b) Side view

Fig. 4. Star-CCM surface mesh.

a) Zoomed side view b) Side \}iéw

Fig. 5. Star-CCM Volume mesh.

illustrated in Fig. 6b, has a base cell size of 32 m. The mesh contains two refinement
boxes that reduce the cell size from the initial base size to cells of approximately 0.5 m
near the vessel and additional surface refinements to fully capture the vessel geometry
as illustrated in Fig. 6b. Post-anisotropic refinement was also used to capture the atmo-
spheric boundary layer profile. Viscous layers were also included in the vessel surfaces
with a first cell height of 9.1 mm, which resulted in an average y* value of 100. The
mesh contains a total of 16.6 million cells and 0.86 million surfaces.

a) Domain view b) Detail view of the grid around the vessel.

Fig. 6. Computational domain used in ReFRESCO simulations.
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OpenFOAM (ANSA) Mesh. The mesh for OpenFOAM has been generated with
ANSA from Beta CAE Sytems. The mesh (for full scale simulations) is cylindrical
with a diameter of 3000 m and a height of 250 m. The total cell count of the mesh is 53
million, and it is divided into 10 million prism cells in the boundary layer and 43 million
tetrahedra cells in the volume. A mesh overview is shown in Fig. 7, and details of the
surface mesh are presented in Fig. 8.

a) Mesh overview b) Slic‘e throﬁgh mesh at énterline

Fig. 7. Views of the ANSA volume mesh.

Fig. 8. ANSA surface mesh.

4.3 Environmental Conditions in CFD Simulations

Exhaust gas simulations are performed for the full-scale environmental conditions listed
in Table 1.

In Star-CCM + the exhaust gas is modelled as a multi-component mixture where a
miscible mixture of He, CoHy, O3 and N in the same phase. For the CFD simulations
the Synthetic air is assumed to be composed of 80% nitrogen and 20% oxygen. The gas
then is assumed to be composed of 0.61% He, 0.2% C,H4, 0.038% O3, and 0.152% Nj.

In ReFRESCO and OpenFOAM the gas is simulated with a passive scalar, where
a variable is assigned to a fluid phase that does not affect the physical properties of
the simulation but can be used to track one or various quantities and for this project
it is used to colour and track a gas stream of ethylene to be compared to the ABLWT
measurements.
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Table 1. Environmental conditions.

Variable Unit Value
Reference velocity m/s 10

Reference height m 20.2

Density kg/ m3 1.22

Ambient temperature °C 15

Air viscosity Pa-s 1.802 x 10E-5
Inflow angle ° 15

Exhaust gas temperature °C 350

Exhaust gas velocity m/s 8.8
5 Results

The results for objective 1 of this project investigates gas dispersion for an isolated
ship for different wind directions. Prior to performing an extended validation of gas
dispersion with several CFD solvers, one case with an inflow angle of 15 degrees is
used to develop the baseline model setup, calibrate the model, establish a common
workflow for interrogating the models and develop a solid foundation to perform the
CFD validation. This section presents the results of gas dispersion obtained for an inflow
angle of 15 degrees.

5.1 Wind Profile

The wind profile simulated in the various CFD solvers are sampled in the free upstream
of the vessel. The CFD results compared to the Log and Power law wind profiles are
shown in Fig. 9. The deviation below 5 m height between the wind profiles from the CFD
codes, the measurement and theory are noticeable. However, ReFRESCO and Star-CCM
+ tend to slightly underpredict the power law and experimental data. OpenFOAM has
a tendency of overpredicting the speed near the boundary layer. The overall correlation
above 10 m height is acceptable and the velocity at the exhaust height is correct.

The difference in the simulated wind profiles is caused due to the difference in how
the different meshing tools used in this project allow various settings for generating the
necessary refinements to capture properly the boundary layer near the bottom wall of
the domain, around the vessel and how each solver deals with the mesh properties.

5.2 Gas Dispersion

The results of the gas dispersion analysis with the different solvers are analysed by
probing the parts per million (ppm) of helium in the case of Star-CCM + as this is the
gas that amounts to 61% of the gas mixture. For ReFRESCO and OpenFOAM, the gas
composition has been simulated as a passive scalar and the sampling method therefore
tracks the Passive Scalar. The wind tunnel measurements reported the concentration of
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Fig. 9. Comparison between the numerical and experimental wind profiles.

ethylene. Therefore, the results of ReFRESCO and OpenFOAM track the concentration
of ethylene.

The different gas components are probed at 34 locations, as shown in Fig. 10, and
compared to the wind tunnel measurements on the same locations. The comparison
between numerical and experimental values is presented in Fig. 11.

The data shows the capability of the numerical methods to identify the presence of
the exhaust gas for most of the probe locations, but all codes tend to underestimate the
relative concentration of the tracer gas. The results of probes P211, P212, P311, P312,
P21 and P23 predict higher gas concentration values as these probes are located inside
the exhaust plume. At these probe locations Star-CMM 4 and ReFRESCO present clear
overshoots.

The gas concentration measured at the probes shown in Fig. 10 are presented in
Fig. 11. Here the measurement at each probe is normalized by the total concentration of
gas emitted.

5.3 Helium Gas Dispersion

The simulations performed with Star-CCM + are based on a RANS approach. The solver
simulates a multi-component gas where helium (He) is the gas with the larger percentage
of the gas mixture. Any of the gas components of the gas mix can be analysed but, in
this section, only the results for helium concentrations are presented.

Figure 12 presents the results for the iso-surface contours for 0.01%, 0.25% and 0.8%
content of helium. These iso-surfaces display the results only for the helium component
of the gas emitted at the exhaust gas and not the whole gas mixture.
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Fig. 10. Sample point locations.
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Fig. 11. Concentration levels at probe locations for 15° inflow angle.
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Figure 13 shows the concentration of helium measured at the centre plane and an iso-
surface of 0.8% of helium. The probes that measure higher values are the ones located
within or in the wake of the iso-surface shown in Fig. 13a.

Probe 211 is the probe located right after the exhaust outlet and it has the higher
concentration of helium for this condition, as shown in Fig. 13b and Fig. 14. It can
be inferred that conducting a CFD campaign before starting a wind tunnel campaign
can assist in assessing probe locations effectively therefore improving the measurement
success of a wind tunnel campaign.

CHelium [%]
LX) 75

a) He concentration and Iso-surface b) He concentration at center plane.
0.8%.

Fig. 13. Relative concentration of Heat probes locations and centre plane using Star-CCM +.

Furthermore, it is needed to device a procedure to better display the averaged gas dis-
sipation throughout the simulation to better understand the diffusion process because the
results presented here are the instantaneous results obtained at the end of the simulation
and not an averaged value that can account for dispersion and diffusion.

L knug e HaNsEN L KNUDE. HANSEN .
Sl - CHelium [%] iy, = CHelium [%]
LX) 75 51 o 025 05 075 51

a) Top view b) Aft bird view

Fig. 14. Probes location and 0.8% iso-surface content helium using Star-CCM +-.

5.4 Ethylene Gas Dispersion

The simulations performed with ReFRESCO and OpenFOAM track a passive scalar to
simulate the gas dispersion and the results are presented for the dispersion of ethylene.
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ReFRESCO. The simulations conducted using ReFRESCO are based on a RANS mod-
elling approach, so the results are already time-averaged and can be directly compared
to the experimental results.

The simulation results are presented in Fig. 15 and Fig. 16. Figure 15 present illus-
trations of three iso-surface levels of the percentage of ethylene, and Fig. 16 a slice
showing the contour of the same quantity in the vessel centre line.

a) 0.01% Iso-surface b) 0.25% Iso-surface ¢) 0.80% Iso-surface

Fig. 15. Iso-surfaces of the percentage of ethylene using ReFRESCO.

Fig. 16. Contour of the percentage of ethylene in vessel centre line using ReFRESCO.

The figures show that for this incidence angle and reference velocity, the flow
transports the exhaust gas into the lower deck area, with this zone presenting high
concentrations of ethylene as areas near the emission source.

OpenFOAM. Figure 17 shows the 3D contours of exhaust gas for OpenFOAM. The
results are obtained from a passive scalar transport, where the emission has been specified
at 1 (i.e. 100%). The contours represent various percentages of this emitted scalar. With
the dispersion of a passive scalar it is assumed that the tracer is behaving as ideal gas
and is following the flow. The distribution of exhaust gas concentration at exhaust outlet
level is presented in Fig. 18. It shows the highest concentration just after the exhaust
outlet, and it can be clearly seen how the exhaust gas is dispersed around, and into the
wake of the vertical elevator.
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a) 0.01% Iso-surface b) 0.25% Iso-surface ¢) 0.80% Iso-surface

Fig. 17. Iso-surface of the percentage passive scalar using OpenFOAM.

Concentration ratio (-)

Fig. 18. Horizontal slice at height of exhaust outlet, with a logarithmic concentration distribution
using OpenFOAM.

6 Conclusions and Future Work

The present work presents preliminary work conducted for the ERIES-POLISHED
project, where recently dispersion measurements on an offshore vessel have been con-
ducted in the Atmospheric Boundary Layer Wind Tunnel at the Technical University in
Eindhoven. Initial work is starting for validation with different CFD codes: Star-CMM +-
, ReFRESCO and OpenFOAM. All codes used a RANS model. The current work shows
the first results of simulations with three different solvers and different meshes for one
of the configurations at a yaw angle of 15°. The preliminary results indicate some differ-
ences of matching the power-law wind profiles, Star-CCM + and ReFRESCO slightly
underestimate the wind profile, while in the OpenFOAM set-up the profile is overesti-
mated. A comparison of the exhaust gas concentrations shows that all codes can predict
the presence of exhaust gas in most of the probe locations. However, when compared
with the experimental results, they underpredict the exhaust gas relative concentrations.
Also, the iso-surface analysis shows that the qualitative results shown by Star-CCM +
are lower than the results from ReFRESCO and OpenFOAM. The qualitative results for
the gas concentration represented by the iso-surface at different content levels between
the flow solvers show differences that can be attributed to the multi-component gas and
passive scalar physics models used by the flow solvers. However, more study on this
subject has to be done.

Future work will focus on improvements in the numerical set-up used, for ex-
ample, utilizing a URANS approach or even a hybrid turbulence closure, both un-steady
approaches that can better capture the flow around the vessel. Grid refinement studies in
both full and model scales should also be conducted to assess the impact of the scaling
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effects. Improving the setup by using different physics models to capture more accu-
rately the gas concentrations will be performed. The analysis and post-processing of
the relative gas concentrations should also improve in quantifying exposure limits and
quantify and account more accurately for gas diffusion and dispersion in a given time
period where the gas emitting source is operated.
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Abstract. The writing of the Second Generation Eurocode on wind actions on
structures, prEN1991-1-4 has revealed a number of shortcomings. Well estab-
lished as well as more recent action and response models are available, which
have been incorporated into the new Code. Nevertheless, the issue remains of cal-
ibration, which affects not only the assessment of the characteristic value of the
action given by EN1991-1-4, but also the code factors given by EN 1990. Among
the parameters needed in a wind loading code, some are site-dependent, some are
not. For site-dependent parameters, the task of code-writers is limited to the draft-
ing of simple and clear rules for their derivation, so that no difference arises when
the code is used in one country or another. As to site-independent parameters, the
effort can be much bigger and should benefit from the exploitation of up-to-date
research results, as well as from coordination among different communities of
code-writers around the world. This paper tries to summarise what are the most
urgent needs for calibration of wind loading codes, and how experimental research
in Wind Engineering can help filling gaps.

Keywords: Wind Loading Codes - Wind Loading Models - Full Scale
Experiments - Wind Tunnel Testing - Computational Analyses - Code Calibration

1 Introduction

Issued in December 2012, Mandate M/515 of the European Commission to CEN started
the long process of the transition towards the Second Generation of the EN Eurocodes.
Within Phase 2 of the reaction of CEN to Mandate M/515, between August 2017 and
April 2020, a Project Team prepared a draft of the new EN 1991-1-4 Eurocode 1 -
Actions on structures - Part 1-4.: General actions - Wind actions [1, 2]. The draft was
then handled by a Task Group within CEN TC250/SC1, and was submitted to public
enquiry in March 2024, and will undergo Formal Vote in October 2025 [3], to supersede
the current version [4].

During these nine years, a tremendous amount of work was carried out by a number
on European wind engineering experts working on the project, and 2000 + comments
were placed by 34 National Standardization Bodies, which gave rise to a similar number
modifications to the intermediate drafts.
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Such a long and complex process has revealed several shortcomings in the chain
through which wind actions and effects are assessed. Besides that, the additional issue
remains of calibration, which affects not only the assessment of the characteristic value
of the action given by EN 1991-1-4, but also the code factors provided by EN 1990 [5,
6].

Most of the parameters contained in the Code, either in the form of European values
or in that of Nationally Determined Parameters (NDPs), were spontaneously produced
by a number of research institutions in the ‘60s, ‘70s and ‘80s of the last century, a
time in which the principles of structural reliability [7] had not yet made their disruptive
entrance into structural design and design codes. As such, their values suffer from a
number of deficiencies among which: (a) heterogeneity and inconsistency, as they were
produced by different subjects and using different approaches; (b) being dated, as new
and more efficient measurement and processing techniques have meanwhile become
available; (c) incompleteness, as they describe a limited number of situations that need
to be largely expanded; (d) not complying with the structural reliability models set by
Eurocode O [8].

Among the parameters needed in a wind loading code, some are site-dependent,
some are not. For site-dependent parameters, the task of the writers of International
codes, such as the Eurocodes, is limited to the drafting of simple and clear rules for
their derivation, so that no difference arises when the code is used in one country or
another. For site-independent parameters, the effort can be much bigger and should
benefit from the exploitation of up-to-date research results, as well as from coordination
among different communities of code-writers around the World.

Within the framework of the ERIES initiative, this paper tries to summarise what
are the most urgent needs for calibration of wind loading codes, and how experimental
activity carried out in large scale facilities for Wind Engineering research can help filling
gaps. It refers to parameters appearing in the first three link of the Alan G. Davenport
Wind Loading Chain, in turn corresponding to the first three terms of the load equation,
i.e. the reference wind velocity, the exposure coefficient and the aerodynamic coeffi-
cients. As to the experimental techniques, these can be grouped into the three broad
areas of full scale testing, wind tunnel testing and numerical simulations.

2 Design Wind Speeds

Design wind speeds are given in EN 1991-1-4 in the form of fundamental values of the
basic wind velocity. These are NDPs, and are therefore provided by the National Annex.
Current values have been prepared over the last decades at the national level, using
data from each particular country, and not including those coming from neighbouring
countries. This has given rise to unjustified and unacceptable inconsistencies across
borders where no physical discontinuities exist that could justify differences; it is, e.g.,
the case of the border between Germany and Denmark, featuring differences between 3
and 6 ms~!. In other cases, such as the borders between Italy and neighbouring France,
Switzerland, Austria and Slovenia, differences are justified by the presence of mountains;
however, also in that case sometimes the values provided may be found questionable
due to the strong effects expected to come from local circulation.
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In addition to that, both datasets, preprocessing techniques and statistical analy-
sis methods are often outdated; they are also not the same for all countries and this
contributes to the above-mentioned discontinuities. Finally, current design wind speeds
incorporate only long duration phenomena, among which are large scale synoptic storms
as well as strong local winds, such as bora striking the province of Trieste in Italy and the
north of Croatia, or mistral in the south of France. This was acceptable at the time of the
writing of the EN'Vs, when use of the Eurocodes was expected to be limited to European
countries and when the European extreme wind climate was dominated by such winds.
It is definitely inappropriate thirty years later, when the European wind climate has been
and will be further modified by the climate change, and when the Eurocodes are used
and will potentially be used by countries all over the world.

To overcome the issues above, two main actions would be in order; first is that of
incorporating other types of wind into the code, second is that of establishing up-to-date,
homogeneous criteria for assessing design wind speed and of applying them to produce
a European synoptic extreme wind map. To the aim of the second action, large scale
research facilities can provide useful support, as it will be detailed in the next paragraphs.

Current mean and extreme wind maps are built based on measured wind speeds.
These come from a network of anemometers, most of which are located in airports.
Details about the standardization of wind speeds are provided by WMO [9]. Among the
weak points associated with the use of experimental data there are that these are:

measured at a small number of locations, when compared to the area of interest; for
example, the density of measurements used to build the current extreme wind map of
Italy [10] is of 4,800 m~2; it is of 6,900 m~2 for France and of 1,900 m~2 for Germany
[11];

a. the measurement windows are not the same for all (European) countries, and the
length of the records can also differ substantially from one station to another, and on
average from one country to another; it is 22 years for Italy, 42 years for France and
of 40 years for Germany [11];

b. the characteristics of the anemometers, of the acquisition chain as well as the pre-
processing techniques differ from one country to another, the first two sometimes
differing also from one station to another within the same country; in addition, changes
can occur in time within the same station, due to replacement of the hardware.

As an alternative to the use of anemometric data, in the last couple of decades the
possibility has been explored of using data from climatic reanalysis by a number of
researchers. Perhaps the first attempt is that carried out in Denmark by Frank [12], and
more recent ones have been carried out in China [13] and in Indonesia [14]. Use of
reanalysis data would in one fell swoop resolve all the issues above, and in addition
to that would allow future projections when climate change scenarios are investigated
through forecasts rather than hindcasts. But there’s no free lunch, and number of issues
seem at the moment to jeopardise such possibility.

Main issue is here identified in the inability of climatic reanalysis data to accurately
reproduce the wind speed fluctuations at the meso scales, i.e., for periods ranging between
24 h and ¥2 hour. These do not substantially affect the statistics of the mean wind speed,
but tend to bring an underestimate of those of the extreme values, therefore giving rise
to lower and unsafe design wind speeds.
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Even though recipes for correction of reanalysis data to compensate the energy
deficit in the meso scale range have been proposed [15], it seems that still some amount
work shall be carried out to prove that corrected records bring reliable estimates of
return wind speeds, when these are calculated using the most up-to-date techniques of
statistical analysis, e.g. [16].

Another rather important aspect is that of the correspondence between instantaneous
values produced by reanalysis and averaged values required for the definition of design
wind speeds. Most of the recent reanalysis datasets provide hourly readings of the instan-
taneous wind speed, calculated with a time step from 20 s for the Very High Resolution
REA over Italy (VHR-REA_IT) dataset [17] to 12 min for the ECMWF ERAS and
ERASL datasets [18]. These correspond in principle to 20 s and 12 min averages sam-
pled every hour, respectively. Correction for downsampling can be carried out using
literature procedures, e.g., that proposed in [19, 20], but the issue remains of the rela-
tionship between 20 s and 12 min averages (or that coming from any other integration
time step) with the 10 min averages needed to define design wind speed.

Finally, reanalysis data are available on coarser or finer grids; e.g., the ERAS dataset is
available on a 31 km grid (corresponding to a density of 961 km~2), the ERASL dataset
is available on a 9 km grid (corresponding to a density of 81 km~2), and the VHR-
REA_IT dataset is available on a 2.2 km grid (corresponding to a density of 4.8 km™2).
An even finer grid is that of the AEOLIAN dataset [21] of 1.33 km (corresponding to a
density of 1.8 km~2), obtained by nesting the original ERA5 dataset through WRF [22].
Finer grids allow accounting for local effects associated with orography and roughness
changes, therefore the question arises of how reliable a map would be for structural design
purposes when having a resolution of few km, therefore being expected to reproduce
local effects down to the upper range of the micro scales.

3 Flow Structure and Terrain Effects

A second aspect needing calibration within wind loading codes is the so-called wind
model, i.e. the model describing the vertical variation of the mean and fluctuating com-
ponents of the wind velocity. Three wind models are commonly used within codes, the
power law [23], the logarithmic law [24] and the Deaves and Harris model [25]. In [26]
the different choices are described as in 2009. Current version of EN 1991-1-4 [4] is
based on use of the logarithmic law; this has been retained in the second generation
EN 1991-1-4 [3], with the linearised Deaves and Harris model added only for use for
slender structures up to 300 m of height.

The validity of the three models in the inertial sublayer over flat, open terrain with
uniform roughness is well ascertained, with the power law and the logarithmic laws
performing well up to 200 m and the linearised Deaves & Harris model being applicable
up to 300 m. This, however, is a situation seldom encountered in structural design. Most
of constructions are located either in city centres, or close to orographic features, or in
the proximity of abrupt roughness changes (e.g., close to the coast), or a combination of
these, which jeopardise the use of these models.

As to roughness changes, these can be accounted for through the so-called transition
profiles, whose modelling is tackled in [27] and in [28, 29]. The approach was also
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borrowed by the current EN 1991-1-4 [4], bringing the questionable result that, e.g.,
to design a 10 m tall structure in category III exposure, one should make sure that
such category applies over a fetch of 1 to 20 km upstream the site of interest. In fact,
this approach has been abandoned in the second generation EN 1991-1-4 [3] for much
simpler, though rough rules.

Nevertheless, the problem exists, and ERIES-WhICH ROUGH project aims at
assessing whether it is possible to establish a simple equivalence it terms of structural
loads between transition and equilibrium profiles, so to simplify the loading model. Tests
will be carried out at the Technical University of Eindhoven in April 2025, therefore no
result is yet available at the time of writing of this paper.

On the other hand, most of construction works are located within or in the proxim-
ity of city centres, where an urban boundary layer develops, whose features are rather
different from those of the atmospheric boundary layer. In particular, almost all con-
structions are located either within the roughness sublayer, extending up to a maximum
of about 5 times the average height of constructions, or even within the canopy layer,
whose height approximately equals the average height of constructions. The wind flow
within the roughness sublayer is not well caught by any of the three models listed above,
and it is common practice to assume the mean wind speed and intensity of turbulence
are constant in the roughness sublayer [30]. This is on average true, but local conditions
may largely vary, and this creates an issue when it comes to assessing the reliability of
wind loading models.

Finally, there are construction works located in the vicinity of orographic features,
or even worse in complex orography. The first case is handled by EN 1991-1-4 [3, 4]
following the approach proposed in [31] and implemented in [32]. It is based on the
numerical solution of the quite simple condition of the flow hitting two-dimensional
discontinuities at a right angle. Reality may deviate largely from such situation, and no
provision is available to cover the cases when this happens.

To conclude with, besides the aspects listed above all pertaining boundary layer flows
associated with synoptic winds, the further problem arises of modelling flows deriving
from non-synoptic winds, whose relevance to the wind loading of structures has become
evident in the last couple of decades. The ERIES framework has already provided a
contribution in this direction by funding ERIES-TNG and ERIES-ProMoTWA. The
first project is aimed at “Understanding near-ground tornado flows — pressure, shear
and turbulence, and their importance in structural design’; the latter project, for which
wind tunnel tests will be carried out at the WindEEE Research Institute most probably
in the summer 2025, is aimed at the “Probabilistic Modelling of Thunderstorm Wind
Actions”.

4 Aerodynamics

The third area where calibration of wind loading codes would benefit from testing is that
of aerodynamics. In the second generation EN 1991-1-4 [3], aerodynamic coefficients
are given in three annexes (Annex B, C and D), featuring a total of about 110 pages. It
is a large amount of data, most of which have been borrowed from the current version
of the code [4] and some other have been added coming from research carried out in
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the last two decades. In spite of such large amount of data, the issue remains of their
consistency with the probabilistic format of Eurocode 0 [6], which had already been
pointed out in 2001, at the time of the writing of the current EN 1991-1-4 [33]. The
aerodynamic coefficients provided within the code are heterogeneous in terms of their
statistical meaning, and for some of them the origin is not even documented. An attempt
is currently being made by Task Group 2 (Wind Actions) under TC 250/SC 1 to provide
a detailed background document to EN 1991-1-4, but it is anticipated that this will not
be able to cover all the material contained in the code.

A similar problem concerning the consistency of aerodynamic coefficients has been
faced and is currently being faced by committees in charge of writing other wind loading
codes worldwide, an example being ASCE 7 [34, 35]. On the other hand, large and more
recent databases exist for pressure coefficients of buildings, which can be exploited to
this aim. Examples are the TPU [36] and the UWO/NIST [37] aerodynamic databases,
covering low- and high-rise square plan buildings with either flat or sloped roofs. In
spite of the rectangular geometry being the most common, a much broader variety of
geometries exists (most of which are combinations of rectangles) for which little or no
information is available.

An even stronger need for aerodynamic data emerges for structures other than build-
ings, among which are bridges. Available data are poorly documented, and assumed
to cover altogether bridges having totally different geometries by enveloping available
experimental data. Besides that, only a poor coverage exists of the interference effects
that arise when two bridge decks are placed close to each other, which is indeed a
common situation.

Apart from the broader or narrower range of geometries covered by a code, the further
issue arises of the statistical definition of the aerodynamic coefficients it provides. A
common requisite is that the values of the coefficients provided by the code should be
such that combined with the reference wind speed associated with a given reliability
level, they should provide actions having the same level of reliability. In the case of EN
1991-1-4 this is phrased by saying that the aerodynamic coefficients should be such that
combined with the 50-year return, 10-min averaged value of the wind speed, they should
provide the 50-year return wind action, regardless of exposure category and height from
the ground [38]. Such requisite is not necessarily met by the coefficients given in EN
1991-1-4 [39]. On the other hand, peak action effects depend on the loaded area, and a
clear definition of the action-to-effect path in not always available, leaving it ambiguous
the meaning of the coefficients, therefore of the load patterns.

Finally, as already stated in Sect. 3 about the wind flow, the issue arises of the aero-
dynamic coefficients associated with flows other that those developed within a neutral
atmospheric boundary layer. These aspects are currently being addressed by ERIES-
TNG [31] and ERIES-ProMoTWA for tornadic winds and for thunderstorm outflows,
respectively, and possible step forward is expected and desired.
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5 Discussion

Sections 2, 3 and 4 above have outlined a number of shortcomings in the calibration of
wind loading codes in general and of EN 1991-1-4 in particular. To mitigate the effects
of these, collaborative research in large scale infrastructures can prove largely beneficial.
Some areas where in our opinion this can be the case are listed below.

The use of large-scale computing resources would allow assessing under what cir-
cumstances reanalysis datasets combined with downscaling to the meso scale could sup-
plement and eventually replace historical anemometric records when assessing extreme
wind climate and building wind hazard maps. It is the authors’ opinion that research
in this field should aim at first investigating the capacity of numerical techniques to
reproduce extreme wind events, and at explaining and quantifying the discrepancy with
measurements [40]. In doing this, the use of LiDAR wind profilers allows comparison
of high elevations above the ground, where met mast measurements are difficult and
expensive to obtain [41, 42]. In addition to that, for the purpose of assessing design wind
speeds a statistical description of storm maxima is sufficient, and equivalence between
measured and calculated values should be established by matching the data both in the
frequency and probability domains.

On the other hand, full scale and wind tunnel experiments should be designed and
performed such to improve the modelling of the mean and fluctuating wind flow within
the roughness sublayer of densely built areas. Results from such research activities would
help increasing knowledge of wind actions in urban areas, and increase the reliability
of loading models. Similarly, increased knowledge of flows in more or less complex
orography would allow parametrization, therefore providing a more solid ground over
which to build simplified models for use in the engineering practice and for codification.

Finally, it is envisaged that in a future aerodynamic data for structural design of civil
engineering works could be gathered in the form of large shared databases, from which
wind loading codes could borrow the required information. To achieve such an ambitious
goal, first standardisation of the data format should be achieved and then smaller or larger
scale wind tunnel experimental campaigns should be designed such to start populating
databases. To this end, CFD analyses can supplement wind tunnel testing.

6 Conclusions

This paper has briefly listed some of the shortcomings associated with the calibration of
wind loading codes in general, and of EN 1991-1-4 in particular. Many of this derive
from the use of old and inconsistent data, which were produced spontaneously and
independent of each other, in a time where the principles of structural reliability had not
yet been fully acknowledged by structural design codes. Some of these can be resolved by
gathering new and consistent data from coordinated experimental campaigns, and these
would benefit from the transnational use of large-scale facilities. It is advisable that large
projects allowing access to such facilities could help building such an opportunity.
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Abstract. This work presents the preliminary analysis of the tests conducted at
the WindEEE Dome in the framework of the ERIES-SOLAR project for downburst
flow. The wind tunnel characteristics, the instrumentation and reduced scale model
of a six-row array of solar trackers is briefly described. The flow, similar to a
vertical downburst with impinging jet velocity Ujj = 8.6 m, is characterized
based on the velocity records at various heights and distances from the downburst
axis, obtaining the ensembles of several repetitions, PDFs, spectra and Morlet
wavelets, identifying the ramp-up, plateau and decay stages. The downburst action
on the array of solar trackers is assessed based on the time-dependent pressure
coefficients recorded simultaneously by 576 pressure taps. In this work, the results
are presented for one case of a vertical downburst, with the center of the six-row
array model located at a distance 0.7D from the downburst vertical axis. Strong
increments in the net pressure coefficients are identified, associated with the effect
of the deflected flow and the primary vortex reaching the vicinity of the panels.
The detailed analysis of the large amount of data generated will be instrumental to
identify the peak actions on solar trackers due to downburst occurrences, enabling
the recommendation of load cases to be included in the best practice guidelines
and structural codes for storm-prone regions.

Keywords: downburst - solar tracker - non-synoptic wind - pressure tests -
ERIES - WindEEE Dome

1 Introduction

Non-synoptic high wind episodes are associated with convective storms, with time and
spatial scales several orders of magnitude smaller than synoptic-scale meteorological
disturbances (Bluestein, 2021). Non-synoptic peak wind velocities close to the ground
me be well above 25 m/s (Zhang et al., 2019), therefore with potential for causing
severe structural damage in civil engineering structures. Only in recent years the wind
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engineering community has started to address in a systematic fashion the characterization
of non-synoptic wind episodes and their effects on structures, advancing the seminal and
pioneering work by Fujita and co-workers. This ERIES-SOLAR project, developed in the
framework of the ERIES (Engineering Research Infrastructures for European Synergies)
initiative, has the overarching goal of improving the understanding of non-synoptic wind
effects on solar energy infrastructures, especially solar trackers.

Among the different types of non-synoptic wind systems described in the literature,
this work addresses downbursts, that are “intense, localized downdrafts produced in
convective storms” ranging ‘“‘from almost 1 km to about 10 km in diameter” (Bluestein,
2021). A downdraft is a descending cold air jet that goes through the atmospheric bound-
ary layer impinging the ground and deflecting in a large and intense annular primary
vortex creating a strong radial flow in the near-ground level (Canepa, Bin and Brusco,
2025). Downburst may cause significant damage in energy infrastructures, such as trans-
mission towers (Elawady et al., 2017; Alawode et al., 2023; Zhong et al., 2025), which
are of strategic importance.

Similarly, solar farms, whose land usage may range between 0.16 km? (40 acres) for
5 MW power generation (Coldwell Solar, 2023), up to, for instance, 53 km? (13000 acres)
for the 2.05 GW of the Pavagada Solar Park in India (Gill, 2024), may be severely affected
by downburst occurrences with typical diameter between 1 km and 10 km (Fujita, 1981).
It seems logical to consider that a significative fraction of structural failures in solar
panels caused by the wind action may be related with downburst episodes; however,
structural design codes do not include this loading scenario, enabling potentially sensitive
structures in areas prone of convective storms. Solar farms are typically installed in rural
areas, sparsely populated, therefore posing minor risks; however, the economic impact
associated with the partial or total destruction of the solar energy infrastructure may by
substantial for the developer.

The current state of the art is relatively mature for downburst reduced-scale experi-
mental modeling (Li et al., 2024) and analytical and semi-empirical models (Romanic
and Hangan, 2021). Similarly, synoptic wind actions on fixed solar panels and solar
trackers have been studied by the means of experimental wind tunnel campaigns such as
Aly and Bitsuamlak (2013), Warsido et al. (2014), or Browne, et al. (2020), to mention
a few examples. However, to the best of the authors’ knowledge, no studies addressing
the effect of downburst-created loads on arrays of solar trackers have been reported so
far. There is, therefore, a lack of knowledge about the load assessment associated with
downburst episodes, and uncertainty regarding the safety of structural design based on
stipulations provided in structural codes based on synoptic events.

This work reports the preliminary results of the experimental campaign carried out
at the WindEEE Dome considering the impingement of downbursts with different char-
acteristics in the vicinity of a six-row array model of solar trackers. The model is instru-
mented with 576 pressure taps, enabling the measurement of peak pressures on the
panels, assessing the interference effects among rows of solar trackers and the effect of
the angle of incidence between the annular primary vortex and the rows of solar trackers.
The information gathered will be instrumental in identifying load cases representative
of downburst-related loads to be included in the best practice guidelines and structural
codes for solar energy infrastructure in thunderstorm-prone areas.
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2 Formulation

2.1 Time-Dependent Pressure Coefficients and Velocity Components

Results presented in this paper are based on the following analysis applied to the
measured velocity and surface pressure data.

The velocity components u;(¢) are decomposed into a slowly varying mean value
u*;(¢) and a residual fluctuating component u’;():

t+7
uix (t,7) = %/ ui()dt; u(t, t) = u;(t) — u; * (¢, 7). @))

t
where the subscript values i = 1,2,3 denote the radial, the tangential and vertical com-
ponents of the velocity, t is the time and t is the time step adopted for computing the
moving average.
The flow-induced actions on the solar trackers are assessed based on the time-
dependent net pressure coefficients, Cp(t), recorded at the pressure taps distributed over
the six-row array model and normalized by the reference dynamic pressure:

Con(@, 1) = (Pup(y, 1) = PLo(y, 1))/(0.5pUgy), @)

where Pyp(y, t) is the time-dependent upper pressure at the pressure tap location y, P,
is the lower surface pressure at tap location y, p is the air density and Uy is the reference
wind speed calculated as the ensemble average of the maximum velocity magnitude at
the sampling frequency for each test repetition at 0.075 m above the test chamber ground
at the location of the center of the six-row array of solar trackers, with the model absent.

Similarly, the pressure coefficient can be decomposed into a slowly varying mean
pressure coefficient C*,(¢) and the residual non-stationary fluctuation C’(¢), where ¢
represents the time:

Cp(1) = (C (1) + Crp(0). 3)

2.2 Morlet Wavelet Transform

The Morlet wavelet transform enables the time-frequency analysis of a time-dependent
signal, improving the information provided by the Fourier transform by describing the
frequency content evolution over time. According to, A wavelet is defined as a family
of functions constructed from translations and dilations of a single function ¢ named
“mother wavelet” (Yadav 2018). It is defined as:

1 —-b
Pap(t) = ﬁ¢<t7>, a,beR,a#0. “)

The parameters a and b are the scaling and translation parameters, respectively. The
1 wavelet transform of a general time-dependent function h(t) is:

+00
Weo(a.b) = %/h(r)@*(#)dr. )

Here, the Morlet wavelet is defined as:
. 2
a(f) = =T (6).
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3 Test Campaign Description

The WindEEE Dome at Western University is a world-class facility that is capable
of creating scaled downburst flows releasing an air jet by opening the pressurizing
plenum, housing six large fans, located at the upper level of the hexagonal test chamber.
The experimental campaign considered various downburst intensities, with the constant
downdraft diameter of D = 3.2 m that ensures negligeable confinement effects by the
walls and ceiling of the test chamber 25 m in diameter (Canepa, Bin and Brusco, 2025).
Most of the test cases considered a vertical downburst, but for some of them, the vertical
downburst was combined with an atmospheric boundary layer flow.

Flow profiling is based on the high-frequency (1.25 kHz) three-component velocity
measurements using a rake of Cobra probes, placed at different positions. In Fig. 1a),
an image of the Cobra probes rake is provided.

Arigid 1:20 length scale model of a six-row array of solar trackers was manufactured,
instrumenting each row with 12 x 4 pressure taps equally distributed at the bottom and
upper surfaces (see Fig. 1b). Consequently, the model comprises 576 pressure taps (8 x
12 x 6), requiring 18 scanners of 32 pressure ports each. Each row is 1.05 m long, with
a chord width of 0.10 m, featuring a distance to the ground of 0.05 m (all dimensions at
the model scale).

Fig. 1. Instrumentation and test model a) Cobra probes rake and b) six-row solar tracker array.

In this work, the reduced-scale vertical downburst flow characterization for an
impinging jet velocity of Uj;; = 8.6 m/s (Re = 1.8¢e + 06, taking downdraft open-
ing diameter D as reference dimension) is reported, while the pressure measurements
on the six-row array solar tackers model correspond to the cases where the center of the
model is located at the distance of 0.7D from the vertical axis of the downburst flow,
with azimuth angle of 180°, and tilt angles of 4+ 30° and -30°. In Fig. 2, schematic views
(not to scale) of the layout of the model in the test chamber are provided.
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Fig. 2. Schematic view of the wind tunnel tests: a) vertical layout, b) plane layout.

4 Downburst Flow Characterization

The downburst flow corresponding to an impinging jet velocity Uj = 8.63 m/s is
described based on ensembles of 8 records for each position of the Cobra probes rake
along the radial direction. The range of heights from the ground of the test chamber
where the velocity measurements were performed is (0.05, 0.4) m, and the range of
radial distances, measured from the axis of the vertical downburst, is (0.75, 4.20) m. For
the flow characterization, the following dataset was considered for the velocity timeseries
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recorded by each Cobra probe: the mean ensemble of the wind speed magnitude con-
sidering the three components of the velocity vector for the 8 experimental repetitions,
along with the moving mean with averaging interval of 0.4 s, the PDF of the velocity
magnitude, the Morlet wavelet and the frequency spectra. In Figs. 3 and 4, these data
are reported for the flow velocities at the 0.15 m height and distances from the vertical

downburst axis of 2.25 m and 3.20 m.
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The timeseries of the ensemble of 8 records exhibit the typical pattern of downburst
flows, i.e., an initial ramp-up associated to the primary vortex passing, a plateau repre-
senting the primary vortex moving away and the trailing vortices that exhibit a signature
of low-amplitude oscillations, and finally the velocity decay as the downburst dissipates.
The time-frequency analysis shows higher energy content at the velocity ramp-up and
initial stages of plateau, associated with the primary vortex. It is to note that the high
energy at very low frequencies does not have some physical meaning, as it is rather
associated with the length of the signal (Canepa, Bin and Brusco, 2025).

S Pressure Loading on Solar Trackers

For the vertical downburst of impinging jet velocity Uj; = 8.63 m/s, with the center of
the model located at a distance 0.7D from the downburst vertical axis, the timeseries of
the net pressure coefficient at four pairs of pressure probes on panels #1 and #4 along
the same ring, identified as probes A, B, C, ...and H in Fig. 5, are reported in Fig. 6 for
the 30° and -30° tilt angle cases (probes A, C, E and G are located on the top surface and
probes B, D, F and H are on the bottom surface).
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Fig. 5. Panels and probes naming convention (upper image), and layout of pressure probes on the
panel (lower image).

Panel #1 is very close to the ground area directly hit by the impinging jet; therefore, it
is expected that the primary vortex may be not properly developed when the flow deflects
and expands in the radial direction. Consistently with this observation, in Fig. 6, a strong
peak in net pressure coefficient is identified for all the pressure probes pairs, which is
associated with the impingement of downdraft, followed by a decay in the net pressure
without an apparent plateau in the wind-induced load, although oscillation in the pressure
coefficient can be depicted, which may be associated with the formation of trailing
vortices. For the -30° tilt angle, the upper side of the panel withstands higher pressures
over time, yielding positive net pressure coefficients during the whole duration of the
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downburst episode. For tilt angle + 30°, the timeseries of the net pressure coefficients
show a similar trend, with a strong peak associated with the initial impingement of the
downdraft, followed by an oscillatory decay. In this case, net pressure coefficients are
negative as the lower side of panel #1 is facing the incoming flow. Interestingly, the peak
net pressure magnitude is similar for the two tilt angles considered in this study.

o = —30° o =30°
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0.6 0.0
0.5

0.4
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Cponer

-0.3

01 —0.4

0.0 —05
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t[s] t[s]
—A-B—C-D—EF—GH
Fig. 6. Net pressure coefficient timeseries for four pairs of pressure probes located along the same
ring in panel #1 for tilt angles —30° and 30° (averaging time window: 0.4 s).

The patterns of the net pressure coefficients on panel #4, depicted in Fig. 7, present
some differences with respect to panel #1. For panel #4 a strong increase in the net
pressure coefficient is identified for the initial stages of the downburst loading episode.
However, a plateau is identified afterwards, with the peak values of the net pressure
coefficient being reached along this second stage in the loading process. It is noted
that high-frequency and low-frequency oscillations coexist, being still an open question
whether these oscillations are due to trailing vortices associated with the downburst
flow, the signature of the wakes detached from upwind panels or a combination of both
effects. Similar to panel #1, the negative tilt angle produces positive net pressures, while
the positive tilt angle gives rise to negative net pressure timeseries. For the negative tilt
angle, panel #4 presents lower peak net pressure coefficient values, which might be due
to the sheltering effect of upwind panels; conversely, for the positive tilt angle the peak
values are similar for both panel #1 and #4.

6 Concluding Remarks

An experimental campaign was carried out in the WindEEE Dome to assess downburst-
induced actions on solar trackers. Multiple tests considering various downburst imping-
ing jet velocities for vertical downbursts and downbursts combined with atmospheric
boundary layer flow were conducted. A vast amount of experimental data was gathered,
and so far, only limited preliminary analyses were carried out.

In this work, the characterization of the flow for a vertical downburst with reference
velocity of the impinging jet Uj; = 8.6 m/s was reported based on the ensemble average
of 8 tests, along with the PDF of the velocity and frequency and time-frequency analysis.
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Fig. 7. Net pressure coefficient timeseries for four pairs of pressure probes located along the same
ring in panel #4 for tilt angles -30° and 30° (averaging time window 0.4 s).

The downburst-induced action on a six-row array of solar trackers was assessed based
on the net pressure coefficient timeseries for 576 pressure taps distributed on both the
top and bottom surfaces of the solar panels. Preliminary analyses indicate strong surge
in net pressure due to the drifting of the primary downburst vortex along with potential
interference between panels.

The analysis of the peak values of the net pressure coefficients for the most critical
cases will enable the recommendation of design loads to be included in the best practice
guidelines and structural codes for solar trackers in downburst-prone areas.
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Abstract. The scope of the ERIES-SSTURBO project is reviewed in this work,
emphasizing the importance of gaining a deeper understanding of the effects that
turbulence in general, and turbulent length scale in particular, have in the flow-
induced response of bluff bodies. The planned experimental campaign at the Gio-
vanni Solari Wind Tunnel of the University of Genoa is described, testing a 3:2
rectangular prism in smooth flow, as a reference flow-induced response assess-
ment. The effects of large-scale turbulence will be studied based on grid-induced
turbulence, while those of small-scale turbulence will be analyzed using rod-
induced turbulence, as proposed by Gartshore in 1973. Details are provided about
the experimental facility and the instrumentation. Aiming at highlighting the com-
plementarity between the wind tunnel data and high-fidelity 3D LES simulations
in the study of turbulent flow effects on the response of bluff bodies, computational
results obtained in the frame of an independent project are briefly introduced. It
is expected that the results of this experimental campaign will shed light on our
understanding of the role played by the turbulent length scale in the interaction
between the flow and flexible structures prone to suffer flow-induced excitation.
Furthermore, this experimental dataset will be instrumental for the detailed vali-
dation of CFD simulations addressing this highly complex problem, allowing to
assess the accuracy of computational results.

Keywords: smooth flow - small-scale turbulence - large-scale turbulence - 3:2
rectangular prism - rod turbulence - grid turbulence

1 Introduction

Flow-induced excitation of civil engineering structures poses an obvious risk, as this
may cause discomfort, have a negative impact on fatigue performance and even provoke
the collapse of the structure. The atmospheric boundary layer is intrinsically turbulent,
however there are still gaps in our understanding of turbulent flow effects on flexible
structures, prone to flow-induced vibration.
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Adopting the ratio 3:2 rectangular prism as a canonical application case of a geome-
try showing vortex-induced vibration (VIV) and galloping excitation risk at low Scruton
numbers, the existing literature is relatively short. In Nguyen et al. (2022) a fixed 3:2 rect-
angular prism is comprehensively studied in smooth flow, while in Mannini et al. (2018)
the same geometry is studied in smooth and grid-generated turbulent flow for the fixed
prism and free to oscillate in the heave degree of freedom. The last reference describes a
general trend for higher turbulence intensity flows to produce lower amplitudes in oscil-
lations, remarking the role played by the scale of turbulence in the aeroelastic response
of the 3:2 rectangular prism. There are still multiple gaps in our understanding about the
interaction between turbulence and aeroelastic response and this project aims at gaining
additional insights by focusing on the effects of small-scale rod-induced turbulent flow
using the approach proposed originally in Gartshore (1973). Given the complexity of
the problem under consideration, high-fidelity 3D LES models may be instrumental in
deciphering the interactions between turbulence and structural oscillations, hence the
planned experimental campaign has the additional value of providing validation data for
numerical simulations addressing this type of problem.

In the remaining of the paper, the experimental campaign that will be developed in
the forthcoming months is described, focusing on the main tasks: flow characterization,
aerodynamic response of the fixed 3:2 rectangular prism and its aeroelastic response
considering smooth flow, grid-induced turbulent flow and rod-induced turbulent flow.
Afterwards, CFD-based results conducted in the frame of an independent research project
are introduced to show the potential for a synergetic experimental-computation approach
to this problem, emphasizing the need for the validation of the numerical results with
wind tunnel data.

Itis expected that the gained understanding about turbulence effects on the aeroelastic
response of bluff bodies may be used to design some aerodynamic device for mitigating
flow-induced oscillation of flexible structures.

2 Formulation

2.1 Turbulent Flow Characterization

The characterization of the turbulent flow in the wind tunnel will be based on the tur-
bulence intensity evaluated from the timeseries of the velocity components recorded by
X-wire probes.

The instantaneous flow velocity for any component u;(X, ?) is:

ui(x, 1) = UL(x)81i + ui(x, 1), (1)

being x the position vector, ¢ time, U; the time-averaged velocity of the longitudinal
component, § the Kronecker delta and u; the fluctuating velocity.
The turbulence intensity is computed as:

li(x) = o (ui(x))/U1(x), 2)

where o(u;(x)) is the standard deviation of the turbulent velocity fluctuations.
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The turbulent length scale is computed as:

')
Lu,'x,- = /() RLli('xi)dxiv (3)

where R,,; is the correlation coefficient of the u; velocity component between points
situated along the x; axis.
2.2 Aerodynamic Coefficients and Pressure Coefficients

The aerodynamic coefficients of the bluff body are computed as:
Cp = Fp / (0.5pU2H),
L = Fi/ (0.500H), 4)
Cym = M/ <0.5pU2H2).

In the above equations, Fp and F are the drag and lift forces, while M is the
pitch moment at the centroid of the bluff body, p is the air density, U is the reference
freestream velocity and H is the prism’s height. A sketch depicting the sign convention
for aerodynamic forces is provided in Fig. 1.
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Fig. 1. Sign convention for aerodynamic forces acting on the 3:2 rectangular prism (wind flow
from left to right).

Pressure coefficients are evaluated form the pressure taps records as:

G0 = @=po) [ (0:5p07). 5)

where p(t) is the time-dependent pressure recording at each pressure tap and pg is
the reference static pressure. For convenience, mean pressure coefficients and standard
deviation of pressures are used to characterize time-averaged and fluctuating pressure
distributions acting on the bluff body.
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3 Experimental Campaign

The overarching goal of this ERIES-SSTURBBO project is to shed additional light on
the impact that small-scale and large-scale turbulent flow may have on the aerodynamic
and aeroelastic response of bluff bodies. There are still important gaps in knowledge
in this area (Mannini, 2020) that this project aims to address. In wind tunnel testing,
the method that is usually adopted for generating freestream turbulent flow consists of
placing a grid upstream of the test section producing relatively large-scale turbulence.
Alternatively, in Gartshore (1973) an approach based on the placement of a small-
diameter rod upstream of bluff body under study was proposed. Gartshore showed that
the small-scale turbulent wake generated by the rod impinging on the stagnation line
of the sectional model was as reliable as grid-induced turbulent flow to study turbulent
flow effects (see sketch in Fig. 2). Gartshore’s method has not been widespread adopted
(Kwok and Melbourne, 1980, Lander et al., 2016), thus it is revisited in the project
targeting specifically small-scale turbulent flow, making comparisons with equivalent
grid-induced turbulent flow, adopting the experimental outputs for validation of CFD
models and exploring the possibility of using rods as mitigation devices for flow-induced
oscillation of bluff bodies.

Fig. 2. Sketch for the rod-induced turbulent impinging of a downstream bluff body.

3.1 Scope

The scope of the experimental campaign covers the aerodynamic and aeroelastic response
of a nominally two-dimensional ratio 3:2 rectangular prism. This is in fact a canonical
case prone to suffer galloping and, depending on the Scruton number, VIV-galloping
interference.
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In broad terms, the main tasks in the project are the following:

a) Flow characterization in the empty test chamber: for smooth flow, grid-induced
turbulence for two different grid arrangements, and rod-induced turbulence.

b) Aerodynamic response of the fixed 3:2 rectangular prism considering 19 different
angles of attack in the range (-2.5°, 90°) for smooth flow, rod-induced turbulence at
two different upstream distances from the prism (two different levels of turbulent
intensity) and two different grid arrangements for grid-induced turbulent flow.

c) Aeroelastic response in the heave degree of freedom of the 3:2 rectangular prism under
the following flow conditions: smooth flow, rod-induced turbulence at two different
upstream distances from the prism (two different levels of turbulent intensity) and
two different grid arrangements for grid-induced turbulent flow.

d) Proof-of-concept tests under smooth and grid-induced turbulent flow of the 3:2 rect-
angular prism with two rods attached to explore their effect for the mitigation of
flow-induced oscillations.

3.2 Wind Tunnel and Instrumentation

The wind tunnel testing campaign will take place at the Giovanni Solari boundary layer
Wind Tunnel of the University of Genoa (Italy). The working section of the facility is
8.8 (length) m by 1.70 (width) m by 1.35 (height) m, obtaining a turbulence level below
0.25% and uniformity of + 1% in the upstream test section. The wind flow is generated
by one 1.8 m diameter fan, reaching a maximum flow velocity in the working section of
approximately 32 m/s. An image of the wind tunnel test chamber is provided in Fig. 3.

Fig. 3. Test chamber at the “Giovanni Solari” Wind Tunnel at the University of Genoa.

The sectional model is manufactured in carbon fiber, and it has dimensions of 60
(depth) mm by 90 (width) mm, spanning the test section and contains 136 pressure taps
arranged in 9 rings. The pressure scanners and the balance will be sampled at 800 Hz in
the static and dynamic tests. For the dynamic tests, displacements will be measured by
laser sensors at 2 kHz sampling.

For the flow characterization, a recently refurbished traverse will be used, making
the sampling process more efficient. Flow velocities will be measured using 4 X-wire
probes, sampling at 8 kHz per channel.
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The up-stream rod has a diameter d = 5 mm (1/12H) and will be placed a distance
from the rectangular prism between 50d and 150d.

4 Complementarity with High-Fidelity CFD Simulations

The experimental campaign aims at delving into the effects of small-scale turbulence in
the aerodynamic and aeroelastic responses of bluff bodies, but it will also support the
validation of CFD simulations exploring the efficiency and accuracy of the computational
implementation of the Small-Scale Rod-Induced Turbulence method, SSRITM. Specific
areas of interest are commented upon next.

4.1 Characterization of the Flow in the Wake of the Rod

The turbulence intensity and length scale of the flow impinging on the studied bluff
body depends on the distance between the upstream rod and the windward side body.
It is therefore of utmost importance to assess the accuracy of the CFD simulations
for reproducing the decaying turbulence intensity in the wake of the rod, along with
the length scale and also the energy spectra for the wind velocity components. Previous
research by the authors has addressed this aspect by analyzing the decay in the turbulence
intensity of the along wind component depending on the distance downwind the rod
(Alvarez etal., 2023; Alvarez et al. 2024). However, additional experimental information
comprising spectra and length scales is required for a comprehensive assessment of the
numerical approach potential. In Fig. 4, an image of the turbulent wake obtained from a
3D LES simulation is depicted, showing the complexity of the wake flow.

UMagnitude
B b

7 8.6e+00

ol "
Y AR IRy |

Fig. 4. Q-criterium snapshot of the vortical structures in the wake of the isolated rod.

In Fig. 5 an example of the energy spectrum of the along wind component of the
velocity in a point on the wake centerline at distance of 50d downwind from the rod is
reported, providing in the figure caption one value of the turbulent length scale matrix.
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For the accurate assessment of these CFD-based results, high-quality experimental data

are required to assess the impact of the mesh resolution and the turbulence modeling
approach.
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Fig. 5. Power spectrum of the along wind component of the fluctuating velocity at one point on

the wake center line at 50d from the rod. The turbulent length scale of the along wind component
in the along wind direction is 1.9d.

4.2 Aerodynamic Force Coefficients of the 3:2 Rectangular Prism for Different
Angles of Attack and Turbulence Intensities

The experimental data obtained for the fixed 3:2 rectangular prism will complement
the studies carried out so far. Experimental data of the aerodynamic coefficients of a
3:2 rectangular prism at different angles of attack under turbulent incoming flow are
limited. To the authors’ knowledge only in Mannini et al. (2018) this geometry has
been studied experimentally adopting grid-induced turbulent flow. Previous CFD-based
research conducted by the authors for the SSRITM showed qualitative agreement with
experimental data in Mannini et al. (2018); however experimental tests implementing the
SSRITM are very much required to shed light on the impact of the turbulence generating
method in the wind tunnel and assist in the interpretation of the numerical results. In
table 1, the SSRITM CFD results of the aerodynamic coefficients obtained for 0°, 4°
and 12° angles of attack for different levels of turbulence intensities in the along-wind
component are compared with equivalent experimental grid-induced turbulence results
in Mannini et al. (2016, 2018) as reported in Alvarez et al. (2024).
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Table 1. Aerodynamic coefficients CFD vs Experimental (Re =~ 145000).

3D LES EXPERIMENTAL (Mannini et al. 2016,
2018)
1 AoA Cp (&3 St 1 AoA Cp Cr St

0.0% 0.0° 1.74  10.00 0.10 |1.0% 0.0° 1.76 1 0.01 0.11
0.0% 4.0° 1.55 | -036 |0.11 1.0% 4.0° 1.66 |—0.35 |0.11
0.0% 12.0° 148 | =071 |0.14 |1.0% 12.0° |1.68 |—-047 0.13
7.5% 0.0° 1.39  10.04 0.09 |6.1% 0.0° 1.52  10.01

7.5% 4.0° 1.33 | =057 |0.11 6.1% 4.0° 143 | —0.63
7.5% 12.0° |146 |—-053 |0.13 |6.1% 12.0° |1.70 | -0.21
12.5% |0.0° .12 |0.01 0.10 |11.5% |0.0° 1.35 | —-0.01
12.5% | 4.0° 1.20 | -0.73 ]0.08 11.5% |4.0° 126 | —0.51
12.5% 12.0° | 1.60 |—-0.31 0.13 11.5% 12.0° |1.52 | —=0.07

4.3 Aeroelastic Response of the 3:2 Rectangular Prism

One of the key contributions of this project will be the study of the impact that rod-induced
small-scale turbulence may have on the amplitude of oscillation of the 3:2 rectangular
prism and how this response compares with the one obtained for grid-induced turbu-
lence. These results will also be adopted for validation of the computational simulations
currently in execution. A detail of the oscillation timeseries obtained for the 3:2 rect-
angular prism under smooth flow and rod-induced 9% turbulence intensity obtained by
means of 3D LES simulations is reported in Fig. 6 for a reduced velocity of 15. It can
be noticed the smaller amplitude of oscillation obtained under incoming turbulent flow,
in agreement with experimental tests conducted adopting grid-induced turbulent flow
(Mannini et al., 2018).
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Fig. 6. Timeseries of the heave oscillation of the 3:2 rectangular prism at reduced velocity 15 for
smooth flow and 9% turbulence intensity rod-induced turbulent flow (3D LES simulations).
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S Concluding Remarks

The scope of the ERIES-SSTURBO, which is the analysis of turbulent flow of differ-
ent intensities and length scales in the aerodynamic and aeroelastic behavior of a 3:2
rectangular prism was explained. The planned experimental campaign to be conducted
these next months at the “Giovanni Solari” Wind Tunnel of the University of Genoa was
described, providing some details about the facility, instrumentation and methodology.
Finally, some CFD results obtained in the frame of an independent research project were
introduced to show the potential for complementarity between the experimental and
computational approaches. It is expected that this experimental study will shed light on
the effects of turbulence on the flow induced response of bluff bodies, while providing
also a sound database for the validation high-fidelity 3D LES simulations.

At the Workshop presentation, preliminary results of the tests conducted in the
previous weeks will be presented.
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Abstract. Tall buildings are very sensitive to wind-induced excitation. Currently,
in the design of structures, the wind-induced loading is commonly estimated based
on the models available for synoptic events. However, in many parts of the world,
thunderstorms tend to dominate the local wind climate. Thunderstorm downbursts
differ from synoptic events due to their nose-shaped mean wind speed profile
and non-stationary behavior over short intervals (10 min to 1 h). Wind tunnel
testing is an effective method for analyzing wind effects on structures. However,
simulating thunderstorms in traditional facilities requires specialized equipment.
Disregarding the non-stationary characteristics of thunderstorm outflows, ERIES-
TLTB Project focuses on the wind-induced effects on tall buildings caused by
thunderstorms and synoptic events, focusing on the impact of the variation of the
mean wind speed profile. Experimental tests are conducted using high-frequency
force balance and pressure integration techniques on different tall building models.
A comparison of the pressure coefficient distribution is provided for the two types
of events.

Keywords: Tall Buildings - Thunderstorms - Wind Tunnel Tests

1 Introduction and Research Motivation

In the design of structures, wind-induced loading is currently derived using the cyclone
model for synoptic events; however, in many parts of the world, thunderstorms tend to
dominate the local wind climate. Several investigations [1, 2] have confirmed the dif-
ferent characteristics of thunderstorms with respect to synoptic events such as the mean
wind speed profile and non-stationary nature; therefore, a different analysis is required
in order to assess the loading induced by such events. In the case of tall buildings, the
consideration of a logarithmic mean wind speed profile as established in the standards,
could provide an overestimation of wind actions compared to that arising from down-
burst profiles, characterized by a maximum velocity close to the ground. The effect of
thunderstorm downbursts on real structures is rarely studied through full-scale mea-
surements and it is typically investigated using laboratory experiments and numerical
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simulation. Wind tunnel testing is a reliable method for assessing wind-induced loads
and structural dynamic response. Experimental downburst modeling can either replicate
entire events or focus solely on their outflows [3, 4]. The latter is a more practical and
cost-effective approach, commonly used in atmospheric Boundary Layer Wind Tunnel
(BLWT). Aldereguia Sanchez et al. [5] proposed the use of a passive device to simulate
thunderstorm mean wind speed profiles. However, this device is not able to reproduce the
non-stationary characteristics of the incoming flow, limiting its application to studying
the mean wind speed profile effect on the loading induced on structures.

This study, conducted within the ERIES project Thunderstorm Loading on Tall
Buildings (ERIES-TLTB), aims to conduct experimental tests in a classic BLWT in
order to compare the actions and effects induced by synoptic and thunderstorm events
on tall buildings. The study involves testing two tall building models: the benchmark
case of the CAARC building, and a real project, called Project X. Tests on the CAARC
building model are carried out using High-Frequency Force Balance (HFFB) and High-
Frequency Pressure Integration (HFPI), while only HFPI tests are carried out on the
Project X model. This paper describes the wind tunnel campaign that has been carried
out and provides some preliminary results obtained in term of pressure distributions. In
the following steps of the research, the measured quantities from each test will be ana-
lyzed to estimate the mean and peak base wind loads, allowing for an assessment of the
global effects of downbursts and their comparison with those induced by synoptic winds.
From the HFPI measurements, pressure and load distribution on individual floors will be
analyzed to understand how wind pressures vary along the height of the building, provid-
ing insights into localized effects. Additionally, wind-induced accelerations at several
locations will be assessed and checked against comfort criteria to determine whether
the building’s response under thunderstorm conditions meets acceptable standards for
occupant comfort.

2 Wind Tunnel Campaign

The experiments are conducted at the Giovanni Solari Wind Tunnel at the University of
Genoa.

The initial stage of the study involves tests to derive wind loads based on HFFB
and HFPI techniques on the CAARC benchmark building. A model scale of 1:400 is
adopted, and all tests are performed in isolation to accurately capture the key differences
between synoptic events and thunderstorm downbursts (Fig. 1a). Project X is a 165 m
tall building, tested within the context of its surroundings using the HFPI technique on
a 1:300 model scale (Fig. 1b).

The mean wind speed profiles of thunderstorms replicated in this work are derived
from a previous study [5], based on the Wood and Kwok model [6].
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Fig. 1. Wind tunnel models: a) CAARC building, b) Project X building.

The tests on the CAARC building model were conducted at two levels of turbulence
intensity, corresponding to average values of approximately 10% and 15% along the
height of the building. For the low turbulence intensity, two full-scale nose height z,,
= 60 m and z,, = 100 m above the ground are simulated, while for the higher turbu-
lence intensity, tests have been conducted only with z,, = 100 m. For comparison with
classical synoptic events, the mean wind speed and turbulence intensity profiles with a
roughness length of zo = 0.003 m (corresponding to the low turbulence intensity) and
zo = 0.05 m (corresponding to the higher turbulence intensity) are also simulated based
on the expressions established in EN1991-1-4 [7]. Figure 2 shows the mean wind speed
and turbulence intensity profiles considered, normalized with respect to the mean wind
speed at 10 m height.

Project X is located in a mixed climate area, where thunderstorms are very frequent
events. Thus, the analysis of the wind-induced loads and effects on this real project case
study is carried out based on design wind speeds derived from a statistical analysis of
the wind data in the area, distinguishing between thunderstorm and synoptic events, and
considering the corresponding mean wind speed profile.

In particular, three analyses will be carried out: Synoptic (S) considers the synoptic
profile and the design velocity for synoptic events evaluated from the statistical analy-
sis; Thunderstorm (TS) considers the thunderstorm profile and the design velocity for
thunderstorm events evaluated from the statistical analysis; Mixed (M) considers the
synoptic profile and the design velocity derived from a mixed distribution combining
synoptic and thunderstorm events based on the statistical analysis.
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Tests have been carried out considering a synoptic target profile corresponding to a
wind direction of 120°. For comparison, the mean wind speed profile of the worst-case
thunderstorm, derived from the CAARC analysis, was used. This profile is characterized
by an average turbulence intensity level along the height of the building of approximately
15%, and, at the model scale 1:300 adopted for Project X, by a nose height z,, = 75.
Figure 3 shows the mean wind speed and turbulence intensity profiles considered.
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Fig. 2. CAARC building model tests target profiles: a) Mean wind speed normalized by the mean
wind speed at 10 m height, b) Turbulence intensity.
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Fig. 3. Project X target profiles: a) Mean wind speed b) Mean wind speed normalized with respect
to its maximum, c) Turbulence intensity. S = Synoptic, TS = Thunderstorm, M = Mixed.

3 Mean Pressure Coefficients

3.1 CAARC Building

During the HFFB tests on the CAARC building model, the time histories of the base
loads in terms of shear forces, bending moments, and torque for 18 wind directions (10°
increments) are acquired, while for HFPI tests, the time histories of the pressures acting
on the external surface are measured. At a first step, the base wind loads obtained from
HFFB and HFPI measurements have been compared and a good agreement for all wind
directions has been found. Then, analyses of pressure distributions have been carried
out.

As an example, Fig. 4 illustrates the mean pressure coefficient distribution for wind
coming from 0° on the windward facade (Fagade 1, Fig. 4a), normalized with respect to
the maximum mean kinetic pressure, for the low turbulence (Fig. 4b) and high turbulence
(Fig. 4c) profiles. The results show that the distribution of the mean pressure coefficients
on the windward face (Fagade 1) generally mirrors the shape of the approaching mean
wind profile. This observation aligns with findings in the literature [8], where only one
turbulence intensity level and a single height of the nose were considered. The maximum
pressure coefficient for the synoptic profiles can be found around 130-150 m above the
ground level. For the thunderstorm profiles, the height corresponding to the maximum
mean pressure coefficients depends on the height of the nose, as could be expected. The
differences between the two thunderstorm profiles with z,, = 100 m can be attributed
to variations in the turbulence intensity: higher turbulence intensities in the approaching
winds affect the mean pressure coefficient gradient.

Starting from measured pressures, base wind loads, floor-by-floor loads, and accel-
erations at various locations can be derived enabling a comparison of the local and global
loads and effects induced by thunderstorms and synoptic events.



Thunderstorm-Induced Loading on Tall Buildings 79

29 = 0.003m Zm = 100m Tugy, Zm = 60m Tuyyy,
1 1

1
180 180 180

160 ! 160 08 08

140
120 0.6
100

0.4 0.4

80
60

-
Hm|
N A O ®» o o B
S o o o o o o
° o ° ° o
5] S [=)) oo
H[m|
I
N
H[m]
LW OE 2 ® o D &
S o o o o o o

20 02 02
20
0
o Lim) Lim)| Lim)|
O- b
L|1 3> X
4
B 2) 2= 0.05m 2 = 100m iy
180 180
160 08 160 08
140 140
120 0.6 120 0.6
% 100 100

80 0.4 80 0.4

60 60

0.2

40 - 40 02

20 20
L[m]

]
Hm|
h
E E

©)
Fig. 4. CAARC Building, comparison of mean pressure coefficients on the windward facade
(Fagade 1, a)) for synoptic and thunderstorm events: b) low turbulence intensity profiles, c) high
turbulence intensity profiles.

3.2 Project X

Figure 5 illustrates a representative case of the mean pressure coefficient distribution,
normalized with respect to the maximum mean kinetic pressure, for wind approaching
from the direction oo = 50° (almost orthogonal to Facade 1), considering Synoptic and
Mixed (S and M) and Thunderstorm (TS) profiles. It is important to highlight that, due to
the adopted normalization, the mean pressure coefficients depend solely on the shape of
the wind profile, which remains identical for Synoptic and Mixed analyses (see Fig. 3b).
As previously observed in Fig. 4 for the CAARC building case study, the distribution
of the mean pressure coefficients on the windward face (Facade 1) generally follows the
shape of the approaching mean wind profile. While the distributions corresponding to
the two profiles exhibits a similar overall trend, notable differences may arise in some
specific areas (e.g., in the lower region of Fagade 3).
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Fig. 5. Project X, mean pressure coefficients for Synoptic and Mixed (S and M) and Thunderstorm
(TS) profiles.
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Fig. 5. (continued)

4 Conclusions

The ERIES-TLTB Project aims at comparing the wind-induced loading and response
of tall buildings subjected to thunderstorms and synoptic events, focusing exclusively
on the effect of the mean wind speed profile shape while neglecting its transient nature.
Analyses are carried out on a benchmark case study (CAARC building) and on a real
project. The study of the CAARC building benchmark enables a detailed analysis of
the global and local effects, also allowing comparisons with a recent study from the
literature, where a different technology has been adopted to simulate thunderstorm profile
[8]. Furthermore, the effect of the variation the nose height and turbulence intensity are
studied in this research. The analysis of Project X, a building located in a thunderstorm-
prone area, provides insights into the global and local effects of both thunderstorms and
synoptic events in the context of a real structure, considering the specific characteristics
of the local climate.
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Abstract. Computational fluid dynamics (CFD) models, used independently or
integrated into city digital twins, can predict air pollution dispersion and support
informed decision-making in urban planning. While modelling complexity and
capabilities have increased, systematic validation and uncertainty quantification
remain crucial, yet are among the least understood and applied aspects of the
analysis process.

To address this issue, the ValUr project, supported by the ERIES programme,
aims to establish a best-practice protocol for urban CFD validation and to generate
a high-quality, open-access pollution dispersion dataset.

This work introduces the project scope, motivation, and goals, detailing early
project activities, including the identification of the study area - part of the city
centre of Sofia, Bulgaria, where air quality is a pressing concern, and the creation
of a scaled geometry suitable for physical model-making, wind tunnel testing, and
CFD simulations. The geometry goes beyond the basic level of detail (LoD) 1,
typically used in validation databases and reaches LoD 2.2, capturing the complex
building morphologies and realistic urban conditions of the area.

By sharing protocols and data openly, ValUr seeks to promote the impor-
tance of model reliability and to encourage validation consistency within the
computational wind engineering community.
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1 Introduction

1.1 Project Motivation

Urban areas today face serious challenges related to air pollution, a problem that directly
affects public health and quality of life. In many cities, including Sofia, measured levels of
particulate matter and gaseous pollutants frequently exceed the thresholds recommended
by health organizations.

Despite advances in computational fluid dynamics (CFD) models, reliably predicting
how pollutants spread through complex urban environments remains challenging. The
issue of reliability is made even more significant in the paradigm of digital twin creation,
which sees multiple models and data streams being connected in a system to provide real
time insights into the operation of a physical asset. Contrary to the popular technocratic
opinion, digital twins and massive volumes of data do not automatically provide areliable
representation of the investigated system. The core tenet of model reliability, instead, is
bringing trust in the model not by its complexity or resolution, but by careful uncertainty
quantification and validation, tailored to the intended application of the model.

The ValUr project aims to establish this perspective through the design and execu-
tion of an experimental wind tunnel campaign, judicial uncertainty quantification and
validation, and objective predictive capability estimation for urban pollution dispersion
CFD models.

1.2 Overview of ValUr Work

To achieve the goals described in Sect. 1, the project is split into four general stages —
model making, wind tunnel testing, data analysis and validation.

Model making includes the selection of a suitable region in Sofia, the creation of the
geometry and the manufacturing of the test article to be used during the experimental
campaign. The rest of the paper is dedicated to this process.

The experimental campaign will be carried out in the atmospheric boundary layer
wind tunnel of Eindhoven University of Technology (TU/e). To ensure good quality data
is collected during the experimental campaign, the tests will focus on one flow direction
and the detailed concentration measurements of a passive scalar gas, released from two
point sources in turn. Measurements will be done at locations flagged as important to
the area and by preparatory CFD simulations.

The raw data of pollutant concentrations, approach flow conditions, and release
rates, among others, will be analysed and cast into a format suitable for validation work.
Particular focus is placed on quantifying uncertainty from different sources to ensure
the effect of potential errors and various unknowns is accounted for.

Reynolds-averaged Navier-Stokes (RANS) solvers will be used for some of the pre-
liminary screening tests, but for the core of the validation work, the modelling paradigm
will be large-eddy simulation (LES). The computational and validation aspects of the
work will be covered in a future work.
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1.3 State of the Art of Geometry Preparation for Wind Tunnel Testing

Scale modelling for urban wind tunnel testing for pollution dispersion has progressed
considerably since the early work of Castro and Robins [1] and Stathopoulos and
Baskaran [2], who used handcrafted wooden blocks to represent simplified environ-
ments with limited geometric fidelity. The advent of CAD-based approaches [3] and
parametric modelling [4] allowed more systematic geometry variations, while 3D print-
ing methods outlined in [5] pushed physical models toward unprecedented amount of
detail, including entire and GIS-based workflows in the process [6, 7].

However, this has given rise to another area of research, namely, the identification
of the level of geometric detail to be included in the model. To this end, Hertwig et al.
[8] proposed methods for selecting essential features when refining models. Carpentieri
and Robins [9] built on their work by assessing how different abstraction levels affect
flow predictions. A notable example of such an abstraction level is the inclusion of roof
profiles, which Yassin [10] demonstrated can significantly alter dispersion behaviour.
Despite the significant amount of work done over the years, some challenges, such as
representing urban structures at multiple scales [11] and adapting geometric detail to
target areas [12], remain open issues.

Manufacturing techniques have also seen significant advancement, integrating pre-
cision stereolithography [13], multi-material 3D printing [14], among others. These
developments allow the focus of physical modelling to shift to high utilisation and
sustainability using modular designs [3] and standardized connections [15].

1.4 Objectives and Outcomes

This paper focuses on creating a scaled model for the ValUr project wind tunnel tests,
which preserves critical features that affect the flow, while addressing practical fabrica-
tion constraints. It is meant to document the process of geometry creation for wind tunnel
testing and CFD modelling, so that it can be used and improved on by the computational
and experimental wind engineering communities. The practical implementation of the
workflow is illustrated on the ERIES ValUr project geometry. The remainder of the paper
is structured as follows and is shown in Fig. 1. Section 2 describes the requirements and
selection process for the test area and some scaling considerations. The main body of
the work on preparing the geometry for validation tests is presented in Sect. 3. Section 4
summarises the main conclusions of the work and outlines the next steps in ValUr.

2 Study Area and Model Setup

Given that the overall goal of ValUr is to promote the importance of validation in com-
putational wind engineering, the region of the city to use and the most appropriate scale
of the wind tunnel model had to be carefully determined.

2.1 Region Selection

The main driver behind the choice of region was the level of air pollution it experiences
and a somewhat inhibited ventilation. In an urban context, elevated levels of air pollution
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Fig. 1. Graphical representation of the geometry preparation workflow.

is associated with proximity to a pollution source in the direction opposing the prevailing
winds for the region. The principal pollution source in Sofia is road traffic, which means
that built-up areas with roads, running perpendicular to the wind, are candidates for
elevated pollution levels. To identify suitable test model locations, major roads in the
city were listed, with those roads that frequently experience congested traffic chosen
for the next stage of the selection process. Sofia has five official meteorological and air
quality stations in the city, which do measure wind velocity, but these measurements are
not reliable because they are strongly affected by the presence of buildings and local
terrain. Instead of using this data to determine the prevailing wind direction over the
city, annual data from the airport for several years was obtained and aggregated [16].
The resultant directional wind rose is shown in Fig. 2, which clearly indicates west-
northwesterly, east-southeasterly and easterly winds dominating the landscape. Thus, a
region with a busy road running north-northeast to south-southwest is a good filter for
locations to conduct the validation experiments.

S

Fig. 2. Directional wind roses for Sofia airport for 2007, 2010, and 2018 (left to right).

Several sites around the city fit this requirement. A subset of these is shown in Fig. 3.
The next major selection criteria were that the area around the road be heterogeneous in
terms of building heights and layouts close to where the measurements are to be taken
(referred to hereafter as the inner region) to promote flow.
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Fig. 3. Shortlisted locations in Sofia (selected region marked in red), images source: Google Maps

mixing, but at the same time exhibit a degree of homogeneity in the outer region to
ensure the flow reaches a steady state more quickly. It can be seen that the regions depicted
on Fig. 3(b)-(e) all fit this criterion relatively well. Another criterion that was enforced
concerning the test area is that regions with large green spaces and dense vegetation
were avoided, to minimise the extent of uncertain and unidentifiable phenomena in
the test campaign and, ultimately, maximise the quality of validation [17, 18]. This
rules out the regions in Fig. 3(b) and (c). Finally, regions with large roads aligned with
the wind direction, or other means of quick ventilation were also discarded to focus
on challenging setups commonly avoided in validation. Thus, the region around Sofia
Courthouse, shown in Fig. 3(e) was chosen, as it exhibits all desirable features outlined
above. It is worth noting that even though none of the areas shown in Fig. 3 would
have made a better candidate by small relocations of the circular perimeter, there are,
naturally, many other regions in Sofia that could have been considered. Some additional
factors that weighed in on the decision were the presence of many pedestrian streets and
points of interest, cultural buildings, and the overall interesting architectural landscape,
featuring what will be Sofia’s fourth-largest building upon its completion.

2.2 Model Scale

Urban wind tunnel model scales used in literature vary from 1:225 to 1:350 or smaller!.
There are several constraints in choosing the model scale for the ValUr experimental
campaign. Perhaps the most important of these is the blockage ratio, computed as the

I Models used in the CEDVAL database.
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ratio of the sum of the projected frontal areas of the model and of any test equipment
to the overall area of the test section of the wind tunnel. The overall blockage ratio
should be below 5% for closed section wind tunnels, such as the one at TU/e, unless
appropriate correction for edge effects are applied [19, 20]. Since the goal of this project
is to produce a high-quality dataset, all effort is made to keep such empirical corrections
to a minimum. For the 6 m? test section of the tunnel, this translates to a maximum
overall frontal area of 0.3 m?. Another important constraint for the scale is the minimum
manufacturable detail size, which in this case was determined at | mm. Considering these
two constraints and considering points of interest in the region, the scale was chosen to
be 1:350. For the 2.6 m diameter turntable at the wind tunnel, this resulted in a 910 m
region, with a scaled, projected, windward area of 0.254 m? (approx. 4.2%), enough to
accommodate the test equipment within the allowable 5% blockage ratio.

Wind tunnel test section

w0

[/ 0.20 m 0.20 m
7
7| Testsection H/‘———MJ—LHH-‘\—'——’\_«,I‘—. 3
£~ | turntable

. 3.00m }
| |

(b)

Fig. 4. Scaled model. (a) Zoning; (b) Cross-section.

3 Geometry Preparation

In the next step, creation of the urban geometry representation, it was important that it can
be effectively utilized for both experimental and computational modelling. Having such
a geometry can facilitate the compatibility and consistency between the two analysis
types, reduce uncertainties, and improve the quality of the validation dataset on urban
pollution dispersion that will be produced under the ValUr project.

This section describes the procedure how the selected target region, identified in
Sect. 2, was transformed into a 3D-printed wind-tunnel model that captures relevant
urban features with an adequate level of detail. For this purpose, a framework of require-
ments was formulated based on the best practices outlined in wind-engineering standards
and existing guideline documents, further denoted as best-practice guidelines (BPGs)
[17-27]. These requirements were followed in all stages of geometry preparation - from
data acquisition, geometry creation and processing steps, through the final stage of
physical model making.
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3.1 Requirements and Best Practices (RBP)

RBPs related to the level of detail (LoD) of urban representation must balance capturing
sufficient geometric features to reproduce realistic flow patterns and maintaining correct
similarity scales, against the practical requirements of manufacturing, physical testing,
and the computational efficiency needed for subsequent CFD simulations. In this work,
that balance was achieved by applying the highest fidelity to a selected target region and
progressively simplifying the outer areas, as recommended also by the BPGs [17, 18,
22]. In addition, the wind-tunnel model manufacturing technique imposed a minimum
feature size of 1 mm in reduced scale (0.35 m at full scale). To respect these constraints,
the domain described in Sect. 3 was subdivided into three zones of decreasing geometric
complexity, depicted in Fig. 4(a). Region 1 (inner zone) encompasses the city area
with the highest community significance (urban landmarks, pedestrian zones, and main
roads, including the pollutant source). The measurement points that require highest
quality and densest grid are located here. The buildings in this area are modelled to LoD
2.2, according to the classification presented in [28], considering architectural features
larger than or equal to 1 m at full scale (approximately 2.8 mm in model scale). Smaller
features, if present, are simplified. Region 2 (middle zone) extends outward by at least
one city block from, retains the same LoD as Region 1, but has a comparatively sparser
measurement grid. Finally, Region 3 (outer zone) covers the remainder of the turntable
without having any measurement points in this area. Here the captured LoD is reduced
to 1.3 as per [28], preserving only protrusions or gaps exceeding 2 m at full scale (about
5.7 mm in model scale).

RBPs related to wind tunnel testing mandate an adequate offset between the test-
section obstructions (walls, ceiling, or equipment) and the scaled model to prevent
boundary-layer mismatch and artificial flow acceleration. The same principle applies
for CFD simulations, where the obstructions are the computational domain boundaries.
In this work, these considerations were applied as discussed in Sect. 2. A common prac-
tice in wind tunnel testing is using a flat surface for the ground representation in the
scaled model. This assumption is acceptable given the terrain does not exhibit major
elevation changes across the modelled area, and can facilitate the manufacturing process
and reduce measurement uncertainties. A practical standpoint requirement is ensuring
adequate referencing and labelling for a precise alignment between the base plate, the
buildings, and the instrumentation.

Although the focus of the collaboration activities under ValUr is on a wind tunnel test-
ing campaign, the ultimate goal is generating a high-quality dataset that can be used for
validation of urban pollution dispersion models. For this reason, any requirements related
to CFD simulations must also be considered at the early stages of geometry preparation.
Along with the topics discussed so far, additional CFD-specific considerations include:

e Geometry cleaning and simplification: Along with simplifying the geometry to the
selected level of detail, features with very sharp angles (e.g., below 30°) should also
be simplified or smoothed during geometry preparation, as they can produce highly
skewed or distorted elements in the computational mesh and decrease numerical
accuracy and solver stability.

e Mesh resolution and Courant—Friedrichs—Lewy (CFL) considerations: the BPGs for
CFD simulations [17, 18, 21-23] recommend a certain resolution of urban features
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in the computational mesh. For instance, AIJ suggests using approximately 10 cells
per cube root of the building volume and applying finer grids near building corners
to effectively capture flow separation zones [22]; VDI 3783 Part 9:2017 guidelines
recommend having at least 3 grid points per spatial direction, and at least 5 grid points
in areas with relevant flow phenomena [17], etc.

On the other hand, in transient simulations such as LES or Unsteady Reynolds-
Averaged Navier—Stokes (URANS), the CFL condition links the mesh resolution,
the flow velocity, and the time-step size [29]. Hence, preliminary calculations on
the CFL criterion can be a good practice to define a threshold for capturing small
geometric features and maintain a practical balance between accuracy, stability, and
computational resource demand.

e Analysis Considerations: once the geometry is error-free and ready for simulation, it
is essential to assess its suitability for the specific modelled phenomena and analysis
type. Initial grid tests statistics, mesh quality metrics, and preliminary CFD simula-
tions, that weren’t detected in previous steps, can help avoid major changes at later
design stages.

The general requirements established in this section, including the level of geometric
detail and considerations specific to wind tunnel testing and CFD modelling, should
ensure that the geometry preparation phase provides consistency and a sound foundation
for all subsequent project activities.

3.2 Initial Data Acquisition

Key datasets for geometry creation were acquired from open sources of spatial data.
The building footprints were obtained from the cadastral map of Sofia as 2D contours
with attributes in. shp format. The terrain dataset was downloaded from a portal of a
municipal enterprise Sofiaplan as the Digital Terrain Model (DTM) in .geotiff format.
The resolution of the raster files was 1 m/px. In the absence of a drone survey, rooftop
heights of buildings with flat roofs in Regions 1 and 2 and the buildings in Region 3,
were derived from publicly available aerial photographs and pedestrian-level images
using photogrammetric methods of geometry reconstruction. An aerial orthophoto of
the study area with a resolution of 10 cm/px was also utilized.

3.3 Initial Geometry Creation

Terrain raster datasets were imported as meshes in Rhino® Grasshopper® using a plugin
Heron dedicated for the integration with geospatial data. Then the terrain meshes were
regularized with Quadremesh and converted to a patch surface. The resulting NURBS
surface was clipped with the boundaries of the study area; thus, the solid body of the
terrain was generated.

Building footprints of Region 1 from the cadastral map were draped onto the terrain
and extruded. The rest of the modelling process was manual. The heights of the roofs and
building details were taken from the orthophoto and site surveys. The building footprints
of Region 2 were optimized beforehand using FME Form®. This step included the
removal of small polygons, aggregation of groups of touching buildings, generalization



ValUr: A High-Fidelity Dataset for Validation of Urban Pollution Dispersion 91

of contours, the removal of spike vertices, and manual refinements. Then the optimized
2D footprints were extruded to a rooftop level with Heron.

Once the footprints were extruded, roofs and additional details on in Regions 1 and
2 were created manually in Rhino 7. Roof and facade features were added according to
the requirements related to the level of geometric detail - details larger than 1 m in full
scale were added. Figure 5 shows the initial extrusion of the building footprints and the
outcome of the manual construction of the roofs on a set of buildings in Region 2. Sets
of buildings, touching each other as in Fig. 5, were then combined into a single object
to facilitate geometry management.

(b)

Fig. 5. Example set of buildings in Region 2 (a) before and (b) after roof creation

3.4 Geometry Cleaning

Once the initial geometry creation was completed, the .step file was exported to Ansys®
SpaceClaim®, Release 2024 R2 for further cleaning and processing.

To fulfil the requirement of a flat ground surface in the scaled geometry model, the
urban terrain had to be flattened, while preserving the true building elevations above
ground. For this purpose, first, the footprints of all buildings extracted from Rhino were
used to cut each structure at the midpoint between its highest and lowest intersection
points with the terrain. This resulted in objects with horizontal bases which were then
aligned on a horizontal plane at z = 0 m (see Fig. 6).

Next, architectural features below 1 m for Regions 1 and 2, and 2 m for Region
3, where still present, were removed. These included facade protrusions which resulted
from the extrusion of footprints obtained from the cadastral map, as well as roof details in
Regions 1 and 2. Additionally, small gaps less than 1 m between buildings were removed
by connecting the corresponding buildings. Such modifications were made in Regions
2 and 3 where they are not expected to greatly influence the measurements in the area
of interest. Finally, the geometry was checked for non-manifold vertices, extra edges,
duplicate, small or non-planar faces, among other defects which may have resulted from
inaccuracies in the input data, its processing, or the integration between the different
tools used for geometry preparation. These checks were performed to ensure smooth
and easy manufacturing and meshing processes.
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Fig. 6. Complete geometry with (a) real-world terrain and (b) idealized horizontal base.

3.5 Geometry Post-processing

The geometry preparation process concluded with post-processing related to the intended
use of the model. Preliminary discretisation tests assessing the grid statistics and quality
metrics were performed, as well as initial RANS simulations. Based on their results,
minor geometry changes (fixing misaligned nodes at two roofs) were applied. Geometry
post-processing activities, related to physical model-making, included base plate and
building labelling. The final geometry was exported into a .step file as requested by the
manufacturer.

3.6 Model Making

The base plate, with a diameter of 2.6 m, was made of plexiglass (PMMA). The outlines
of the buildings were scored onto the base plate, along with their corresponding labels, to
ensure accurate positioning and alignment. The 3D models of the buildings were printed
using a Bambu Lab X1 Carbon 3D printer, featuring a high-speed CoreXY motion
system and a 7 pm LIDAR-assisted first-layer inspection for precision and detail. PLA
filament was used as the primary printing material, allowing for details to be printed
with a resolution of up to 1 mm. The building models were then glued onto the base
plate and positioned in the test section.

4 Conclusions and Next Steps

This paper presented geometry preparation for ValUr, a project which aims to establish a
high-quality validation and predictive capability estimation protocols for computational
wind engineering. The main purpose of reporting the geometry preparation procedure
in detail is to promote consistency and reliability in future urban CFD validation efforts
by enabling other researchers to replicate, adapt, and enhance the current workflow. The
reasoning behind the test region selection, scaling, geometric modelling and preparation
were all discussed in detail, providing the foundation for the experimental and modelling
work to follow in ValUr.

Subsequent effort will concentrate on details of the experimental campaign setup
and testing, the analyses of measurement data, and the validation process itself.
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Abstract. When preparing the installation of offshore wind turbines, the towers
(cylindrical masts of large height supporting the hub and rotating blades) are first
stored on harbor quayside and then moved on a special vessel for on-site instal-
lation. The possible vortex-induced vibration excitation of towers by wind is a
main concern for the handler, leading to additional dampers need which are a
source of expenditure and risks. The interest of the wind energy industry towards
the response of finite-length circular cylinders encouraged recent research works
on gust buffeting (e.g., Mannini et al., 2023) and vortex shedding (e.g., Kurni-
awati et al., 2024) aimed to clarify subject matters where design standards lack
information; however, many aspects are still missing as a clear understanding
of how the aerodynamic loads evolve from subcritical to supercritical Reynolds
number regimes and the influence on wind-induced vibrations of the movement of
the base of the tower associated with the motion of the vessel during navigation.
These wind tunnel experiments aim to investigate vortex shedding on finite-length
circular cylinders. The geometry is compatible with real cases of the wind energy
industry and Reynolds numbers from subcritical to supercritical regimes are inves-
tigated with focus on aerodynamic loads and the effect of the tilting movement of
the base.

Keywords: finite-length circular cylinders - aerodynamic coefficients - high
Reynolds number regime - vortex induced vibration - rolling base

1 Experimental Setup

The study focuses on vortex shedding on towers (without rotor-nacelle assembly) of
offshore wind turbines during sea transit, and it aims to investigate the development
of vortex shedding and aerodynamic loads from subcritical to supercritical Reynolds
number regime and the influence of the base movement due to the motion of the vessel
during navigation. The study is addressed by wind tunnel tests carried out at the Cen-
tre Scientifique et Technique du Batiment (CSTB), Jules Verne facility. The test setup
consists of three main parts (see Figs. 1 and 2), namely (a) the tilting table reproduc-
ing a vessel-like motion; (b) the base collar, which concentrates the bending stiffness
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at the base of the cylinder (pivot model); (c) the finite-length cylinder equipped with
accelerometers and/or pressure taps; in some tests it is combined with a dummy cylin-
der to investigate the case of two cylinders in tandem. The model consists of a parallel
sided aluminum cylinder of about 3.20 m in height and 0.36 m in diameter, and it has
a geometry equivalent to a split tower, i.e., corresponding to the case when the wind
turbine tower is vertically transported divided in two parts, namely bottom half and top
half. By contrast, the modeling of a full tower would have required either a taller wind
tunnel or a smaller diameter, with the consequent reduction of the maximum Reynolds
number achievable in the experiments. The cylinder is connected through the base collar
to the titling table, placed on the floor of the wind tunnel. The titling table is meant to
apply to the cylinder the motion given by the rolling of the installation vessel, to study
the influence of such a source of interaction with vortex shedding. The rolling is fixed
at &= 3°, whereas the frequency is changed across the tests from a minimum of 0.70 Hz
to a maximum of 1.50 Hz (see Table 1), besides the case of fixed tilting table, i.e., no
roll motion. A wind tunnel blockage ratio of about 8.7% is estimated, considering a
6 m x 5 m working section. Along with the 200 pressure taps distributed on 8 rings,
the measuring cylinder is equipped with a 3D accelerometer mounted at the top of the
cylinder. In addition, another accelerometer is also connected to the tilting table.

wind tunnel test section 6x5 m

: ratio of distance from
the top to diameter

‘ ) ‘ RiNg 6 sessmssmssmssmssssass 19718

base collar
tilting table

Leee -~ ———

turning table

Fig. 1. Sketch of the wind tunnel setup.

Three phases of measurements are carried out to cover different Reynolds number
regimes (see Table 1). High-velocity measurements of Phase 2 and Phase 3 require
scanners with high-pressure range, reducing to 63 the number of active pressure taps
due to the channel availability of such scanners. All tests are performed in uniform flow,
low turbulence intensity and with the tilting table turned either off or on, the latter to
introduce a vessel-like motion.
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Fig. 2. Wind tunnel setup with one isolated cylinder mounted on the tilting table.

InPhase 1 seven pressure scanners from Pressure System Incorporated, model 32RG-
010300000, with a pressure range of +2500 Pa and a sampling rate of 200 Hz, are
used. The output was checked with a pressure calibrator; the sensitivity of each channel
was used in the recording software to provide outputs in Pa. In Phase 2 and Phase 3
two pressure scanners from Pressure System Incorporated, model ESP-32HD, with a
pressure range of £7000 Pa and a sampling rate of 200 Hz are used.

During Phase 1 and Phase 3 accelerations at the top of the cylinder are measured
by means of PCB Piezotronics 3 components accelerometer model 356A03, with the
sensitivity of each channel directly used by the recording system to provide measure-
ments in m/s>. The output was checked with a calibrator from B&K providing a 10 m/s?
acceleration at 159 Hz. The sampling rate is 300 Hz.

2 Results from Analysis of the Pressure Taps

Some results of the measurements taken in Phase 3, Phase 1 and Phase 2.A (Table 1) are
presented hereafter with focus on pressure patterns (average and standard deviation) and
the corresponding aerodynamic coefficients (average and spectra), limited to the case of
setup with one cylinder. In this phase of the experiments (see Table 1), flow velocities
from 10 m/s to 70 m/s are explored and three different tilting scenarios are investigated,
namely fixed tilting table, 1.04 Hz and 1.40 Hz rolling frequency.

2.1 The Influence of Increasing Wind Speed at Various Distances to the Tip

The evolution of pressure distribution patterns around the cylinder at different heights
and Reynolds numbers provides significant insight into the flow behavior. Figure 4
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Table 1. Tests performed in the three different phases of the wind tunnel campaign. The notation
a:b:c provides the lower bound a and the upper bound c of the interval, and the step b.

Phase | Number of | Rolling Angle of attack | Flow velocity | Pressure | Accel
cylinders frequency

) ©) (Hz) (deg) (m/s) ) ©)
1.A 1 0.00 0.0 22:1:40 yes yes
1.B 1 0.00 7.2 22:1:38 yes yes
1.C 1 0.00 432 22:1:38 yes yes
1.D 1 0.00 86.4 22:1:38 yes yes
1.E 1 1.74 0.0 22:1:38 yes yes
1.F 1 0.7:0.1:1.5 |0.0 38 yes yes
1.G 1 0.7:0.1:1.5 | -10.0 38 yes yes
1.H 1 0.7:0.1:1.5 |-43.2 38 yes yes
1.1 1 0.7:0.1:1.2  |-90.0 38 yes yes
2.A 1 0.00 0.0 5:25:70 yes no
3.A 1 0.00 0.0 10:2:70 yes yes
3.B 1 1.04 0.0 10:2:70 yes yes
3.C 1 1.40 0.0 40:2:70 yes yes
3.D 2 0.00 0.0 40:2:70 yes yes
3E 2 0.00 7.2 40:4:68 yes yes
3.F 2 0.80 0.0 40:4:68 yes yes
3.G 2 0.80 7.2 40:4:68 yes yes

) In this phase the cylinder is directly connected to the wind tunnel floor without the tilting
apparatus.

Fig. 3. Detail of the tilting table and of the sensor installation from the top of cylinder.
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presents the mean pressure distribution from Phase 3.A (fixed support condition) for
Rings 2, 4, and 6 at five Reynolds numbers ranging from 2.59 x 10"5 to 1.68 x 1076. A
clear influence of the cylinder’s free end is observed in this pressure distributions. The
pressure pattern at Ring 2, positioned close to the top (di/D = 0.1690), where di/D is the
ratio distance from the top to diameter, show limited variation with increasing Reynolds
number. This suggests that the flow characteristics near the free end are dominated
by tip effects rather than the Reynolds number effects. In contrast, at Ring 6, located
further from the tip (di/D = 0.19718), the pressure distribution evolves significantly with
Reynolds number, following trends similar to those reported by Achenbach (1968) for
sectional models. The transition from subcritical to supercritical flow regimes is clearly
visible in the pressure distribution, particularly at positions farther from the tip (Fig. 3).

Re=2.59¢+05 Re=3.84e+05 Re=7.72e+05 Re=1.01e+06 Re=1.68e+06
- c Q e e
- G G e e
- Q % Q e

Fig. 4. Mean pressure distribution patterns at different heights and for different Reynolds
numbers. For the position of the Rings see the close-up in Fig. 1.

Integration of the pressure measurements form Phases 3.A and 2.A (See Table 1) pro-
vides the mean aerodynamic coefficients at different heights along the cylinder. Figure 5
presents the mean drag coefficient and the standard deviation of the lift coefficient as
functions of Reynolds numbers for Rings 2,4 and 6. The mean drag coefficient (Fig. 5a)
shows a distinct increase when moving toward the top of the cylinder. Ring 2, closest to
the free end, exhibits concisely higher mean drag values than Ring 6. Note that Ring 6 is
the only one in common with both Phase 3.A and 2.A. This trend aligns with observation
reported by Mannini et al. (2023). Ring 6 located approximately two diameters from the
top, displays values that closely match those in literature for sectional models (Adachi
1997). The transition from critical to supercritical Reynolds regime (Fig. 5a) in Ring 6
obtained in Phase 2.A seems delayed compared to Phase 3.A. This might be due to an
inaccuracy in the estimation of the aerodynamic coefficient due to suppressed pressure
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taps in Phase 3.A. The standard deviation of the lift coefficient (Fig. 5b) reveals another
interesting phenomenon. The proximity to the cylinder’s free end appears to reduce the
variability of o the lift coefficient’s standard deviation with Reynolds number, partic-
ularly in the supercritical regime. While Ring 6 shows significant variation across the
tested Reynolds number range for both phase 3.A and 2.A. Ring 2 maintains more con-
sistent values after the critical region. additionally, although not shown in the figures for
brevity, the average lift coefficient is not zero in the critical reynolds number regime,
regardless the ring position. This provides evidence of bi-stable flow phenomena and
separation bubbles, as documented in previous literature (Buresti, 2012).
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Fig. 5. Mean aerodynamic coefficients at different heights of the cylinder.

Analysis of the fluctuating loads at each height provides insights into the frequency
characteristic of vortex shedding, expressed by the Strouhal number. Figure 6 illustrates
the changes in Strouhal number with distance from the tip and Reynolds number under
different tilting configurations: fixed support (Phase 3.A), 1.04 Hz rolling frequency
(Phase 3.B), and 1.40 Hz rolling frequency (Phase 3.C). Also in this case, form PSDF
analysis point of view of the lift coefficient, a notable tip effect is observed. The region
close to the cylinder summit experiences periodic excitations in the across wind direc-
tion at a reduced frequency lower than that predicted by design codes (here a citation of
the Eurocode is needed). The Strouhal number approaches the typical value of approxi-
mately 0.18 only at a distance of about 1 to 2 diameters from the top. Interestingly, this
phenomenon appears unaffected by the tilting movement of the support.

While most aerodynamic coefficient results analyzed in this work come from Phases
2 and 3, a more comprehensive understanding of coherent flow structures was obtained
through Principal Component Analysis (PCA) performed on Phase 1 data. Phase 1
measurements provided superior spatial resolution with all 8 rings of pressure taps active
(200 taps total), compared to the limited spatial coverage in Phase 2 (2 rings, 25 taps
each) and Phase 3 (3 rings, 21 taps each).
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Fig. 6. Changes in the Strouhal number with distance to the tip and Reynolds number, in three
tilting configurations. For the position of the Rings see the close-up in Fig. 1. The vertical dashed
lines mark the cylinder natural frequency of vibration estimated via acceleration measurements.

Figure 7 shows the first modes of pressure fluctuation derived from the PCA. The
results reveal two distinct flow structures: one associated with the cylinder tip and another
with mid-span flow-structure interaction. Notable observations include:

1. A clear two-cell structure in the upper portion (2.5-3m height), characterized by
alternating positive (red/yellow) and negative (blue) pressure fluctuations, indicating
organized vortex structures near the tip.

2. Significant frequency dependence, with pressure fluctuations primarily concentrated
in the upper region at lower reduced frequencies (fred = 0.050, 0.056) and extending
to lower portions at higher frequencies (fred = 0.199).

3. Confirmation that flow physics up to approximately two diameters from the top is
predominantly governed by tip effects, explaining the differences in aerodynamic
coefficients between rings near the tip versus those further down.

The PCA results clearly demonstrate how the free-end significantly influences the
overall flow characteristics around the cylinder, with important implications for predict-
ing vortex-induced vibrations and aerodynamic loads on structures like wind turbine
towers during transportation and installation.

3 Results from Analysis of the Vibrations

The analysis of the evolution of lateral vibration amplitude with the different parameters
(wind speed, structural damping, circularity of the cylinder) provides interesting inputs.
The operational modal analysis provides modal frequency and modal damping from a
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Fig. 7. First mode of the fluctuating part of the pressure coefficient at 40 m/s (Phase 1.A), issued
from Dynamic Principal Component Analysis

response signal with an unknown white noise excitation. Applying it to the dynamic
response of the cylinder at various wind speeds shows (see Fig. 8) a drop of the modal
damping above a threshold close to 15 m/s is observed.
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Fig. 8. Acceleration record of a pull and release test (left) and damping estimates via operational
modal analysis (OMA) at different wind speeds (right).

The lateral aerodynamic damping in case of turbulent flow, predicted from literature
(reflected in the solid blue line in Fig. 9), is expected to increase the total damping by
a positive participation; this can be seen at flow speed lower than 15 m/s. However, for
speed above this threshold, the dropping of the OMA damping below the mechanical
one, suggests the rising of a negative aerodynamic damping. Such a velocity is suspected
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to be the critical flow speed for the synchronization of the frequency of vortex shedding
with the natural frequency of the cylinder (lock-in). Nevertheless, this point must be
widely explored.
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Fig. 9. Comparison of measured damping with predicted one (including aerodynamic damping
from literature in case of turbulent flow)
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Abstract. The estimation of ice loads is essential for assessing the structural
reliability of transmission lines. A probabilistic approach requires the numeri-
cal simulation of ice load time histories, derived from meteorological data using
empirical models available in the literature, such as the Makkonen model. By
analyzing annual extreme values, the risk of structural failure can be quantified
for a given probability of occurrence. Ice accretion on conductors can result from
various processes, depending on the prevailing meteorological conditions. These
processes are typically classified into in-cloud icing, freezing rain, and wet snow
accretion. Among these, wet snow accretion is particularly critical due to its rela-
tively high probability of occurrence at altitudes above 600 m, combined with the
considerable masses of ice it can generate. To improve the understanding, validate,
and extend existing ice load models, a series of experiments was performed on a
conductor specimen in the Jules Verne climatic wind tunnel at the CSTB facility in
Nantes, France. The experiments focused on wet snow accretion, systematically
varying key ambient parameters. The liquid water ratio of snow particles plays a
crucial role in determining whether the accretion is light and dry or, conversely,
heavy and wet. The first set of experiments investigated the accreted ice mass and
shape on a non-rotating conductor for different snow qualities, ranging from drier
to wetter snow. Subsequently, the effect of axial rotation of the conductor was
examined under the most unfavorable snow condition. Finally, the influence of
wind direction on snow accretion was also evaluated and discussed.

Keywords: Wet Snow Accretion - Ice Load Modelling - Climatic Wind Tunnel -
Transmission Lines - Overhead Conductors

1 Introduction

Extreme weather events caused by wind and snow have led to several significant struc-
tural failures in high-voltage transmission networks. This has raised the critical question
of how to reliably assess the actual risk, particularly for existing transmission lines
exposed to natural hazards such as wind, snow, and ice. To quantify this risk, an extreme
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value statistical analysis can be carried out, provided that ice loads can be realistically
estimated based on meteorological data. Theoretical models have been developed in the
literature such as the widely used Makkonen model (see [2, 3, 9-11]). However, these
models only rely on available meteorological data, which are often limited, incomplete,
or do not fully capture the wide range of influencing parameters. Ice load measurements
themselves are rare and scattered, due to the inherent uncertainty and scarce availability
of measured meteorological parameters. As a result, existing predictive models often
provide simplified and largely approximate estimates of ice loads, which may deviate
significantly from actual ice events observed in practice.

Recent studies by network operators have brought significant advancements in calcu-
lation procedures using long-term weather data [6]. These are based on adaptation of the
original Makkonen model to incorporate line-specific influencing factors. Among these,
the angle between the overhead line and the prevailing wind direction is a key deter-
mining factor of ice loads during icing events. The most uncertain parameter remains
the liquid water content. This can be roughly estimated using visibility measurements,
which are routinely reported by meteorological stations. However, the uncertainty of
such records is extremely high and full-scale validation extremely difficult.

As described in [6], there is a clear correlation between the duration of icing events
and the altitude of the location where they occur. As expected, higher elevations tend to
experience longer periods of ice accumulation. In Germany, in-cloud icing (often referred
to as atmospheric icing) is the dominant process at higher altitudes, whereas wet snow
accretion is more common at lower elevations. Freezing rain, on the other hand, requires
very specific conditions - typically a temperature inversion near the ground - and can
only occur in a limited number of suitably exposed locations. Consequently, its overall
incidence is significantly lower compared to in-cloud icing and wet snow accretion.

Extensive research on ice accretion has been conducted in the literature, particularly
for bridge cables and wind turbine blades. For bridge cables, a key aspect is assessing the
susceptibility of the iced cross-section to galloping. This phenomenon, however, is of
secondary importance for transmission lines, primarily due to their bundled conductor
arrangement, which significantly increases the stiffness. In the case of isolated lines,
galloping could become relevant, but this is typically mitigated during the design phase
by locally increasing the mass of the line to prevent aeroelastic instability within the
expected range of wind velocities.

Given the extensive coverage of transmission networks at the national scale, predic-
tion accuracy is of primary importance for network operators. Ice load models must not
only be conservative, but also as realistic as possible, to ensure that maintenance and
retrofitting activities can be prioritized at affordable costs based on realistic and reliable
criteria.

In response to these needs, significant efforts have been made in recent years to
replicate and investigate the physical processes governing ice accretion on overhead
cables in climatic wind tunnels under controlled experimental conditions. Preliminary
results from these studies have already been presented in [7, 8].

This paper presents a detailed analysis of the experimental campaign on wet snow
accretion conducted on a full-scale conductor specimen in the Jules Verne climatic wind
tunnel at the CSTB facility in Nantes, France. First, a brief review of existing predictive
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ice models is provided in Sect. 2. The experimental setup and methodology are then
described in Sect. 3, followed by a discussion of the results in Sect. 4.

2 Predictive Models for Wet Snow Accretions

The basic equation for ice accretion described in the International Organization for
Standardization [5] is:

am
— =ar-oy-a3-V-LWC-D @9)
dt

dM represents the accumulated snow mass per unit length during the time step dt. The
parameter «; denotes the collision efficiency, i.e., the fraction of snow particles that
impact the model compared to the total number of approaching particles. oy represents
the sticking efficiency, which describes the fraction of snow particles that adhere to
the cylinder upon collision, rather than bouncing off. Finally, o3 denotes the accretion
efficiency, indicating the fraction of the sticking particles that contributes to ice accretion,
without dripping off the object as liquid water (run-off). V is the wind speed in [m/s],
LWC is the snow content in the air in [g/m3] and D is the diameter of the conductor in
[m].

Three main factors govern the rate of wet snow accretion: the precipitation rate (i.e.,
the snow content in the air, represented by the Liquid Water Content, LWC), the wind
speed (V), and the liquid water fraction of the snow (i.e., the Liquid Water Ratio, LWR).
In particular, the wind speed affects the density of the accumulated snow. Higher impact
velocities of snowflakes result in a more compact and denser snow deposit. The LWR is
related to the sticking efficiency «». The most favorable conditions occur when partially
melted snowflakes collide with the conductor and adhere to its surface upon impact.
At a certain LWR, the adhesive forces of the wet snow reach a maximum. As LWR
further increases above this threshold, the physical phenomenon progressively changes
to freezing rain.

The primary challenge in developing predictive models for wet snow accretion stems
from the fact that key governing parameters - particularly the mass concentration of
falling wet snow (LWC) and the liquid water ratio (LWR) of snowflakes - are not directly
or routinely measured by meteorological stations [13]. To some extent, these parameters
can be inferred from standard weather data, such as precipitation rate, visibility, air
temperature, and humidity. However, due to the complexity of the phenomenon and
the inherent scarcity and uncertainty of meteorological data, existing models for wet
snow accretion remain highly simplified. For instance, one of the most commonly used
parameterizations for «, is a simple inverse relationship with wind speed, as proposed
by Admirat [1]:

o) = — 2
v 2)
This relationship is physically questionable because it assigns units to one of the
a-coefficients, thereby removing the influence of wind speed from the total accretion
rate in Eq. (1). However, despite its simplifications, this expression remains a widely
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accepted theory for the sticking efficiency of wet snow and is adopted in the international
standard for atmospheric icing [5]. Here, the other coefficients «; and o3 are typically
set to one for wet snow accretion.

A more advanced approach to modeling wet snow accretion parameters (o1, a2 and
«3) involves direct numerical simulations of particle trajectories. This method has been
applied in Vigano [14, 15], where the sticking efficiency is determined as a function of the
particle’s impact angle on the surface. Additionally, the study highlights the influence
of liquid water content on sticking efficiency, as the liquid phase within the particles
enhances adhesion.

3 Experiments in the Climatic Wind Tunnel

Wet snow accretion on a conductor specimen is simulated in the CSTB climatic wind
tunnel (“Thermal” circuit) in Nantes, France. This facility can reproduce various weather
conditions (see, for instance, [12, 14, 15]). For the present experiment, the air temperature
is varied between —10 °C and -2 °C, with a constant wind speed set to 10 m/s. The
turbulence intensity of the chamber with only air flow is about 5% [14]. The test section
of the thermal unit measures 21 m in length, 10 m in width, and 7 m in height. A snow
gun is positioned 10 m upstream of the test location (see Fig. 1) and in a reversed position
with respect to the flow direction. Artificial snow is generated by mixing water and air
at high pressure (6 to 10 bar). This two-phase mixture is then expelled at high speed
(80 to 100 m/s) through an orifice. The injected water droplets (with a median volume
diameter of 250 microns [14]) enter the air stream at approximately + 1 °C. As soon as
they encounter the cold airflow, they begin to freeze. Depending on the air temperature
set in each experiment, the particles are partially frozen when they impact the conductor.

Figure 2 shows the test bench with the 2 m long section of a 1:1 real conductor,
suspended and pre-stressed using 2 mm diameter,1.6 m long piano-wires. The diameter
and the length of the piano-wires are designed to replicate the torsional stiffness of
a typical 300400 m long span transmission line. To ensure proper horizontality, the
conductor’s natural sag due to self-weight and manufacturing tolerances is eliminated
by applying a prestressing force of 2300 N.

Axial rotation is enabled by a low-friction bearing (Fig. 3, left). The figure also depicts
two unidirectional force sensors, positioned at each end of the conductor, measuring
horizontal and vertical forces (K6D40 with ranges of 20 N and 50 N, respectively).
Additionally, a unidirectional force sensor (ZFA, range 5000 N, not shown in the figure) is
used to measure the prestressing. Figure 3 (right) illustrates the Ri-QR24 encoder, which
tracks the axial rotation angle when the conductor rotates freely under the influence of
eccentric ice accretion.

Table 1 provides an overview of the wind tunnel tests, which were conducted at
a constant wind speed of 10 m/s while varying the air temperature. The temperature
ranged from —10 °C (Icing Test 1) to -2 °C (Icing Test 3). The air temperature in
each experiment played a crucial role in determining the freezing behavior of airborne
particles. By maintaining a constant wind speed and keeping the snow gun at a fixed
distance from the conductor, air temperature remained the sole variable influencing
the Liquid Water Ratio (LWR) of the particles and, consequently, the snow’s sticking
efficiency.
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Position of the
snow gun

Test bench

Fig. 2. Test bench and specimen of the conductor

The Icing Tests No. 1 and 2 were conducted at low temperatures (—10 °C and -8 °C),
reproducing very dry snow at specimen level. Under these conditions, the Liquid Water
Ratio (LWR) was low (approximately 0.1), resulting in minimal accretion (Fig. 4). After
one hour, the ice mass per unit length remained below a few hundred grams. In contrast,
Icing Test No. 3 was performed at a significantly higher temperature (-2 °C), where the
snow was so wet that its larger particles were already in a freezing rain state upon impact
with the conductor. This was evidenced by the formation of icicles (Fig. 5). Icing Test No.
4 was carried out at —4 °C, leading to wet snow accretion. Given the significant difference
in snow quality between Icing Test 3 (-2 °C) and Icing Test 4 (—4 °C), an additional test at
an intermediate temperature (-3 °C) was conducted (Icing Test 5). This condition proved
to be optimal for generating the largest ice accretion. Due to the substantial ice buildup
in Icing Test No. 5, the screws failed to hold, causing the conductor to axially rotate. As
a result, this test was repeated at the end of the experimental campaign (Icing Test No.
8, see Fig. 6), ensuring that the conductor remained stable throughout the test duration.
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Fig. 3. Low-friction bearing for freely rotating conductor (left) and contact encoder to measure
the angle of axial rotation of the conductor (right)

To examine the effect of free rotation, Icing Tests No. 6 and 7 were carried out at -3 °C.
In all tests, the conductor was positioned perpendicular to the flow (wind direction 90°),
except in Icing Test No. 7, where the wind direction was set to 60° (Fig. 7).

4 Results and Discussion

The Liquid Water Ratio (LWR), defined as the ratio of the liquid part in partially frozen
snow particles to their total mass, is the key parameter in this investigation. It directly
affects the snow’s sticking efficiency. The LWR is a dimensionless quantity ranging from
0 to 1. Low LWR values correspond to dry snow, while high values indicate wet, highly
adhesive snow. At the upper limit, LWR = 1, the particles consist entirely of supercooled
droplets - liquid droplets that remain unfrozen until the impact with the conductor, as
observed in freezing rain.

In the wind tunnel, water particles in the liquid state (LWR = 0) are expelled from
the snow gun at a temperature slightly above 0 °C. These particles are carried by the
wind through the cold environment, where they partially freeze in flight. Since both
the wind speed (10 m/s) and the flight path length (10 m) are fixed parameters in this
investigation, the only factor influencing the degree of freezing before impact is the air
temperature. Depending on the air temperature set for each experiment, the particles
freeze to varying extents, resulting in a specific LWR at the moment of impact with the
model.

Figure 8 illustrates the effect of LWR on the accumulated ice mass per meter overa 1-
h period. The LWR values shown in the figure represent the average for each experiment,
as listed in Table 1. As expected, the accumulated ice mass is minimal for dry snow (LWR
< 0.15). With the increasing LWR, the accumulated mass rises rapidly in a nearly linear
trend, reflecting higher sticking efficiency. However, at sufficiently high LWR values,
the slope of the accumulation curve decreases. This change in slope indicates the onset of
run-off effects, which are further confirmed by the visual observation of icicle formation
(see Fig. 5).
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Table 1. Outline of the wind tunnel tests and results

Icing Test | Unit |1 2 3 4 5 6 7 8

No

Wind speed |m/s | 10 10 10 10 10 10 10 10
Air °C -10.1 |-8.0 |-2.0 |-4.0 |-3.0 -3.0 -3.0 -3.0
temperature

Wind °deg | 90° 90° 90° 90° 90° 90° 60° 90°
direction

Axial - fixed |fixed |fixed |fixed | partially rot |rotating | rotating |fixed
rotation

Duration min | 60 60 60 60 60 75 75 60
Fx at the N/m 034 |0.04 |-7.15 |-1.34 |-0.86 -2.78 -2.50 -7.91
end

Fy at the N/m 0.70 |1.57 |42.97 [6.10 |34.84 27.82 40.68 21.62
end

LWC g/m3 4.2 3.1 1.7 2.8 3.5 2.2 n/a 2.8
LWR - - n/a n/a 0.49 |0.08 |0.46 0.39 0.38 0.29
15 min

LWR - - n/a n/a 042 1026 |0.37 0.34 0.42 0.37
30 min

LWR - - n/a n/a 045 |0.11 |0.35 0.23 0.30 0.26
45 min

LWR - - n/a 0.13 044 |0.13 |0.21 0.18 0.31 0.22
60 min

LWR - - n/a n/a n/a n/a n/a 0.13 0.25 n/a
75 min

LWR - - n/a 0.13 045 |0.14 |0.35 0.25 0.33 0.29
mean

Area of mm? | 327 394 1097 | n/a 3390 3782 5104 2762
accretion

Mass 1 h kg/m | 0.072 | 0.160 |4.380 |0.622 |3.551 2.175 3.233 2.204

The LWR for each experiment is determined in the wind tunnel using thermodynamic
principles of heat exchange. A known amount of snow is melted in hot water, and the LWR
is calculated by measuring the water temperature before and after melting, applying the
equation of thermal equilibrium. The measurement has a significant uncertainty that we
estimate at least 10%. This uncertainty arises from several factors. First, it is influenced
by the accuracy of temperature measurements and heat losses. Second, the freezing
of particles is a dynamic process that evolves throughout the experiment. It has been
observed that the LWR of collected ice samples gradually decreases with exposure time.
As a result, the LWR measured after 15 min of accumulation might be lower than the
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Fig. 4. Icing test 1 — Dry snow

e
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Fig. 5. Icing test 3 — Transition between very wet snow and freezing rain

it

Fig. 6. Icing test 8 — Wet snow

actual LWR of the particles at the moment they impact the model. Additionally, if ice
samples within the same experiment show a progressively lower LWR, this may indicate
an increasing fraction of fully frozen ice in the collected samples over time. Lastly, the
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LWR varies with particle size. The value measured in the wind tunnel should therefore
be understood as an average over the particle size distribution.
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Fig. 9. Forces and rotation angle in Icing Test 6

One of the objectives of the experimental campaign was to investigate ice accretion
on a freely rotating conductor. The piano wires of the test bench were designed to provide
torsional stiffness comparable, to some extent, to the real values found in 300-400 m
span transmission lines. Figure 9 presents the forces and rotation angles recorded during
Icing Test 6. The test lasted 75 min, as specified in Table 1, and was divided into five 15-
min phases. At the end of each phase, the wind speed was turned off, allowing time for
photographic documentation. These pauses were essential, as the vertical force measured
during the wind-off intervals corresponds to the self-weight of the iced conductor.
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On a non-rotating conductor, ice accretion occurs primarily on the windward side. In
contrast, on a conductor free to rotate, the asymmetry of the accumulation (windward)
induces a torque and a progressive axial rotation, resulting in a more rounded accretion
contour. The experiments demonstrate that this axial rotation increases linearly from
the beginning of the test and stops immediately when the wind speed is reduced to
zero during the breaks after each 15-min interval. Notably, the conductor remains in its
rotated position once the wind stops. This suggests that although aerodynamic forces
may contribute to the rotation, the primary driving force is the eccentric self-weight
of the ice. Overall, after 75 min of testing, the conductor experienced a rotation of
120°, corresponding to an average rotation rate of approximately 1.6° per minute. As
documented in the literature (see [4]), the experiments did not indicate any tendency
for the phenomenon to cease. Given a sufficiently long test duration, a complete 360°
rotation and a rounded accreted shape would therefore be expected.

5 Conclusions and Outlook

Experiments on wet snow accretion were conducted in the climatic wind tunnel at CSTB.
Artificial snow of varying qualities was generated using a snow gun. The key parameter
in this study was the Liquid Water Ratio (LWR), defined as the ratio of liquid mass to
the total mass of snow particles. It was controlled in the experiments by adjusting the
air temperature of the wind tunnel. The results indicate that the accumulated mass over
a constant exposure period (1 h) increases almost linearly with rising LWR within the
typical range of wet snow. However, at sufficiently high LWR, the slope of the curve
decreases, suggesting the onset of run-off effects.

The snow content in the air, quantified as the Liquid Water Content (LWC), was reg-
ulated through appropriate snow gun settings and kept constant during the investigation.
This parameter serves as a nearly linear time scale factor, accelerating the icing process
in the wind tunnel compared to full-scale conditions, thereby enabling in the wind tunnel
larger accretions within a shorter time.

Further refinement of the wind tunnel data remains possible. Force sensor measure-
ments exhibit cross-talk effects caused by second-order deformations under load. There-
fore, the linear calibration matrix applied in this study can be enhanced to incorporate
nonlinear corrections.

For full-scale applications, establishing a relationship between meteorological con-
ditions and snow quality (LWR) is crucial. This would not only help identify the optimal
conditions for wet snow accretion but also enable an assessment of its probability of
occurrence. Future research will address this aspect.

Another important factor, not yet investigated in this experimental campaign, is
the influence of conductor surface temperature on wet snow accretion. The electrical
current flowing through the conductor generates heat, which may impact ice formation
and shedding.

Last but not least, the effects of wind direction were briefly examined in this exper-
imental campaign. A variation in wind direction from 90 to 60° did not cause a signifi-
cant change in ice accretion. However, further validation with a broader range of wind
directions will be necessary.
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Abstract. Savonius wind turbines are gaining attention for their low-maintenance
design and suitability for small-scale distributed power generation. The THRUST
(The High Rotational Urban Savonius Turbine) project focuses on a small diameter
Savonius rotor designed to withstand high wind speeds without a braking system.
The experimental investigation was conducted in the Giovanni Solari Wind Tunnel
at the University of Genoa, under smooth and turbulent flow. In addition to assess-
ing flow conditions, key performance parameters such as torque, voltage, current,
rotational speed, and rotor-generated noise were measured in the wind tunnel.
Further investigations, including CFD simulations, have allowed to explore these
effects in more detail and to interpret the rate of effective wind velocity increase
caused by the wind tunnel blockage due to the presence of the wind turbine.
This paper outlines the activities conducted, providing the description of the
model, experiments, and measurements. As an example, a selection of results
is presented, including power and torque curves, as well as acoustic emission
measurements recorded near the rotor. The findings indicate that the Savonius
rotor can sustain energy generation even at high wind speeds and turbulence,
making it a viable solution for wind energy production in challenging conditions.

Keywords: Savonius Rotor - Wind Tunnel Tests - Small Size Wind Turbines -
Turbulence Intensity - Power Curves - Noise Emissions

1 Introduction

Small size wind turbines are becoming a very popular topic due to the increasing interest
in distributed power production and renewable energy communities [ 1, 2]. Unfortunately,
during the operating conditions, they may undergo to severe vibrations induced by gusty
wind, turbulence and by sudden stops of the machine [3, 4]. These phenomena, besides
having a detrimental effect on the energy production, can lead to damages and even
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collapses that have the effect of undermining the distributed wind production market
[5]. In this context, the simplified maintenance requirements of Savonius rotors offer a
great advantage that sustains their appeal in the market for small size installations and
makes them ideal for meeting the wind power needs of prosumers [6]. A key advantage
is their self-regulating capability: as wind speeds rise, the generated power naturally
stabilizes, enabling the rotor to operate safely even in high winds—unlike other turbine
types that may require shutdown to prevent damage. This phenomenon occurs naturally,
with power output reaching zero at a certain rotational speed (for a tip speed ratio, TSR,
of approximately 2).

The proposed research considers a small diameter Savonius rotor wind turbine that is
specifically engineered to withstand high rotational wind speed without being provided
by any braking system [7]. During very high wind speeds, while other types of wind
turbines must be stopped, this Savonius rotor is still operating. In this condition, it
supplies limited power but allows producing energy without excessive concern for very
high rotational speed. Given the distinctive behavior in extremely high winds and high
tip speed ratio power generation, which have not been thoroughly investigated to date,
there is a pressing need for detailed measurements at high wind speeds and under various
turbulence conditions, including the essential measurement of rotor noise at high rotor
speed of rotation.

2 Case Study and Wind Tunnel Set Up

The experimental tests were carried out at the Giovanni Solari Wind Tunnel of the
University of Genoa. It is a closed-circuit type operating at atmospheric pressure; the
working section is 8.8 m long, with a cross-section of 1.70 (width) x 1.35 (height) m.
The model under investigation consists of a steel Savonius rotor, with a diameter ® =
0.25 m and a height of 1.0 m, serving as a representative segment of an actual prototype
wind turbine. The model is equipped with a torque meter and incorporates essential
components such as a 3-phase PMG generator (inner rotor type), a Hall sensor, and an
AC/DC current transducer that can be connected to the NI PXI wind tunnel system to
measure current parameters and the rotor rpm. A dedicated terminal block facilitates the
acquisition of current data. Furthermore, the current transducer communicates with a
resistor module capable of applying appropriate loads to the wind turbine.

Tests were conducted under both smooth and turbulence flow conditions. Flow veloc-
ities were generated with a wind tunnel rotor propulsion fan frequency ranging from 8§ Hz
to 40 Hz, leading to wind speed up to 21 m/s (at the inlet), while the rotor’s spinning
was explored up to 2500 rpm. This comprehensive approach allowed for a thorough
examination of the rotor performance across a wide spectrum of operational scenarios.
Turbulent flow conditions with intensities /,, of approximately 4% were achieved using
a wooden static grid positioned upstream of the model. The grid featured a bar width
15 mm, and mesh size 155 mm, defined as the distance between the centrelines of the
bars. For each test, the load on the rotor was varied, measuring wind velocity at the inlet,
temperature, torque, voltage, current, rotational speed. Moreover, to establish baseline
noise levels within the wind tunnel, measurements were conducted by microphones in
different positions and under various conditions. These included the wind tunnel operat-
ing with the rotating turbine, with the rotor removed but the mounting supports in place,
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and with the tunnel completely empty. Figure 1 illustrates the wind tunnel layout for the
tests, showing the position of the wind turbine, the Pitot static tube at the inlet, the grid,
and the microphones M1-M4.

[Pitot | grid_pos.1 {wind
1 !turbine M1 M2 M3 M4
_] L 4 v A 4 e —
2000 )
|
1000 1000 2000
T T |
[

Fig. 1. Wind tunnel test layout (dimensions in mm)

Figure 2a illustrates the steel rotor, the pivotal component of the experiment; Fig. 2b
provides a glimpse into the wind tunnel, showcasing the model’s placement; Fig. 2¢
highlights the wooden grid positioned upstream.

2 y )

Fig. 2. Savonius rotor (a), model in the wind tunnel with the generator (b); the wooden grid for
turbulence generation (c)

3 Wind Tunnel Results

For each test run at a fixed propulsion fan frequency of the wind tunnel, f, experiments
were conducted by varying the load applied to the rotor. At each load setting, the wind
tunnel velocity—measured by the Pitot tube at the inlet—was stabilized to a steady-
state value. Once the turbine reached a steady rotational speed, data was recorded for



Wind Tunnel Tests on a High Rotational Urban Savonius Turbine 121

one minute. The load on the rotor was then varied, and new measurements were taken
after reaching steady-state conditions. Figure 3 reports an example of the measurements
of the generated power, P, and torque, 7, at different rotational speed @ (in rpm) of the
turbine for f = 24 Hz in smooth flow and with the wooden grid. In both conditions, the
Pitot tube recorded a wind speed v = 12.3 m/s. The Reynolds number is calculated as
Re =3.9 x 10%.

The measured data points establish the relationship between the extracted power and
the measured torque versus the corresponding rotational speed of the rotor. The whole
set of tests carried out at different wind velocities allows deriving the power curve of the
turbine.

Referring to the flow velocity measured at the inlet section, the power coefficient ¢,
and torque coefficient c7 are obtained:

P T
=TT = T
%pV3As %,OszAS

D

Cp

where Ay is the turbine swept area, R = ®/2 is the turbine external radius, p is the
density of the air. Figure 4 reports the diagrams of ¢, and c7 versus the tip speed ratio
TSR = wR/v.

Conversely, conducting experimental investigations of the rotor in a wind tunnel
requires careful consideration of the blockage effect. Blockage correction for Savonius
rotors [8] typically involves accounting for both solid object blockage and wake block-
age. However, assessing these factors can be challenging due to the rotor’s motion, which
adds complexity to the analysis. Considering that the model frontal area is 0.25 m? and
the wind tunnel cross section is 2.3 m?, the ratio of these surfaces yields a static blockage
ratio of S/C = 11%. Following the approach of Pope and Harper [9], the power curve can
be corrected considering an increment for the free stream velocity of about 3.5%, while
the use of Maskell relationship [10] supplies a correction coefficient of about 16%. The
use of one corrective coefficient over another leads to significant variations in the results.
CFD analyses, carried out for the investigated set up, have shown that the method by
Pope and Harper effectively adjusts the results to match those of an unconfined wind
field.

Figure 5 reports the power spectrum density (PSD) of the noise, in smooth flow,
recorded by the microphone just behind the rotor (position M1, see Fig. 1) for the static
condition in empty wind tunnel (i.e., without the model) and for the wind turbine in
operation when it produces the maximum power. In this condition, the turbine rotates at
® = 934 rpm, that corresponds to frequency 1P = 15.6 Hz. Peaks in the PSD are clearly
related to the spinning frequency and its multiples. Figure 6 shows the noise variation
during the tests at different tip speed ratio (a), rotational velocity(b) and generated power
(c); the diagrams also report values in turbulent flow 7, = 4%.
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Fig. 6. Noise pressure level for the rotating turbine in smooth flow versus tip speed ratio (a),
rotational velocity (b) and mechanical power (c).
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Abstract. This work presents ongoing research activities conducted as part of
the RESPOND (REal Scale experimental assessment of Pile grOup dyNamic
impedance) project, funded under the EU ERIES Transnational Access (TA)
initiative.

The project focuses on investigating the dynamic behavior of full-scale pile
groups embedded in the well-documented subsoil of the EuroSeistest site, located
in the tectonically active Mygdonian basin, 30 km NNE from Thessaloniki, Greece.
A 2x2 pile group consisting of four identical bored piles, each with a diameter
of 0.60 m and a length of 10 m, was realized. These piles are connected to a
3x3x0.4 m pile cap, serving as the foundation for a 5 m high model structure.

The experimental results have a remarkable value for a reliable design and
analysis of structures founded on piles in seismic areas, since soil-structure inter-
action (SSI) may have a prominent role in the dynamic behaviour of the super-
structure. The project is therefore expected to provide a better understanding of
fundamental mechanisms associated with dynamic SSI problems, to validate exist-
ing formulae for pile group impedances and eventually propose modifications and
indications for applications involving moderate non-linearities in the soil.

Keywords: Pile group - field test - dynamic impedance - soil-structure
interaction

1 Introduction

Dynamic SSI phenomena are typically distinguished in inertial and kinematic interaction
effects [1]. The former result from the development of inertial forces in the vibrating
structure associated with the compliance of the foundation and they would not occur in
a fixed-base structure. The kinematic interaction, which is more important for embed-
ded structures, stems from the inability of the structure to comply with the free-field
deformation pattern induced by a particular ground-motion. The majority of existing

© The Author(s) 2025
G. O’Reilly and G. M. Calvi (Eds.): ERIES-IW 2025, LNCE 718, pp. 125-131, 2025.
https://doi.org/10.1007/978-3-031-98893-6_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-98893-6_13&domain=pdf
http://orcid.org/0000-0002-9993-5353
https://doi.org/10.1007/978-3-031-98893-6\sb {13}

126 R. Di Laora et al.

studies and the most commonly adopted procedures in engineering practice employ the
so-called sub-structure approach [2—4]), in which the inertial and kinematic interaction
mechanisms are rigorously separated from a mathematical standpoint. More specifically,
the application of the method is performed in three consecutive steps: (i) calculation of
the seismic motion at foundation level, or the Foundation Input Motion (FIM), which
may be different from the seismic motion at free-field conditions due to a physical
phenomenon termed as kinematic soil-foundation interaction; (ii) computation of the
dynamic impedances (‘springs’ and ‘dashpots’) associated to swaying, vertical, rocking
and cross swaying-rocking oscillation of the foundation; (iii) evaluation of the response
of the superstructure supported on springs and dashpots determined in step (ii) and
subjected to the FIM calculated in step (i).

Evidently, a crucial ingredient of such method is the determination of the dynamic
impedance of the foundation, which regulates the increase in natural period of the struc-
ture and, above all, the amount of extra dissipation of energy by radiation of waves from
the foundation into the soil medium. To give an idea of the importance of this last aspect,
Conti et al. [5] found out by numerical analysis, with reference to a bridge pier resting
on a 3x3 pile group, that radiation damping may reduce of 50% the seismic demand on
the pier.

The problem of the assessment of the dynamic impedances of pile foundations has
been tackled mainly by analytical and numerical means. Formulas and charts are avail-
able for single piles in homogeneous soil or for simple stiffness distributions under
elastodynamic considerations [6]. However, the performance of such formulae, or of
more complex formulations involving numerical analysis, has never been tested with
reference to real piles and real soil conditions.

2 Objectives of the Project

The experimental campaign has three main goals: (1) to provide a better understanding
of fundamental mechanisms associated with dynamic SSI problems; (2) to compare
experimental data with existing analytical formulae for pile group impedances and,
eventually, propose modifications and extension to moderate non-linearities in the soil;
(3) to verify the importance of pile foundation impedance on the seismic response of the
superstructure.

The first goal will be achieved through monitoring accelerations, in the three direc-
tions, in a large number of locations within the soil medium and comparing results
with classical elastodynamic solutions for low amplitude excitations, corresponding to
the low-strain soil stiffness, and finite element analysis employing proper constitutive
models for taking into account moderate non-linearities in the soil.

The second goal will be pursued again by analytical and numerical means. It will
be checked first the capability of existing formulas to predict impedances for very low
strain. Then the capability of an equivalent-linear approach will be verified for moderate
non-linearities, eventually proposing rules for using existing formulas with properly
modified soil stiffness as function of excitation amplitude, in the same spirit as the
approach followed in Iovino et al. [7], Garala et al. [8], Stacul et al. [9], to treat non-
linear soil behaviour in kinematic soil-pile interaction. Moderate non-linearities will also
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allow a better understanding of the energy dissipation mechanisms, both for the hysteretic
part and for the radiation damping; regarding this last issue, it is not clear whether the
energy dissipation is ruled mainly by the mobilised soil stiffness or the initial low-strain
value, and how soil layering in a real subsoil can modify such mechanism as compared
to the simplistic assumption of homogeneous soil.

The third objective is reached by comparison with previous experiments in the same
site and same structure yet resting on a shallow foundation. Subsequent paragraphs,
however, are indented.

3 Testing Facilities

Since the project is intended to test pile foundations at real scale in the field, i.e. with real-
istic dimensions and in a natural layered subsoil, the EUROSEISTEST-EUROPROTEAS
Research Infrastructure has been selected as host Infrastructure. The real-scale prototype
structure of EUROPROTEAS is in EUROSEISTEST experimental facility established
in the Mygdonian Valley in Northern Greece. EUROPROTEAS consists of a simple
steel frame with reconfigurable X-bracings founded on a reinforced concrete slab of
3x3x0.4m. Two similar portable reinforced concrete slabs of 9Mg each are placed at the
top of the structure representing the superstructure mass. The total height of EuroProteas
from the bottom of the foundation slab to the top of the second roof slab is 5.0m while
its total mass is approximately 28.5Mg. EuroProteas is a perfectly symmetric structure
(Fig. 1) ensuring same bending stiffness in both plane directions. The removable parts of
the structure (X-bracings and upper RC slab) allow different configurations of structure’s

Fig. 1. EUROPROTEAS model Structure.
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mass and stiffness, covering a wide range of structural stiffness and natural frequencies
between 3Hz and 11Hz.

Soil stratigraphy and dynamic properties in EUROSEISTEST TST site where the
model structure has been constructed are well documented by a series of geotechnical
and geophysical surveys (Fig. 2). Monitoring capabilities of the Europroteas SSI facility
may include more than 80 instruments of various types to monitor structural, foundation
and soil response in a particularly dense 3D instrumentation array. Triaxial accelerom-
eters can be mounted on both the superstructure and the foundation slab. Additionally,
seismometers can be placed on the ground surface both in the longitudinal and trans-
verse direction of loading up to three times the foundation width to capture the soil
response. Long shape-acceleration-arrays (SAAR) are also available to be placed inside
the borehole next to the foundation and on the free-field in the direction of loading.
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Fig. 2. Soil characterization and field measuremets at TST site of EuroSeistest (Series Report
2012).
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Forced-vibration tests are also possible through a MK-500U (ANCO Engineers Inc)
eccentric mass vibrator owned by the Institute of Engineering Seismology and Earth-
quake Engineering (EPPO-ITSAK), employed as a source of harmonic excitation. MK-
500U is a portable, unidirectional dual counter-rotating shaker that can produce a max-
imum sinusoidal horizontal force of S0kN and can be operated from 0.1Hz to 20Hz, at
frequency steps of 0.1Hz. The shaker is powered by a 2.2kW, 1200rpm electric drive
motor controlled by a Toshiba VF-S9 adjustable speed drive.

4 Testing Procedure

The tests carried out so far have been performed in three stages. First, only the foundation,
without structure, has been shaken (Fig. 3a). Second, once the structure has been placed
on the foundation, the load has been applied on the foundation. Third, the shaker has
been moved on the structure mass and thereby the system has been shaken from the top
(Fig. 3b).

For the first stage (only foundation) the shaker configuration with the three and four
eccentric masses has been used. This is because the load provided by only one or two
masses would have been extremely small. Conversely, the second and third stage have
been carried out using one, two, three and four masses, given that in this case the load
on the foundation can be amplified due to the inertia contribution of the structural mass.

The load consists of sinusoidal forces applied with increasing frequency. For each
frequency, the harmonic load has been maintained for one minute, which is largely
sufficient to catch the steady-state response.

Further tests conducted later on focused on the response of the single pile, which
was tested both for harmonic loading and subsequently subjected to a static vertical and
horizontal load test until large displacements.

Fig. 3. Part of the forced-vibration tests carried so far with the eccentric mass vibrator mounted
on (a) The foundation slab without the superstructure and (b) the superstructure top slab to shake
the whole SSI system.
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5 Selected Results

At this stage data are being processed and interpreted. Preliminary results are shown
in Fig. 4. The computed force is plotted against the imposed vibration frequency in
Fig. 4e. Note that the points refer to the actual loading frequencies, which were derived
from the FFT transform (Figs. 4a and 4c) of the associated records (Figs. 4b and 4d)
from the sensors with the code names 1.1 1.2 and 1.3 (Fig. 4a) placed on the foundation
slab. The original signals have been filtered, eliminating the noise corresponding to low
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frequencies. It is noted a good agreement among the three recordings. Also, despite
the large force exerted on the pile group cap at high frequencies, the amplitude of the
horizontal displacement was recorded low enough to allow for the derivation of the pile
group impedances in the linear range, as it was originally planned.
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Abstract. The ERIES-ALL4wALL project, “Smart ALLoys for WALLs,” aims
to understand and improve the seismic performance of reinforced concrete (RC)
building core walls, which are poised to become increasingly vital as the global
building stock is expected to double by 2060. This paper presents preliminary
results and findings relative to the dynamic testing of two large-scale RC U-
shaped core walls, which were tested in the National Laboratory for Civil Engi-
neering (LNEC), in Lisbon. The first unit, UWS1, used conventional steel rein-
forcement, while the second (UWS2) incorporated largely-debonded iron-based
shape memory alloy (FeSMA) rebars. The latter were heated via Joule effect to
apply a pre-stress aiming at reducing residual displacements. The units were sub-
jected to alternating uni- and bidirectional ground motions. This paper presents
the full time-histories of the wall collar’s relative displacements in both orthogo-
nal directions, along with the corresponding torsional rotations. The article also
examines the maximum and at-rest residual displacements, comparing them with
those anticipated from quasi-static reverse-cyclic tests. It concludes with a pre-
liminary discussion of unexpected structural behavioral features of UWS2, which
are attributed to electrical insulation deficiencies that led to difficulties with the
resistive heating system in three of the four wall cross-sectional corners.

Keywords: Reinforced concrete walls - U-shaped walls - Torsion - Residual
displacements - Shape memory alloys - Shake table

1 Introduction to the Project ERIES-ALL4wALL

Greater confidence in understanding and simulating reinforced concrete (RC) struc-
tures is essential to better define and achieve their target performance. The ERIES-
ALL4wALL project focuses on RC buildings with U-shaped core walls, the most com-
mon configuration among core wall geometries, which serve as the structural backbone
of millions of buildings worldwide. With the global building stock projected to double by
2060 [1], core walls will be crucial for the resilience of the built environment. Addition-
ally, the UN estimates that 2.5 billion more people will be living in cities by 2050, leading
to a significant rise in mid- and high-rise structures. RC core walls have long been, and
will likely remain, the preferred lateral load-resisting system in building typologies con-
sisting of materials lacking sufficient stiffness or strength. This includes the growing use
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of mass timber structures—such as the 25-story Ascent skyscraper, the world’s tallest,
which features an RC core—along with emerging typologies that incorporate natural or
minimally processed materials like tree trunks and bamboo. Furthermore, RC buildings
using alternative reinforcement—such as fiber-reinforced polymer (FRP) rebars—are
gaining traction, expanding the role of core walls in future construction.

The description and objectives of the project ERIES-ALLAwWALL, “Smart ALLoys
for WALLSs: towards durable structures with long service lives and minimal seismic
residual displacements”, funded by the Engineering Research Infrastructures for Euro-
pean Synergies (ERIES; www.eries.eu) Transnational Access program, are provided in
the overview by Almeida et al. [2]. It also describes the relevance of the project to the
ERIES research areas and goals, innovation and impact, and the synergy between seven
universities and institutes, complementary in their skills. It includes additionally a sum-
mary of the experimental program, the spectrum of numerical simulation approaches
employed by the user group, and other associated initiatives—namely, a special issue in
the Bulletin of Earthquake Engineering, which is nearing completion, and an interna-
tional blind prediction competition. More details on the latter can be found in Hoult ez al.
[3].

The present paper focus solely on the presentation of preliminary results obtained
from the experimental program of ERIES-ALL4wALL, which consisted in the shake
table testing of two half-scale U-shaped wall units, as described in the next section.
Despite extensive research on the behavior of RC walls, two closely related topics remain
significantly underexplored in experimental studies, and more so for realistic shake table
tests: torsional response and residual displacements, which play a crucial role in assessing
the post-earthquake repairability of these structures. Thus, both units were subjected to
loading designed to induce a bidirectional-torsional response in the walls, as detailed
further in the two following sections.

At the time of writing this paper, the authors and the ALL4AwWALL user group have
only recently obtained the measurements results from conventional instrumentation.
Therefore, the present paper provides just a preliminary presentation of the main results
obtained from the tests of both walls, and some initial findings and comments. A data
paper, describing the experimental campaign in detail, as well as the explanation of the
test open-access data uploaded to a public repository, can be soon found in Hoult et al. [4].
This latter document is currently under preparation, but the corresponding submission
for journal publication will have happened by the time of the present ERIES-IW2025
International Workshop. It includes a description of test observations, and the evolution
of local damage during the subsequent ground motion runs. Due to space limitations,
and the fact that some local results are still being obtained and processed, the present
paper limits itself to global engineering demand parameters, skipping many details of
the test program.

2 Summary of the Experimental Program

This section provides an overview of the test units and the completed test program.
Figure 1(a) presents a 3D representation of both test units, UWS1 and UWS2. Figure 1(b)
shows the cross-section and reinforcement detailing of the test units. They differed in the
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material used for the vertical reinforcement of the boundary elements: UWS1 incorpo-
rated 12 mm diameter (®12) conventional steel reinforcement, designed in accordance
with Eurocode 8, as shown on the right side of Fig. 1(b). UWS2 utilized instead ©®10.7
iron-based shape memory alloys (FeSMA), as illustrated on the left side of Fig. 1(b).
The cylinder concrete compressive strengths of the walls at 28 days were, on average, of
27 MPa for UWS|1 and 30.3 MPa for UWS2. A ductile longitudinal reinforcing steel was
employed for UWS1, with a yield strength varying between 538 and 580 MPa (depend-
ing on the rebar diameter), whereas the ®10.7 FeSMA rebars had a yield strength of
555 MPa. An extensive characterization of the walls’ geometric and mechanical prop-
erties will be available in the data paper [4]. The FeSMA rebars were selected with the
aim of reducing the residual displacements of the wall. This was based on the underlying
working principle that consists in prestressing the wall plastic hinge region, leveraging
the unique self-prestressing characteristics of FeSMA upon heating at a specific activa-
tion temperature. The latter effect should, in turn, be responsible for the intended wall
self-centering and corresponding minimization of the resulting residual displacements.
The prestressing of the FeSMA rebars was carried out after the full casting of the wall
unit using electrical resistive heating. At the foundation and in the lap-splice region
above the first-story slab, the rebars remained clamped to allow the activation process
and prevent strain recovery due to heating.
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Fig. 1. (a) 3D illustration of the test units (left); (b) wall cross sections detailing for unit UWS1
(right half) and unit UWS2 (left half), with inclusion of reference system in blue (positive in the
NS and WE directions).

Unfortunately, despite many precautions during construction, the FeSMA cage was
not perfectly electrically insulated from the remaining steel cage, and only limited
increase in temperature was achieved. More information and a quick discussion on this
relevant issue is provided in Sect. 5. Additionally, to limit inelastic strain demand concen-
trations at the bottom of the wall and further contribute to elastic recovery and residual
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displacement limitations, an unbonded behavior along the height of the FeSMA rebars
in the ground story (i.e., below the first-story slab) was sought. Therefore, the FeSMA
rebars were shrink-wrapped with two layers, minimizing bond with the surrounding
concrete.

Each wall supports a top mass exceeding 28 tons—comprising approximately 3 tons
from the wall collar and 25 tons from applied masses. Hoult ez al. [3] specify the location
of the applied mass center relative to the geometric centroid of the wall, which introduces
an initial bending moment around the section weak axis.

The ground motions recorded by the station MZ04 during the Central Italy earth-
quake of October 30, 2016, were applied. The acceleration time histories applied along
the West-East and North-South directions of the shake table, with the positive senses
indicated in Fig. 1(a), corresponded to the HNN and HNE ground motion components
recorded by the MZ04 station, respectively. They are illustrated in Fig. 2(a). The peak
ground accelerations are approximately 0.808g and 0.645g. The original ground motions
were adapted to consider the Cauchy-Froude similitude law, resampled, cropped, low-
pass filtered, integrated in the frequency domain, and windowed as described in Hoult
et al. [3]. Due to the interaction between the shake table and the specimen, the input
acceleration-time histories effectively applied deviated slightly from the ones shown in
Fig. 2(a). Figure 2(b) presents the combined scaling factors applied to each of the WE and
NS ground motions for each run (i.e., GM0O — GMS). The initial ground motion, GMO,
along with all odd-numbered motions (e.g., GM1, GM3, etc.), are applied exclusively
in the WE direction. In contrast, the even-numbered ground motions are bidirectional,
designed to impose both flexural and torsional demands on the structure; the latter arise
due to the offset between the center of mass and the cross-section shear center.

) ! 56;-(:0.81'9 ' ‘ ‘
§ %°F WE (HNN) | NS (HNE)
5 GM0 10 0
8 GM1 25 0
< GM2 25 25
GM3 50 0
GM4 50 50
— GM5 75 0
oy GM6 75 75
-.g GM7 100 0
b GM8 100 100
"3 6 9 12 15 18
Time [s]
(@) (b)

Fig. 2. (a) Acceleration time histories applied to the shake table in the WE and NS directions
(scale factor of 100%); (b) Scale factors applied for the consecutive ground motion runs.
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3 Wall Collar Displacement and Twist Responses

Due to the dynamic interaction between the units and the shake table, the applied ground
motions do not correspond exactly to the time histories shown in Fig. 2(a). Nonetheless,
a very good spectral match was achieved. The dynamic responses of the wall units are
herein shown based on the measurements obtained with conventional instrumentation.
Itis noted, however, that a secondary but relevant objective of this project was to explore
the application and comparison of advanced optical measurement systems; the reader
is invited to refer to the publication by Lo Feudo et al. [5], where the evaluation of
conventional instrumentation and video tracking of targets (painted circles and crosses,
and motion capture markers) is conducted.

Figure 3, Fig. 4, and Fig. 5 show the time history responses for both units, to GM1
through GMB8, regarding respectively the following global demand parameters: wall
collar relative displacement in the WE direction, wall collar relative displacement in the
NS direction, and wall collar twist.

The wall collar relative displacement in the WE direction (Fig. 3) was obtained as
the difference between the average measurements of two potentiometers attached to
the collar at a height of 4290 mm above the foundation in the WE direction, and a
potentiometer measuring the WE displacement of the shake table.
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Fig. 3. Relative displacement time histories at the collar of both test units, along the WE direction,
for test runs: (a) GM1, through (h) GMS.
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for test runs: (a) GMI, through (h) GMS8.

A similar approach was applied along the NS direction to obtain the corresponding
relative displacement time histories (Fig. 4) from a pair of potentiometers along that
direction. The two potentiometers in the WE direction were also used to compute the
torsional rotation, or twist, depicted in Fig. 5, considering the distance of 1.2 m between
the potentiometers. It is noted that the effect of foundation uplift is included, i.e. results
do not depict only contributions from member deformation.

Due to paper length limitations, the analysis of the maximum and residual values of
the relative displacements is presented in Sect. 4. Herein, only a small number of salient
features of the curves shown in Fig. 3 through Fig. 5 are herein highlighted. Firstly,
one can observe a generally similar frequency content of the response, and comparable
maximum displacement demands for both walls (see also Sect. 4) when subjected to the
ground motions with bidirectional excitation (GM with even numbers), despite some
deviations for GM4 and GM6 along the NS direction and twist. It also appears that,
on average, damping is not essentially very different for both specimens. However, the
previously observed overall similarity in the global response of UWS1 and UWS2 is
disrupted by a noticeable difference: when subjected to the lower-intensity unidirectional
WE excitations (GM1 and GM3), while UWS1 responded with negligible displacements
along the NS direction, as well as torsional rotations, UWS2 showed very significant
movements. The latter was unexpected, given the symmetry of the wall cross-section
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along WE. The relevance and proposed explanations for this response are provided in
Sect. 5.

4 Residual Displacements

This section addresses residual displacements, which is one of the main topics of
ALLAWALL presented in the Introduction. In this section, as is customary in this con-
text, displacements are expressed as drifts, i.e. they are normalized by the collar height
(hy). Furthermore, within the framework of structural dynamic behaviour, it is impor-
tant to distinguish between the maximum residual drift (d,,,,4,) experienced during the
excitation and the residual drift (J,) at rest, after the ground motion has stopped. They
are illustrated in Fig. 6, wherein the force depicted in the vertical axis of Fig. 6(b) cor-
responds to the inertial force determined as the product of the acceleration measured at
the center of the wall collar times the top mass. The figure also indicates that J, at rest is
typically much less than J, 4y, due to “shake-down” effects. The dynamic shake-down
phenomenon refers to the dynamic response of the structure after its peak drift, during
the remainder of the earthquake, and the free vibration phase that follows [6].
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It is important to highlight the difference between the above dynamic residual drifts
and the residual drift obtained from reverse-cyclic quasi-static tests, dy.max, static- The latter
has some similarities with J,,,4x, to the extent that it corresponds to the drift at which
the force becomes null after a peak lateral drift. However, whereas the force indicated in
Fig. 6 is an inertial force, the force from quasi-static tests is the nonlinear static resisting
force as measured by the load cell of the actuators. In other words, the residual drift
from reverse-cyclic quasi-static tests does not account for the effects of viscous forces
(since they do not exist), unlike d;.max-

In a previous study [7], the authors analyzed a large dataset of force-displacement
hysteresis from quasi-static tests on (steel-reinforced) RC walls to derive an expression
for the residual drift as a function of imposed in-plane drift (J;,, in percent):

87 max.static = 0.002282 (1)
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Equation (1) will be compared with ;. ,14x, and 6,- from the shake-table ground motion
runs. It is noted that J, cannot be directly measured in typical quasi-static reverse-cyclic
structural tests. Dynamic displacement time histories were analyzed for the ALLAWALL
specimens UWSI (steel-reinforced) and UWS2 (FeSMA-reinforced). Additionally, for
completeness, four dynamically tested RC U-shaped wall specimens (WALLO, WALLI,
WALL?2, and WALLS3) with steel reinforcement [8] were also included in the analysis.
Figure 7(a) presents the measured J;.,,4, (circle markers) and J, (square markers) from
these dynamic tests, expressed as drift ratios. Only the largest in-plane drift amplitude
per ground motion run was considered in calculating d;.,4y and J,, resulting in a limited
dataset. The (inertial) force data for UWS1 and UWS2 [4] was smoothed using a moving
average with a span of 10 data points. This smoothing is important as it influences the
calculation of J,,,4x, Which is determined at zero force. Figure 7(a) also includes the
static residual drift estimated using Eq. (1) (dashed black line), which aligns reasonably
well with the dynamic J,,,, data (12 = 0.58), particularly for larger in-plane drift
levels (0;, > 1.5%). It is noted that past studies addressing residual displacements of
bilinear oscillators under ground motions denote o, uax staric as the “maximum possible
residual displacement based on slow unloading from the peak displacement”, and derived
expressions for the latter based on the peak displacement ductility demand and the
post-yield stiffness (i.e., the post-elastic stiffness divided by the elastic stiffness) [9].

As expected, J, is significantly lower than d;.,4x and approximately follows a linear
trend of 0.15J;, — 0.08 (with J;, in percent), bound by a lower limit of zero. This
suggests that for in-plane drift levels expected from a moderate to large earthquake (i.e.,
1.5-2.0%), the at-rest residual drift is approximately 10% of the attained maximum in-
plane drift. The negative constant term in the linear expression indicates that there is a
range of in-plane drift levels (<0.5%) where negligible J, is to be expected because of
the essentially elastic (pre-yield) behavior of the wall. It is recalled that plasticity and
buckling of the steel bars at the boundary ends of the walls are typically the source of
the residual drifts in structural wall buildings [7].

A convenient non-dimensional residual drift ratio ranging from zero to one, first
coined by Macrae and Kawashima [9] as the “residual displacement ratio”, is the ratio
of 6, t0 Oy max. Figure 7(b) plots this ratio for the same dataset. These data points indi-
cate that, although on average the resting residual drift is approximately 20% of the
maximum residual drift experienced, the dispersion is unsurprisingly very large. The
same researchers [9] showed that, using bilinear single-degree-of-freedom oscillators,
the residual drift ratio strongly depends on the post-yield stiffness and ductility, and less
dependent on the soil type and oscillator period. The lower residual drift ratios of UWS1
compared to UWS2 in Fig. 7(b)—except for the most intense ground motions, GM7 and
GM8—should be examined within this framework. Another possible contributing factor
is the cold-joint wall-foundation interface sliding observed during the dynamic response
of UWSI1 [4], which was not seen in UWS2. This sliding may have counteracted the wall
tilt, effectively reducing the at-rest residual displacements. Increasing damage of UWS1
may have drastically reduced the relevance of base sliding during the largest ground
motion, in favor of inelastic flexural deformation modes, which can help explaining the
highest residual drift ratio of 0.43 in Fig. 7(b).
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It is important to note that, in more recent studies, the residual displacements have
been normalised by the peak inelastic displacements and not by the maximum possible
residual displacements (. mqx. staric ), Since the latter approach was found to present some
drawbacks [10]. This study points to peak inelastic displacements as a more appropriate
intermediate step for estimation of residual displacements, which had also been noted

by other researchers [11].
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S Some Preliminary Findings and Discussion

Based on the information presented in the previous section, one general finding relative to
the project ERIES-ALL4wALL is that one of its initial goals, namely that of minimizing
residual displacements of RC U-shaped walls through an innovative use of iron-based
shape-memory alloy rebars in unit UWS2, was not achieved. Additionally, the wall
UWS?2 depicted an unexpected torsional response, namely when subjected to excitation
along the symmetric axis, highlighted in Sect. 3. The present section discusses some of
the main possible causes for the above unintended effects, in addition to those already
pointed out above (i.e., the shear sliding at the base of UWS1), with a view to possible
future improved applications.

It is recalled that the underlying working principle to minimize residual displace-
ments consisted in prestressing the wall plastic hinge region. This required heating the
longitudinal FeSMA rebars at the boundary elements of UWS2, which was performed
using Joule effect. The target activation temperature was 250°C. Unfortunately, it appears
that the FeSMA rebars were not adequately electrically insulated in three of the four
corners, despite careful construction. Thus, the electrical resistive heating process did
not occur as desired. In fact, the maximum temperature recorded from thermocouples
in FeSMA rebars at the UWS2 cross-sectional wall corners were: south-east: 399.2 °C,
south-west: 63.5 °C, north-west: 98.1 °C, north-east: 97.8 °C. More details can be found
in the data paper [4]. It can be concluded that only partial precompression, centered in
the south-east corner, was achieved.

Nevertheless, several positive and promising findings also emerge from the experi-
mental results. In fact, the unexpectedly relevant collar displacements in the NS direction
and its significant twisting observed during lower-intensity ground motions applied along
the symmetric WE direction of UWS2 confirm the feasibility of effective FeSMA rebar
prestressing via Joule heating, with a clear impact on the wall’s seismic response. Fur-
thermore, crack pattern analysis [4] suggests that the bond of the FeSMA rebars was
effectively minimized (due to shrink-wrapping with two layers), likely contributing to
the limitation of inelastic deformations and enhanced elastic recovery of displacement
demands. Further research using the optical measurement systems will allow to prove
or refute this observation. The authors also admit that, had there been no laboratory
safety concerns regarding a potential failure of the wall through an unexpected brittle
mode, applying higher-intensity ground motions (i.e., scale factors beyond 100%) could
have provided further insights into whether the FeSMA rebars remained predominantly
elastic in tension, even despite buckling in compression. This would also have allowed
the emergence of more significant residual displacements and a clearer assessment of
the performance of the new proposed system.
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Abstract. Masonry infills are critical components of reinforced concrete (RC)
frame structures that often sustain significant damage, even during moderate
earthquakes. Rubber joints have emerged as a promising solution to enhance
their performance. However, further experimental and numerical investigations
are required to assess their effectiveness under realistic seismic loading conditions.
To address this gap, the H2020 EU-funded FLEJOI project (FLExible JOInts for
seismic-resilient design of masonry-infilled RC frames) was conducted within the
ERIES framework. As part of this initiative, two identical RC brick-infilled proto-
types were constructed at the Dynamic Testing Laboratory of IZIIS in North Mace-
donia, each incorporating a distinct rubber joint system. One system was designed
to reduce the infill stiffness while introducing damping capabilities, whereas the
other aimed to fully decouple the infills from the frame. The prototypes underwent
a series of shaking table tests to evaluate their seismic performance. A comprehen-
sive set of sensors was installed to monitor key parameters influencing the seismic
response of the structures, infills, and joints. This paper presents an overview of
the experimental testing campaign and the data generated. These data will support
the calibration and validation of numerical models and serve as a foundation for
further studies on the seismic performance of RC frames with masonry infills and
rubber joint systems.
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1 Introduction

Reinforced concrete (RC) buildings are among the most common types of construction
worldwide. These buildings typically include masonry infill walls, which provide a
significant contribution to the building performance [1] and often represent the most
vulnerable components of the structure. Infill walls can fail even under low-magnitude
earthquakes, resulting in significant direct impacts (such as human casualties and repair
costs) and indirect losses (such as downtime). The financial impact of damage to infill
walls can be substantial, with studies showing that the cost of repairing infill damage
often exceeds the cost of repairing structural components [2]. This underscores the
critical need for innovative technologies that can enhance the seismic performance and
resilience of buildings while minimizing the consequences of seismic events.

A considerable amount of research has focused on developing technologies to protect
masonry infill walls from seismic damage. One common approach involves strengthen-
ing the infill walls using various techniques [3, 4]. However, these methods often require
strengthening adjacent frame components, making them potentially cost-prohibitive.
Recently, alternative strategies have emerged, focusing on the design of engineered infill
walls with improved behavior, minimizing their interaction with the structural frame.
Many of these strategies aim to increase the infill panel’s flexibility and/or isolate it
from the surrounding frame using flexible or sliding joints. Among the joint systems
developed in the EU-funded INSYSME project [5], rubber joints have proven to be
particularly effective due to their adaptable stiffness and energy dissipation properties,
which can be customized through the selection of suitable materials and designs.

Experimental tests conducted mainly within the INSYSME project have demon-
strated the feasibility of using rubber joints. However, further testing and numerical stud-
ies are needed to confirm their effectiveness under more realistic loading conditions and
to advance the understanding of their design principles. To address this gap, the H2020
EU-funded project FLExible JOInts for seismic-resilient design of masonry-infilled RC
frames (FLEJOI) was launched under the framework of Engineering Research Infras-
tructures for European Synergies (ERIES) [6, 7]. The goal of the ERIES-FLEJOI project
is to evaluate the effectiveness of two different flexible rubber joint systems designed to
protect masonry infills and improve the seismic performance of RC buildings.

The first system under investigation is a compliant joint system, consisting of hor-
izontal joints (developed by TARRC - Tun Abdul Razak Research Centre) integrated
into the panel, along with vertical rubber joints placed between the panel and the frame
columns [8—11]. The second system, known as INODIS, is a decoupling system with
sliding/flexible joints located at the interface between the infill panel and the frame [12—
14]. The effectiveness of both systems for infill protection was previously demonstrated
under quasi-static loading conditions. The primary objective of this study is to assess
the performance of these systems under dynamic loading using shaking table tests.

To this end, two identical infilled RC frame prototypes were constructed at the
Dynamic Testing Laboratory of IZIIS in North Macedonia, each equipped with a different
rubber joint system. Both prototypes underwent a series of shaking table tests. This
article outlines the experimental campaign, providing key information on the properties
of the tested prototypes, their construction, instrumentation, testing procedures, and data
collected from various sensors. The test results will be used to calibrate and validate
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numerical models and will support further research on the seismic performance of RC
frames with infills and rubber joints.

2 Experimental Test Models

Two three-dimensional, single-story, one-bay RC frames with masonry infills and rubber
joints were constructed and tested at IZIIS Dynamic testing laboratory. These RC frames
are identical to those used in the INMASPOL Project, which evaluated the seismic
performance of deformable polyurethane joints for infill protection [15]. Each frame
measures 2.7 m x 2.7 m in both orthogonal directions, with extended footing beams and
a cantilever slab, with a total height of 3.3 m, as shown in Fig. 1. The structural system
consists of four square columns (20 cm x 20 cm) and 20 cm wide beams embedded
in the 20 cm thick top slab. The columns are reinforced with eight longitudinal bars
with 10 mm diameter and double stirrups with 8 mm diameter, while the beams are
reinforced with eight longitudinal bars with 10 mm diameter and single stirrups with
8 mm diameter. Both have 5.5 cm concrete covers.
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Fig. 1. Model 1 as built (left), wall properties (right).

The first model (Fig. 1) features horizontal rubber strips that divide the panel into four
subpanels (Type 1T joints) and vertical rubber strips located between the masonry infill
and the RC columns (Type 1E joints). This joint system is designed as a compliant and
dissipative mechanism, enhancing the flexibility of the infill walls while also providing
energy dissipation capacity. The second model (Fig. 2) incorporates sliding/flexible
strips placed along all four sides of the masonry infill (Type 2 joints). This system fully
decouples the infill from the RC frame in the in-plane direction while maintaining out-
of-plane restraint. To simulate additional mass, both models were loaded with 18 400 kg
steel ingots (total 7200 kg).
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Figure 3 illustrates the Type 1 and Type 2 joint system. The horizontal joints (Type
1T) were developed by TARRC and consist of a special high-damping rubber compound
tailored for this project. The vertical elastomeric joints (Type 1E) were made from
recycled rubber provided by Isolgomma and placed at the interface between the masonry
infill and the frame columns. The horizontal joints were positioned between two mortar
layers, while the vertical joints were adhered to the columns using a silicone adhesive
sealant. The Type 2 joint system, designed by Regupol, consists of rubber strips that
isolate the infill from the frame, thereby enabling in-plane decoupling. The in-plane
separation is achieved through rubber strips with low compressive and shear stiffness,
while out-of-plane restraint is ensured by a specialized arrangement of the rubber strips.
These strips are divided into three sections: the two outer parts are connected to the infill
wall, and the central strip is adhered to the columns. The connection to the top beam
(slab) and foundation beam is similarly divided into three segments, with the middle
elastomer flanked by two outer elastomers separated by a plastic sheet profile (sliding
surface), allowing unrestricted movement between the infill and the RC frame.

The masonry infills were built using Porotherm 20 bricks by Wienerberger, with
dimensions 37.5 x 20 x 23.8 cm. The bricks were bonded with 1.5 cm-thick horizontal
mortar layers, while the vertical joints remained dry.
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3 Testing Methodology

The experimental test activities included characterization tests of the constituent mate-
rials and components and shake table tests of both models to evaluate their dynamic
behavior and seismic response to specific earthquake time histories.

During the model construction phase, samples were collected for independent mate-
rial and component characterization tests. Four concrete cubes (150 x 150 x 150 mm)
were cast during the column construction for both models and tested following the EN
12390-3 standard [16]. The average 28-day compressive strength was 37.37 MPa. Sim-
ilarly, three mortar cubes of the same dimensions, prepared from the ready-mix mortar
used in the infill walls of Model 1, underwent compression tests. The average 28-day
compressive strength was 20.5 MPa. For reinforcement, ten samples of 10 mm diameter
longitudinal steel bars were tested as per the EN ISO 156301 standard [17]. The mean
yield strength ( fy) was 578.3 MPa, while the ultimate tensile strength ( f,) averaged
667.3 MPa. Additionally, two brick samples were tested under compression along the
rib direction, with thin mortar layers applied between them and the loading plates. Their
ultimate load capacities were measured at 435.9 kN and 477.2 kN.

The shaking table tests were conducted in two phases for each model. The compre-
hensive list of all tests conducted on both models is provided in Table 1 and Table 2.
In Phase 1, fully infilled walls were subjected to in-plane loading, aligned with the
excitation direction, while walls with openings experienced out-of-plane loading, per-
pendicular to the excitation. In Phase 2, the models were rotated 90 degrees around
the vertical axis, reversing the loading conditions—walls with openings were tested in-
plane, whereas fully infilled walls were loaded out-of-plane. The testing program began
with low-intensity white noise excitation on the shake table to determine the system’s
dynamic characteristics. Subsequently, ground motion excitations were applied with
progressively increasing intensity levels.

For Model 1, the selected earthquake records included Adana 1998 (My, 6.3), Erzin-
can 1992 (My, 6.6), and Umbria 2016 (My, 6.2). Model 2 was subjected to the Adana 1998
earthquake (M, 6.3) and a synthetically generated earthquake based on the Eurocode 8
spectra for Soil Type C. The shaking table tests were performed with increasing intensi-
ties of such ground motion records (e.g., 10%, 50%, 100%, as indicated in Table 1 and
Table 2). White noise tests were performed at specific points during the seismic sequence
to evaluate the variability of the change in dynamic properties. Additionally, modal ham-
mer impact tests were performed before and after the shake table tests to assess changes
in the out-of-plane dynamic characteristics of the infill walls using Experimental Modal
Analysis (EMA). However, the results of the EMA are out of the scope of this paper.
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Table 1. List of performed tests for Model 1 - Phase 1 and 2.

Model 1 — Phase 1

Model 1 — Phase 2

Test Type of test Test Type of test
1-6 EMA, Impact hammer - wall 1-3 EMA Impact hammer - wall
properties properties
7 EMA, ST - wh. Noise 1 - 45 Hz, 4 EMA, ST - wh. Noise 1 - 45 Hz,
0.01g 0.01g
8 Seismic, Adana EQ 10% 5 Seismic, Adana EQ 10%
[0.055¢] [0.062¢]
9 Seismic, Erzincan EQ 10% 6 Seismic, Erzincan EQ 10%
[0.065¢g] [0.065¢g]
10 Seismic, Erzincan EQ 20% 7 Seismic, Erzincan EQ 20%
[0.128¢] [0.128¢]
11 Seismic, Adana EQ 20% 8 Seismic, Adana EQ 20%
[0.123g] [0.132¢g]
12 Seismic, Adana EQ 50% 9 Seismic, Adana EQ 50%
[0.332¢] [0.314¢]
13 Seismic, Erzincan EQ 40% 10 Seismic, Erzincan EQ 40%
[0.268g] [0.267¢g]
14 EMA, ST - wh. Noise 1 - 45 Hz, 11 EMA, ST - wh. Noise 1 - 45 Hz,
0.01g 0.01g
15-17 EMA, Impact hammer - wall 12-14 EMA, Impact hammer - wall
properties properties
18 Seismic, Adana EQ 100% 15 Seismic, Adana EQ 100%
[0.675¢g] [0.728¢]
19 EMA, ST - wh. Noise 1 - 45 Hz, 16 EMA, ST - wh. Noise 1 - 45 Hz,
0.01g 0.01g
20 Seismic, Umbria EQ 100% 17 Seismic, Umbria EQ 80%
[0.617¢g] [0.51g]
18 EMA, ST - wh. Noise 1 - 45 Hz,
0.01g
19-21 EMA, Impact hammer - wall

properties
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Table 2. List of performed tests for Model 2 - Phase 1 and 2.

Model 2 — Phase 1 Model 2 — Phase 2

Test Type of test Test Type of test

1-3 EMA, Impact hammer - wall 1 EMA, ST - wh. Noise 1 - 45 Hz,
properties 0.01g

4 EMA, ST - wh. Noise 1 - 45 Hz, 2 Seismic, Adana EQ 10% [0.06g]
0.01g

5 Seismic, Adana EQ 10% 3 EMA, ST - wh. Noise 1 - 45 Hz,
[0.065¢] 0.01g

6 EMA, ST - wh. Noise 1 - 45 Hz, 4 Seismic, Adana EQ 30% [0.17g]
0.01g

7 Seismic, Adana EQ 20% 5 EMA, ST - wh. Noise 1 - 45 Hz,
[0.122¢] 0.01g

8 EMA, ST - wh. Noise 1 - 45 Hz, 6 Seismic, Adana EQ 40% [0.25¢]
0.01g

9 Seismic, Gener. EQ 30% 7 EMA, ST - wh. Noise 1 - 45 Hz,
[0.181¢] 0.01g

10 EMA, ST - wh. Noise 1 - 45 Hz, 8 Seismic, Adana EQ 50% [0.3g]
0.01g

11 Seismic, Gener. EQ 60% 9 EMA, ST - wh. Noise 1 - 45 Hz,
[0.322¢] 0.01g

12 EMA, ST - wh. Noise 1 - 45 Hz, 10-12 EMA, Impact hammer - wall
0.01g properties

13-15 EMA, Impact hammer - wall
properties

3.1 Testing and Instrumentation Setup

The dynamic testing at IZIIS was conducted using a 5.0 m x 5.0 m shake table with five
degrees of freedom, supported by two lateral and four vertical MTS hydraulic pistons,
and controlled by an MTS Digital Controller 469D. The modal impact hammer used for
these tests was the PCB Piezotronics model 086D20, equipped with the softest grey tip.
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The instrumentation of the tested models included accelerometers (ACC) from PCB
Piezotronics for measuring accelerations, linear potentiometers (LP) from Microepsilon
WDS for recording total and relative displacements, linear variable differential trans-
formers (LVDT) from MacroSensors DC750 for displacement measurements, and strain
gauges (SG) from KYOWA KFG for capturing strain data. Their exact placement on
each model is illustrated in Fig. 4 for Model 1 — Phase 1; Fig. 5 for Model 1 — Phase 2;
Fig. 6 for Model 2 — Phase 1; and Fig. 7 for Model 2 — Phase 2. The data acquisition
process was carried out using a National Instruments PXI modular system.

Additionally, a digital image correlation (DIC) system was utilized to measure dis-
placement and strain fields on one side of each model, specifically the side subjected to
in-plane loading. For Model 1, DIC measurements were taken during selected earthquake
runs, whereas for Model 2, all runs were recorded (Fig. 8).
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4 Results and Discussion

This section briefly illustrates the results of the shake table tests conducted on the two
models. In particular, Figs. 9, 10, 11, 12 and 13 show the time histories of the accelerations
recorded in correspondence of the shaking table and of the top slab under selected seismic
inputs. Table 3 summarises the main results observed under the same seismic inputs in
terms of peak inter-storey drift ratios (IDR) and top accelerations. It is noteworthy that
both prototypes were able to sustain these inputs without experiencing any damage. The
first prototype withstood very strong earthquake inputs, corresponding to peak ground
accelerations (PGAs) up to 0.728g, without experiencing significant drifts and absolute
accelerations, thanks to the stiffness and damping contribution of the Type 1 rubber joint
system. A very low peak IDR of 0.69% was attained in phase 1 (full infills subjected to
in-plane loading), and a larger one (1.98%) in phase 2, due to the reduced contribution
of the infills with opening to the response.
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In testing the second prototype, seismic inputs only up to 0.322g were imposed,
because stronger inputs would have resulted in significant damage to the RC frame
(while still guaranteeing no damage in the isolated infill panel). The peak IDRs were

respectively 2.20% and 2.91% in phase 1 and phase 2.

Figure 13 illustrates some of the results from the digital image correlation (DIC)
analysis performed on the videos recorded during some tests. The localization of princi-
pal strains in the rubber joints (at the panel-frame interface and also between the masonry
subpanels in Model 1) confirms that the joints performed as expected.
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Table 3. Summary of main response parameters for Models 1 and 2 under selected record.

Input/output Model 1 Model 1 Model 2 Model 2
Phase 1 Phase 2 Phase 1 Phase 2

Input record Adana 100% Adana 100% Generated 60% Adana 50%

PGA 0.675¢g 0.73g 0.32g 0.30g

Inter-storey drift 0.69% 1.98% 2.20% 291%

Top acceleration 0.93¢g 1.23¢g 0.98¢ 0.89¢g

Fig. 13. Model 1 - Phase 1 - Umbria EQ 100%, left and Model 2 - Phase 1 Generated EQ 60%,
right. Major strain plot by DIC. Red denotes higher strains, blue denotes lower strains.

5 Conclusions

This paper has presented the experimental campaign conducted as part of the ERIES-
FLEJOI project and some of the preliminary results. The project’s primary objective is
to further validate the effectiveness of rubber joint technology in reducing the seismic
vulnerability of masonry infills and enhancing the earthquake performance of masonry-
infilled reinforced concrete (RC) frames. As part of this research, two full-scale RC
frame prototypes were tested using the shaking table facility at IZIIS. The first prototype
featured a ‘compliant system,” incorporating horizontal and vertical rubber joints within
the masonry infill to improve flexibility and energy dissipation. The second prototype
utilized a ‘decoupling system,” where rubber joints were placed only at the interface
between the infill and the surrounding RC frame to minimise stress transfer and pre-
vent damage concentration. The results from the shake table tests provided strong evi-
dence of the effectiveness of rubber joint technology. The findings demonstrated that
RC frames with these innovative joint systems exhibited significantly improved seismic
resilience, with reduced damage and enhanced energy dissipation, even under severe
earthquake excitations. These outcomes highlight the potential of rubber joint solu-
tions in earthquake-resistant RC structures, offering a promising approach to mitigating
seismic risks in masonry-infilled frames.
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Abstract. The seismic response of existing steel frames is significantly affected
by the behaviour of column-base connections. Depending on their design, these
connections can exhibit significantly different stiffness, strength, and ductility.
While extensive research has been conducted to understand the response of these
connections across a wide range of configurations, most studies have focused on
uniaxial loading. However, the three-dimensional nature of earthquakes typically
subjects these connections to biaxial bending and shear forces. To address this
research gap, the ERIES-HITBASE (Earthquake Assessment of Base-Column
Connections in Existing Steel Frames) project experimentally investigated the
response of exposed column-base connections via bi-directional pseudo-dynamic
(PsD) tests. These tests were carried out on a full-scale, three-dimensional steel
frame at the Structures Laboratory of the University of Patras, Greece. The steel
frame featured two types of column-base connections, i.e., unstiffened and stiff-
ened, representing respectively the base connections of an external moment-
resisting frame and an internal gravity frame, respectively. The response of each
component of column-base connections was monitored during the PsD-tests to
capture their behaviour. This paper presents the preliminary results of numerical
simulations conducted for the tested column-base connections. Local and response
quantities are investigated, and threshold limits of damage are identified.

Keywords: Existing steel frames - base-column connections - Pseudo-dynamic
tests - seismic performance - finite element modelling

1 Introduction

Column-base connections in steel frames typically consist of steel plates welded to the
base of columns and anchored to the foundation system. These connections transfer
axial forces, shear forces, and, in some cases, bending moments and represent essential
components for the stability of the structure. However, several post-earthquake studies
[e.g., 1-5] highlighted that, in existing structures, such components are often highly
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vulnerable to seismic actions. In this context, there is a need for advanced assessment
and retrofitting methods, for which limited guidance is offered in current European codes.
For instance, the framework implemented in Eurocode 8-Part 3 [6] for assessing existing
steel buildings primarily accounts for beam-to-column connections and lacks explicit
guidance for column bases. Additionally, for such connections, there is also a need to
establish proper definitions of moment-rotation relationships beyond their peak strength
capacities [7, 8] and quantify deformation response for innovative displacement-based
design/assessment approaches.

Previous studies have significantly enhanced our understanding of the behaviour of
column-base connections across various configurations, including exposed base plate
connections [e.g., 9-11] and embedded connections [e.g., 12-14], the latter being com-
monly used in many European countries for low- to medium-rise steel buildings. How-
ever, experimental work in the literature has been limited, with most studies focusing on
uniaxial bending [e.g., 7, 15-20], while only a few have considered the effects of biaxial
bending [e.g., 21, 22].

To this end, the ERIES-HITBASE project (Earthquake Assessment of Base-Column
Connections in Existing Steel Frames) experimentally investigated the behaviour of
exposed column-base plate connections. Bi-directional pseudo-dynamic tests (PsD)
were conducted at the Structures Laboratory (STRULAB) of the University of Patras,
Greece. These tests involved a full-scale specimen sub-structured from a non-seismically
designed steel frame, featuring two types of exposed column-base plate connections, one
representing moment connections and the other simple connections. This paper intro-
duces the steel frame used as a test specimen and presents the preliminary validation
of the finite element (FE) models in ABAQUS that will be used to further expand and
generalise the experimental results.

2 Experimental Tests

2.1 Description of Case Study Building

The case study building is a two-storey, three-bay by three-bay steel frame; the geometry
is shown in Fig. 1. The building was primarily designed for gravity loads following
the European design code Eurocode 3 (EC3) [6], which considered the self-weight of
partitions equal to 0.5 kN/m? and an imposed load of 3 kN/m?. Thus, HEB140 and
HEB160 were used for perimeter and internal columns, respectively; such profiles were
made of S355 steel. Moreover, the depth of the composite slab was 250 mm, which
was made of C20/25 concrete and grade B450C reinforcement. It is worth noting that
the bases of the perimeter columns were designed to be fixed connections to simulate
the external moment-resisting frames, while those of the internal columns were pinned
connections, representing internal gravity frames.
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Fig. 1. Layout and section views of the case study steel frame (units in mm).

2.2 Description of the Test Mock-Up

Figure 2 shows the test mock-up, which was extracted from the case study building, as
highlighted in Fig. 1. The specimen spans 5.5 m in the longitudinal direction and 3.5 m
in the transverse direction and has a storey height of 2.75 m. Beams and columns were
made of S355 steel, while the composite slab was made of C20/25 concrete and B450C
reinforcement. Concrete footings supporting each column-base connection were also
constructed in the lab to investigate the behaviour of column-base plate connections.
These footings were made of C20/25 concrete and reinforced with B450C steel bars.
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Fig. 2. Test specimen (units in mm).

The specimen had two types of column-base plate connections, one stiffened and
the other unstiffened, corresponding to the fixed and pinned connections in the case
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study building. Lastly, additional masses totalling 15.76 tons were placed on the slab to
simulate the load imposed by the non-structural components and other loads.

2.3 Material Tests

Table 1 summarises the mechanical properties of the materials obtained from charac-
terisation tests. The mean compressive strength of the C20/25 concrete used for the
slab and foundation was determined from six samples, yielding values of 32.3 MPa
and 34.2 MPa, respectively. The yield strength of the steel profiles ranged from 370 to
431 MPa, while the ultimate strength varied between 487 and 560 MPa. Additionally,
the mean compressive strength of the mortar, measured using 50 mm cube samples, was
found to be 47.1 MPa.

Table 1. Mean mechanical properties of materials (units in MPa).

Concrete Steel Mortar
Slab | Foundation | HE 260A | HEB 140 | HEB 160 | IPE 220
Mean strength 32.3 | 342 - - - - 47.1
Yield strength - - 431 370 431 391 -
Ultimate strength | - - 549 505 560 487 -

2.4 Pseudo-Dynamic Tests

Figure 3 illustrates the test setup. The PsD-test method of the 3D-frame required the use of
anumber of actuators to achieve the desired deformation pattern, including translational
displacements along the main axes and rotation about the vertical axis. The loading
scheme to provide the necessary kinematics involved a pair of actuators acting in tandem
along the long direction of the frame (i.e., controllers 1 and 2 in Fig. 3a) and a third
actuator operating in the transverse direction (i.e., controller 3 in Fig. 3a). The former
controlled the displacement of the frame along the longitudinal axis as well as its rotation,
whilst the latter controlled the displacement of the structural system along the transverse
axis.

Two diagonally opposite columns of the specimen, i.e., Columns C1 and C3 in Fig. 3c,
were densely instrumented. Figure 4 provides an overview of the instrumentation of both
column bases, including the type and position of the relevant sensors, which enabled
monitoring the key response parameters (i.e., strains and inclination) at several points
and sections.
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Fig. 3. Test setup: (a) plan view of the control equipment and labelling; (b) photo of the setup;
(c) 3D view of the setup and column labelling.

The scope of the tests includes investigating the effects of sequential earthquakes
and the influence of cumulative damage on the column-bases on the response of the
structure. For this, a pair of natural seismic records was selected and sequentially applied
to the structure, accounting for both horizontal components of the earthquakes. The
two selected ground motion records referred to the 2016 Central Italy earthquakes and
were extracted from the Engineering Strong-Motion Database (ESM) [24]. Preliminary
analyses considered various combinations of the specimen axis along which each pair of
records and their direction (sign) was applied. These analyses concluded that the most
detrimental combination involved applying the record in Fig. 5a along the longitudinal
(E-W) specimen (Y) axis, while the record in Fig. 5b applied along the N-S specimen
(X) axis.
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Fig. 5. Ground motion records for (a) longitudinal, Y-direction; (b) transverse, X-direction.

The test matrix of the experimental campaign is summarized in Table 2. Initially,
the specimen underwent free vibration tests along both of its main axes to determine its
modal properties. Following this, the specimen was subjected to quasi-static cyclic tests
along both axes, achieving a maximum floor displacement of 27.5 mm in each direction.
Finally, a series of PsD-tests were conducted on the specimen using the pre-selected
ground motion records, with incremental scaling factors for the ground motion intensity
(SF) ranging from 0.2 to 1.5.
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Table 2. Test matrix for the 3D steel frame specimen in the laboratory.
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No | Description Note

1 Free vibration test: Y direction 10-mm pull-back

2 Free vibration test: X direction 10-mm pull-back

3 Quasi-static cyclic test: X direction | max. Displacement: 27.5 mm

4 Quasi-static cyclic test: Y direction | max. Displacement: 27.5 mm

5 Pseudo-dynamic (PsD) tests Two concurrent sequences of records applied

3 Numerical Simulations

3.1 Description of the FE Model

An advanced 3D-FE model of the tested specimen was built using the ABAQUS software
[25] to advance the understanding of the structural response observed in the tests. Figure 6
shows the FE model of the entire specimen, while Fig. 7 shows the modelling details
for the connections (i.e., base plates and beam-to-column joints). Bolts and anchor bolts
were modelled explicitly to capture the local response of connections. The Concrete
Damage Plasticity (CDP) model was used to define the concrete material, while the von
Mises criterion was used to simulate the material properties of the steel elements. The
composite concrete slab was assumed to behave elastically with a Young Modulus of
33 GPa. This assumption was based on test observations, where no damage or plastic
response was detected in the slab. This allowed for a simplified modelling strategy and
reduced computational effort during the analysis.

The interactions between the components were simulated by surface-to-surface con-
tacts or tie constraints. For instance, the interaction between the grout and base plate,
anchor bolts and plates, holes and anchor bolts, and bolts with beams and plates were
modelled via surface-to-surface contact. The tangential behaviour was modelled using a
penalty friction formulation, and “Hard” contact was employed for the normal behaviour.
The friction coefficient for steel-to-steel was assumed to be 0.3 [26], while 0.1 for
concrete-to-steel [27]. Conversely, for other surfaces without potential tangential or nor-
mal displacements, such as the slab with beams and welds attached to the plates, tie
constraints were implemented. The slab was also tied to the main and secondary beams
due to the presence of the studs. All parts were meshed with C3D8R elements. Fixed
boundary conditions were assumed at the base of the foundations.
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Fig. 6. 3D model of the test specimen in ABAQUS.

(a) (b) ()

Fig. 7. Details of modelling of connections: (a) stiffened column-base connection; (b) unstiffened
column-base connection; (¢) beam-to-column connection.
3.2 Model Validation

A displacement-controlled load, with a time-history shown in Fig. 8, was applied along-
side in the X direction and imposed in correspondence with Controller 3 (see Fig. 3a).
This displacement history aims at simulating the experimental data extracted from the

30
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-
o
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o
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Fig. 8. Loading protocols implemented in the 3D model.
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sensor named Tempo_C3 (see Fig. 3a). The resultant force-displacement curve in the X
direction obtained from the numerical analyses is then compared with the experimental
results, as shown in Fig. 9a. Moreover, Fig. 9b shows the deformed shape of the FE
model corresponding to an imposed displacement of 20 mm (i.e., corresponding to the
black star in Fig. 9a). It is worth highlighting that the deformation is shown with a scale
factor of 5. The results highlight the acceptable accuracy of the numerical model despite
some discrepancies.

60} — Experiment |
- -FEA

30 20 -10 0 10 20 30

COOOOsooooo;

Fig. 9. Results from FE simulation: (a) force-displacement response; (b) deformed shape.
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4 Conclusions

This paper summarises the preliminary results of an experimental and numerical study
devoted to investigate the seismic response of exposed base-plate connections repre-
sentative of gravity-load designed steel frames. Full-scale PsD-tests have been carried
out on a single-story, one-by-one bay steel frame representing a sub-structure of a non-
seismically designed structure. The scope of the tests includes investigating the effects
of sequential earthquakes and the influence of cumulative damage on the column-bases
on the response of the structures. Preliminary finite element simulations have also been
carried out, and the numerical predictions satisfactorily mimic the experimental results.
Further calibration will also be carried out to compare the local response at column
bases. The calibrated model will then be used to perform numerical parametric analysis
to investigate the seismic behaviour of column base connections.
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Abstract. Timber construction is rapidly advancing in structural engineering due
to its benefits, such as light weight, ease of prefabrication, and contribution to
societal goals. With an increase in building height, however, knowledge garnered
by coupling advance modelling and experimental testing will enable designers to
push the boundary further. The ERIES-HYSTERESIS project will use geograph-
ically distributed hybrid testing to investigate energy dissipation characteristics
and soil-structure interaction (SSI) responses of multi-story buildings constructed
with mass timber. Testing large-scale timber structures with SSI considerations
poses unique challenges, requiring an innovative hybrid testing methodology. Geo-
graphically distributed hybrid simulation involves designing a representative pilot
structure and dividing it into subcomponents for simultaneous testing. This paper
details the 3D design of the pilot structure, considering constraints required for
hybrid testing. SSI is addressed as a critical factor, with the objective of identifying
the hierarchy of failure between the soil, the wall-foundation connection and the
hold-downs. A balance has been achieved between maintaining a realistic design
and ensuring the experimental requirements remain within the capabilities of the
involved laboratories.

Keywords: Hybrid Testing - Timber Structures - Soil-structure Interaction -
Wind Loads - Earthquake Loads
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1 Introduction to the ERIES-HYSTERESIS

Timber construction is rapidly gaining traction in structural engineering due to its notable
advantages, such as lightweight properties and ease of prefabrication. Additionally, it
aligns with emerging societal concerns, including reducing the carbon footprint of the
construction sector, promoting circularity, enhancing energy efficiency, and advancing
bio-based building solutions.

The ERIES-HYSTERESIS (Novel HYbrid teSTing of a gEographically distRibutEd
multi-Storey tImber Structure) project seeks to leverage geographically distributed
hybrid testing to provide experimental insights into the energy dissipation mechanisms
and SSI behaviour of buildings using cross-laminated timber (CLT) panels. The find-
ings of the project will significantly contribute to the development of multi-story timber
structures in regions subject to strong wind, and moderate to high seismic forces. Given
the complexity of the problem and the need for large-scale testing that accounts for SSI,
a novel hybrid testing approach is necessary.

Despite increasing interest, the structural behaviour of large, multi-story timber
buildings under lateral loads, such as wind and earthquakes, remains insufficiently
explored. A critical gap in recent advancements is the lack of experimental validation,
particularly in fundamental areas such as hysteretic energy dissipation, deformation
capacity, and their interplay with SSI effects. In timber structures, especially, energy
dissipation primarily occurs at element-to-element and timber-to-foundation connec-
tions, facilitated by energy-dissipating connectors and hold-downs. The effectiveness of
these components, and consequently, the damping characteristics of the entire structure,
depend largely on the displacement profile, which is significantly influenced by SSI.
Therefore, generating experimental data that incorporates both energy dissipation ele-
ments and SSI effects is essential for advancing the design of large multi-story timber
buildings under lateral loading. However, achieving this within a single testing facil-
ity is impractical, as SSI and full-scale structural responses are typically evaluated in
separate experimental setups. Combining large-scale SSI test rigs with shake tables or
pseudo-dynamic testing configurations is constrained by laboratory space and equipment
limitations. ERIES-HYSTERESIS addresses this challenge by segmenting the com-
plex problem into manageable parts and distributing them across multiple specialized
testing facilities. By harnessing advancements in computational power and high-speed
networking, geographically distributed hybrid testing emerges as a viable solution.

To achieve the goals mentioned above, ERIES-HYSTERESIS will simultaneously
utilize the SoFSI (Bristol) and STRULAB (Patras) facilities, alongside European and
Canadian partners with extensive experience in geographically distributed hybrid testing
and timber structures design.
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2 State-of-the-Art in Large Timber Structural Testing

Research on the use of mass timber and CLT for multi-story construction started in
countries where timber construction is traditionally widespread while regulations on
structural design under horizontal loads are mature enough. Studies in New Zealand, for
example, supported by a series of experiments [1], have shown that prestressing tech-
nology, when combined with the timber elements, can provide ideal hysteretic damping
and re-centering properties under seismic loads.

For addressing the energy dissipation issue at the timber connections, series of exper-
imental and numerical studies have been published, a significant portion of which was
co-authored by the partners in the ERIES-HYSTERESIS consortium. Schneider et al. [2]
compare experimental and numerical models for timber mechanical connectors under
cyclic loading and conclude that energy damage index is a good indicator to be consid-
ered in seismic design. Blomgren et al. [3] propose the use of buckling-restrained braces
(BRBs) as a lateral load resisting system in timber construction, while Tesfamariam et al.
[4] present the concept of damped shear walls for significantly improving the energy
dissipation capacity of plywood panel construction. Other energy dissipating devices
have been studied in the literature, such as the asymmetric friction connectors [5] and
steel cushions [6]. Energy dissipating devices for timber construction have also been
extensively tested for seismic retrofitting purposes [7].

In multi-story construction with CLT panels, hold-downs appear as an efficient solu-
tion. Tannert and Loss [8] present contemporary and novel hold-down systems such as
internal-perforated steel plates fastened with self-drilling dowels, hyper-elastic rubber
pads with steel rods, and high-strength hold-downs with self-tapping screws. It has been
shown that an efficient design of a hold-down system enables constructing high-rise
timber structures, a concept that has been utilized by Teweldebrhan and Tesfamariam
[9] and [10]. The TALLWOOD project in the US [11] has been another attempt to collect
experimental evidence on the seismic response of tall timber structures, while the SSI
component, crucial for identifying the response of the energy dissipating devices, was
not considered.

All these recent developments in the state-of-the-art highlight that with an efficient
energy dissipation, large multi-story, and high-rise mass timber construction is feasible
[12]. The major knowledge gap is, thus, a large-scale testing of the energy dissipation,
the interaction of the energy dissipators and connectors with the mass timber system,
as well as the possible contribution of the SSI in this interaction. This knowledge gap
is particularly important in horizontal loading conditions, such as in common different
hazards such as wind and earthquake loads [13]. ERIES-HYSTERESIS will address this
gap, by using a geographically distributed hybrid testing approach [14].
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3 Design of a 3D Pilot Structure

In the HYSTERESIS project, a 3D pilot structure has been designed based on realistic
assumptions. This structure must balance realism with constraints in the testing facilities.
The most essential criterion is that it must be suitable for sub-structuring to enable
effective experimental studies.

Sub-structuring is a technique that breaks down a complex structure into multiple
substructures to facilitate testing and analysis. Instead of testing the entire structure as
a single entity, only the critical components are physically tested, while the remaining
parts are either numerically simulated or tested separately at different facilities. This
approach helps overcome the physical and logistical constraints of full-scale testing. A
schematic substructuring workflow is given in Fig. 1.

3D Pilot Building 2D Pilot Frame Substructuring

1‘ el Patras

Bristol
Outputs: Outputs: Outputs:
- Overall geometric dimensions - Test specimen dimensions & details - Actual testing

- Acting forces - Acting forces and displacements
- Loading protocol

Fig. 1. Schematic workflow steps of geographically distributed hybrid testing; 3D Pilot Design,
2D Pilot Frame Extraction, and Substructuring.

The main sub-structuring criteria for the HYSTERESIS project are as follows:

e 3 degrees of freedom (DOF) to be controlled simultaneously at the SoFSI Lab
(Bristol).
2 DOF to be controlled simultaneously at STRULAB (Patras).
The test specimen at SOFSI must fit within the constraints of the soil pit, including
its depth, width, and length.

e The foundation of the specimen in the soil pit at SoFSI Lab must allow near-
unconstrained soil deformations, which requires:

Sufficient depth of the soil layers beneath the foundation.
Adequate distance between the foundation edges and the soil pit walls to minimize
boundary effects.

e The forces and deformations at the sub-structuring interfaces must remain within the
force and stroke capacities of the actuators at both laboratories.
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By meeting these criteria, the 3D pilot structure will ensure realistic yet experimen-
tally feasible hybrid testing, integrating SSI effects and lateral loading conditions for
a comprehensive structural response assessment. The 3D pilot structure chosen for the
ERIES-HYSTERESIS is given in Fig. 2.

>\
=N\

= Hinged Columns

I CLT 8hear Walls Pressurized Sand Dempers
2T
f’ Hold-downs
Joist Slabs

Fig. 2. Plan and elevation of the 3D pilot structure with the structural components, including
hinged columns, joist slabs, pressurized sand dampers and CLTs connected with hold-downs.

The 3D pilot structure is assumed to be built in Athens, Greece, where wind and
seismic loads are close to average (i.e. not extreme) when the whole Europe is considered.
The wind design parameters per Eurocode [15] are as follow:

e Wind Velocity, Vy: 33m/s

e Terran Category: II (open terrain with low vegetation)

e Orography Factor, Cy(z): 1.0 (amplification of the wind speed due to terrain elevation
changes)

Turbulence Factor, k;: 1.0

Structural Factor, C;Cq4: 1.0

Air Density, p: 1.25 kg/m3

Windward and Leeward Coefficients: 0.8 and 0.5, respectively.

Similarly, the seismic design input parameters are as follow:

Ground acceleration, ag/g = 0.16

Spectrum Type: 1

Soil Type: C

Soil Factor, S: 1.15

Spectrum Corner Periods, Ty, T and Tq4: 0.2, 0.6 and 2.0, respectively
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The design spectrum (EN 1998-1, 2004 [15]) used for the seismic design of the
3D pilot structure, as well as the 7 real acceleration records selected and used for the
nonlinear time history analyses are given in Fig. 3.
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Fig. 3. Design acceleration spectrum and the selected set of records for nonlinear time history
analyses.

4 Design Iterations, Nonlinear Model and the Preliminary Test
Setup

Since the 3D pilot structure is designed with hinged columns and follows a frame-type
layout, the lateral load resistance is primarily provided by symmetrically placed frames,
ensuring a well-balanced structural response to lateral forces (see Fig. 2). Given this
symmetrical configuration, extracting a single representative frame for detailed lateral
load analysis is both practical and sufficient. By isolating this lateral load-bearing frame,
a dedicated numerical model is developed using OpenSeesPy [16, 17].

For the computational model, a frame-based representation is adopted, where the
timber elements, including cross-laminated timber (CLT) panels and glulam hinged
columns, are modeled as elastic elements. In contrast, hold-downs and pressurized sand
dampers, which play a crucial role in energy dissipation, are represented as zero-length
elements with nonlinear hinge definitions to capture their force-deformation behavior
(see Fig. 4). The fundamental period of the system is calculated as 0.52 s, which is a
reasonable value given the height and overall mass distribution of the structure.
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The design process of the 3D pilot structure is influenced by multiple parameters,
each carefully considered to ensure structural feasibility and performance. These param-
eters have been discussed and refined through several consortium meetings, where feed-
back and insights were incorporated into the final design decisions. Given the iterative
nature of the design process, a parametric modeling approach has been implemented to
facilitate rapid adjustments and evaluations. To achieve this, a parametric design file has
been created within the Jupyter Python environment, allowing for easy modification of
key design variables. The complete workflow of the iterative design process is illustrated
in Fig. 5, demonstrating the structured approach to refining the final model.

Pressurized sand dampers
modelled as zero-length
nonlinear springs

First Fundemental Period T1 = 0.52sec "&- \
175

| o > ]
15.0 2 I

Height (m)

Hold-downs modelled as

zero-length nonlinear links
004

Length (m)

Fig. 4. Numerical model representation of the multi-story timber structure. Pressurized sand
dampers are modelled as zero-length nonlinear springs, while hold-downs are represented as
zero-length nonlinear links.

Pressurized sand dampers are incorporated as an additional lateral load-resisting sys-
tem (see references [ 18—20]) due to their cost-effectiveness, tuneable hysteretic response,
and rate-independent energy dissipation. These dampers have already been experimen-
tally tested by the STRULAB (Patras) team, ensuring their effectiveness in dissipating
energy under lateral loads. In addition to the sand dampers, recentring hold-downs are
integrated into the design as part of the primary lateral load-bearing system. These hold-
downs feature a flag-shaped hysteresis loop (Fig. 6), which enables the structure to self-
centre after experiencing lateral forces, effectively minimizing residual deformations
and preventing permanent damage.

Nonlinear time history analyses were performed on the 2D pilot frame, extracted
from the 3D pilot structure. In Eurocode-based seismic design [15], an equivalent elastic
approach is typically used, where elastic seismic forces are divided by a behaviour
factor (g-factor) to account for the structure’s ductility. However, this method does not
explicitly capture the inelastic response, energy dissipation, or dynamic interactions
among structural components. For ductile timber structures, this factor is q = 4, yet the
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Fixed Design Data
(Earthquake and Wind Design

Define Design Input Parameters Criteria, Live Loads)

(Dimensions, weights)
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Define Nonlinear Element
Props.
(Hold-downs and the sand
dampers)
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requirements of both
laboratories ?
v
Analyse & Extract Critical Data
(Required actuator forces and
strokes at the substructuring
interfaces, soil average and
maxima/minima stresses)

Conclude the Design

Fig. 5. Iterative design workflow used in the Jupyter Python Notebook.

Force Force

/ ; Displacement
Displacement f /

Fig. 6. Schematic force-displacement loops for the re-cantering hold-downs (left) and the
pressurized sand dampers (right).

actual force redistribution and damage mechanisms depend on the nonlinear behaviour
of connections and dissipative devices.

As a result, the distribution of forces among different nonlinear components, such
as hold-downs and dampers, is governed by the overall response of the structure and
its dynamic interaction with a given ground motion. This force distribution may deviate
significantly from initial design assumptions, particularly due to higher-mode effects and
coupled lateral and vertical deformations, potentially influencing structural performance.
To ensure accuracy and reliability in the experimental phase, it is essential to verify these
nonlinear effects before proceeding with the physical tests.

The results presented in Fig. 7 indicate that the maximum and minimum recorded
base shears occasionally exceed the design base shear at several instances. However,
when examining the individual responses of each structural element, no significant
exceedance of the design forces was observed. This suggests that the 3D pilot struc-
ture remains within the expected performance limits, making it suitable for further
sub-structuring and hybrid testing.

The discrepancy between the design base shear and the nonlinear time history results
can be attributed to the activation of higher mode effects. While the seismic design fol-
lows a first-mode approach, where the equivalent static forces are distributed according
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to a simplified modal response, nonlinear link elements present in the model introduce
complex dynamic interactions, leading to the engagement of higher modes. These higher-
mode contributions, which are typically not captured in conventional design methods,
influence the base shear fluctuations observed in the time history analyses. Despite this,
the absence of significant force exceedance in individual elements provides confidence
in proceeding with the next phase of the sub-structuring process.
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Base Shear (kN)
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—250 4

—500 4

=750 1

—1000 4

-0.10 -0.05 0.00 0.05 0.10
Top Displacement @ Node #506 (m)

Fig. 7. Base Shear — Top Displacement from the nonlinear time history analyses, monitoring the
top node, and comparison to the design base shear (horizontal dashed lines).

Since the designed structure is intended for geographically distributed hybrid test-
ing, several constraints must be carefully addressed. Firstly, both the pressurized sand
dampers and the hold-downs selected for the design must be non-rate dependent, ensur-
ing their behaviour remains consistent across different loading speeds. Furthermore,
the hybrid testing algorithm requires accurate definition of the initial stiffness of each
component in the system.

Two potential critical points in this setup are identified:

e Pressurized sand dampers — Their initial stiffness may be influenced by the applied
pressure, affecting their dynamic response.

e SSI — Instability in soil deformations could introduce unexpected variability in the
hybrid testing algorithm, potentially compromising the accuracy of the experiment if
deformations become excessive.

To mitigate these uncertainties, both the pressurized sand dampers and the SSI con-
ditions must be pre-tested before commencing the full-scale hybrid experiments. This
ensures that the numerical assumptions made in the computational model are validated
and adjusted if necessary, improving the overall reliability of the testing procedure.

A 3D CAD model of the preliminary test setup for the SoFSI lab has been developed,
as shown in Fig. 8. This setup is designed to meet key experimental requirements, with
the following main features:
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e Control of the CLT wall at the interface between the top of the ground floor and
the bottom of the first floor.

e Application of compatibility and equilibrium at this interface by accurately control-
ling three degrees of freedom (DOF).

e The 3DOF control system consists of i)two vertical actuators responsible for con-
trolling axial deformation and rotation of the control point of the specimen, and ii)
one lateral actuator for controlling lateral deformation of the control point of the
specimen.

Fig. 8. Preliminary test setup design for the SoFSI Lab, where the specimen of the ground story
CLT panel and hold-downs is placed on soil.

At the time of writing this paper, the optimization process for the SoFSI test setup was
still ongoing. The primary optimization parameters under consideration include:

Soil depth beneath the foundation to ensure accurate SSI.

e Foundation and specimen dimensions, carefully chosen to maintain appropriate
boundary conditions within the soil pit.

e Optimization of the steel resistance frame, exploring the potential for scaling the
specimen while maintaining structural integrity.

This structured setup ensures a well-controlled experimental environment for evalu-
ating soil-structure interaction and dynamic response characteristics under seismic and
other lateral loading conditions.

5 Conclusions and Future Work

This study presents the design and preliminary assessment of a geographically distributed
hybrid testing approach for evaluating the seismic and wind performance of a multi-
story timber structure on compliant soil. The proposed 3D pilot structure, developed
within the ERIES-HYSTERESIS project, integrates SSI effects and energy dissipation
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mechanisms, such as pressurized sand dampers and recentering hold-downs, ensuring
a realistic yet experimentally feasible test configuration. Nonlinear time history analy-
ses conducted on the extracted 2D pilot frame confirmed that the global base shear occa-
sionally exceeds the design values due to higher mode activation, but individual structural
components remained within acceptable force limits. These findings validate the sub-
structuring approach and provide confidence in proceeding with the experimental phase.
Additionally, the parametric design framework implemented in Jupyter Python offers a
flexible methodology for iterative optimization, allowing adjustments to key structural
parameters before full-scale testing.

The next phase of the project involves the final optimization and validation of the
SoFSI and STRULAB test setups, focusing on critical parameters such as soil depth,
foundation dimensions, and steel resistance frame scaling. Additionally, pre-testing of
pressurized sand dampers and SSI effects will be conducted to refine the numerical
assumptions and ensure seamless integration with hybrid testing algorithms. The geo-
graphically distributed hybrid testing approach will be executed, leveraging the SoFSI
(Bristol) and STRULAB (Patras) facilities for synchronized experimental studies. The
outcomes of this research will contribute to the hybrid testing capabilities in Euro-
pean structural test facilities, while fostering advancements in multi-story mass timber
construction, particularly in seismic-prone and high-wind regions.
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Abstract. Base isolation systems represent one of the most effective strategies for
the seismic protection of buildings and infrastructure, applicable to both new con-
structions and retrofitting projects. Base isolation has received significant attention
over the past few decades that led to remarkable improvements of this technology,
resulting in the progressive deployment of better performing devices. Despite these
significant advancements, the current understanding of the performance of isolated
structures primarily stems from component-level testing of brand-new isolation
bearings, while comprehensive studies on the long-term behavior of base isola-
tion systems, particularly involving large groups of isolators in real-world appli-
cations, remain limited. The PASFIT project, introduced in this paper, addresses
this knowledge gap by conducting extensive dynamic field testing of a 15-year-
old base-isolated residential building equipped with 32 single-friction-pendulum
bearings.

This unique experimental program offers two key benefits: evaluating the
performance of an entire group of base isolators under real-world conditions and
providing valuable data for an in-depth analysis of the overall structural response
of both the building and the isolation system, particularly in relation to material
aging and natural deterioration over time.

This paper presents an overview of the PASFIT project, detailing the efforts
undertaken to successfully complete its ambitious experimental activities. Prelim-
inary results are summarized at the end of the paper and contextualized within the
broader objectives of quantifying isolation system degradation and validating its
long-term reliability.

Keywords: Base isolation - seismic response - aging effects - experimental
campaign
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1 Introduction

Seismic isolation is one of the most advanced technologies in seismic engineering for
protecting buildings and infrastructure from earthquake damage. Unlike traditional seis-
mic design approaches, which focus on strengthening structures and enhancing energy
dissipation, seismic isolation aims to minimize the transmission of seismic energy into
the building. Isolating a structure involves placing isolation devices, such as elastomeric
bearings or friction pendulum systems, between the superstructure and its foundation.
These devices are designed to be vertically stiff to support the gravity loads while pos-
sessing low horizontal stiffness, to enable the structure to move almost independently
of the ground during an earthquake. Despite its numerous advantages, seismic isolation
presents some challenges. Examples include group response evaluation and long-term
performance characterization. Currently, characterization tests are primarily conducted
on brand-new individual isolators in laboratory settings. While these tests can be used
to assess key mechanical properties such as stiffness and damping, they do not fully
capture the behavior of an entire system of isolators under real-world conditions.

The interaction between multiple isolators, as well as between the isolators and
the superstructure, can significantly influence the system’s overall response, leading to
behavior that differs from that of a single device tested independently. Additionally,
base isolation devices are known to degrade over time due to environmental factors
such as weather exposure, temperature fluctuations, and wear. Assessing how these
conditions alter the mechanical properties of the bearings is crucial to ensuring the
long-term effectiveness of the system.

While accelerated aging tests can be conducted in laboratories, they do not always
provide an accurate representation of real-world performance. Existing reference values,
such as those proposed by Constantinou [1], offer estimates of mechanical property
changes up to 30 years after construction based on tests of replaced bearings. However,
these remain approximations derived from controlled laboratory conditions rather than
in-situ performance data.

Hence, the PASFIT project aims to generate valuable field data essential for address-
ing these critical challenges. This is achieved through extensive dynamic field testing
of a 15-year-old base-isolated building in Central Italy, which was installed as part of
the CASE project [2] following the 2009 L’ Aquila earthquake. During the testing phase
of these isolated buildings, data was collected to determine the properties of the newly
installed system. Also, thanks to these data it will be possible to quantify the actual aging
of the entire system.

This paper provides an overview of the undertaken activities and highlights
preliminary key findings.

2 Case Study Building

The case study building considered in this study, referred to as “Building 20.4”, is part
of a cluster of four structures developed within the CASE project [2] in Arischia, a
small village near L’ Aquila, Italy (Fig. 1). Among the unoccupied buildings, potential
candidates for testing, Building 20.4 was chosen for its compatible characteristics (e.g.,



184 A. Rapone et al.

weight/mass and overall dimensions) with the available testing equipment (described
later). This three-story timber building has an overall height of 12 m and consists of
three interconnected blocks linked by two staircase and elevator units, accommodating
six apartments per floor. The structure is supported on a 21 m x 45 m reinforced concrete
slab, which is elevated above ground level by 32 hollow steel columns. The base isolation
system consists of 32 single-curvature friction pendulum bearings (SFPB) manufactured
by ALGA [2], with a nominal friction coefficient of 5%. The detailed specifications of
these isolation bearings are illustrated in Fig. 2 and Table 1.

The structural mass of the building alone is approximately 600 tons, while the mass
of the building-concrete slab assembly increases to around 1500 tons, excluding variable
loads. Based on nominal design parameters, the isolated system exhibits a fundamental
period of approximately 3 s.

Fig. 2. Geometrical properties of the friction pendulum bearings
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Table 1. Nominal specifications of SCSS

Isolators Nominal Values

L 810 mm
D 800 mm
Dpad 250 mm
Req 3500 mm
7 5.0 %

dmax 260 mm

3 Field Test Setup

3.1 The EUCENTRE’s MOBILAB

The EUCENTRE’s mobile laboratory, MOBILAB [3, 4], was deployed for the in-
situ testing activities. Designed to be fully autonomous and transportable, MOBILAB
combines the capabilities of a conventional laboratory with the flexibility required for
large-scale, on-site experimental investigations.

The system is equipped with:

e Four hydraulic actuators, each capable of delivering a force of 1000 kN and a displace-
ment of £ 250 mm, in order to simulate dynamic displacements and accelerations
(Fig. 3);

e Hydraulic system, including pumps, reservoirs, accumulators, and piping, to ensure
constant oil flow in the actuators (Fig. 4);

e Digital controller, which supervises the system, generating and managing signals that
coordinate the actuators during the testing phase;

e Power unit, with a power of 600 kW ensures operational independence and efficiency.

The system is capable of simulating dynamic scenarios, such as seismic events,
with an oil flow capacity of approximately 6000 I/min. The achievable acceleration is
1.2 g for mobilized weights lower than 150 tons, though this decreases to 0.3-0.4 g
for heavier systems. Transportability is ensured by three trailers housing the pumps,
accumulators, power unit, and actuators, along with a van for the controller and data
acquisition systems, enabling direct deployment to testing sites.

3.2 Design of Self-Reacting Frame

The primary challenge in designing the test setup was determining how to securely
anchor the four actuators to the structure. To maximize the available force output, the
actuators needed to be positioned horizontally and as closely aligned as possible with
the isolation system.

To achieve this, a steel truss structure was designed, capable of anchoring to the
columns beneath the isolation system while maintaining sufficient rigidity to prevent
deformations caused by actuator forces. Additionally, the system needed to be easily
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Fig. 4. Scheme of the hydraulic system of MOBILAB, after [4]

assembled on-site and adaptable to the geometric tolerances of the structure. Based on
these requirements, the self-reacting frame was developed (Fig. 5).

-
e

—t
- —

Fig. 5. Graph of the transmission of push and pull stresses in the self-reacting frame

The self-reacting frame was fabricated using S355 steel and primarily utilized
bolted connections to interconnect its various components. The system comprises three
adjustable-diameter rings designed to embrace the columns, along with two trusses that
connect these rings, effectively transmitting both compressive and tensile forces.

The configuration was designed so that one end of each actuator could be attached
to the central ring, while the other end was connected to a reaction plate. This plate was
linked to the top reinforced concrete slab using post-tensioned bars, ensuring a stable
and effective load transfer mechanism.

Once the reaction system configuration was established, the design process was
carried out through advanced numerical analysis, involving multiple iterations. The
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components anchored to the columns, including the rings and trusses, were analyzed
using SeismoStruct [5] software with a beam-element-based model (Fig. 6). This model
guided the design of the primary structural components and the selection of steel plate
sections.

To further refine the design, detailed brick models were developed in Abaqus [6] to
evaluate both welded and bolted connections, as well as the local stress distribution at
the joints with the steel columns, ensuring the system would withstand testing without
damage (Fig. 7).

To prevent local failures, all welded connections were executed as full-penetration
welds between joined parts and, in some cases, were intentionally overdesigned. Like-
wise, bolted connections were designed to prevent deformation by incorporating high-
strength bolts. An overview of the frame, along with a comparison between the 3D model
and the installed structure, is provided in Fig. 8.

Fig. 7. Abaqus brick model used for local damage evaluation

3.3 Instrumentation Layout for Case-Study

Another critical aspect was the selection of the placement for the mobile laboratory
equipment and the instrumentation used for data acquisition during the tests. Particular
attention was given to the hydraulic system, as improper positioning could result in an
oil pressure loss, primary to test invalidation or, worse, damage to the hydraulic system
itself. To minimize the length of hydraulic tubing, the hydraulic system control unit was
positioned in front of the building. The actuators and reaction frames were installed in
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Fig. 8. Comparison between 3D model and the realized self-reacting frame

the four rows of columns located at the center of the building. Given the size of the
test specimen, it was necessary to divide the data acquisition and monitoring into two
stations. The first station, integrated into the MOBILAB equipment, was used for moni-
toring the reaction frames and the reinforced concrete slab via transducers (LVDTs) and
displacement sensors (Tracers), as shown in Fig. 9. Both types of instruments measure
displacement; however, due to space and positioning limits, the tracers were employed
specifically to record the vertical displacement of the isolated system. The second acqui-
sition station, located outside the MOBILAB, was entirely dedicated to the reception of
data from triaxial accelerometers. These accelerometers were installed in pairs at each
floor of the building and on the reinforced concrete slab at two opposite corners. This
configuration allowed the determination of potential torsional behaviors of the isolation
system or the building itself.

4 Field Testing

The field experiments were conducted in displacement-control, considering 1-to-3 cycle
sinusoidal loading histories of varying amplitude and velocity. The test matrix is detailed
in Table 2. Four single-cycle tests were performed to replicate a set of analogous experi-
ments carried out in 2009 during the commissioning of a similar building, equipped with
identical isolation system and similar building characteristics. As shown in the table, the
tests performed have amplitudes ranging from 50 mm to 200 mm and peak velocities
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Fig. 9. Actuators and instrumentation setup of isolated slab

during testing from 50 mm/s to 250 mm/s. This variety of sinusoidal cycles allowed for
recording the system’s response under various induced frequencies.

4.1 Data Analysis

This section provides a brief overview of some of the data collected, although for the
most part data processing is still at a very preliminary stage. Some initial comments
on the observed response are included, but additional analysis is required before any
definitive conclusions can be drawn.

For the purpose of illustration, the force-displacement of a representative test is
outlined in (Fig. 11). Overall, the outlined response is consistent with what one would
expect to see from a friction pendulum base isolated building, with an initially rigid
response, followed by a drop in stiffness occurring in correspondence of the activation
of the base isolation devices. The activation load is proportional to the friction coefficient
at the sliding interface of the devices (discussed more later), while the post-activation
stiffness is proportional to the mass of the building and the curvature of the bearings.

It is noteworthy that despite feeding identical input, different forces were recorded
by the individual actuator load cells. This behavior is particularly noticeable in the final
stage of the push or pull phase, where force increments are recorded by the actuators to
enforce the lock at the maximum amplitude value of the cycle.
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Table 2. Input protocols of conducted tests

Test ID Ampl Max. Vel Freq Load shape Cycles Repetitions
[mm)] [mm/s] [Hz]
2 130 50 0.061 sine 1 1
3 130 100 0.122 sine 1 1
4 150 200 0.212 sine 1 1
5 150 250 0.265 sine 1 1
6 50 50 0.159 sine 3 1
7 100 50 0.08 sine 3 1
9 200 50 0.04 sine 3 1
11 50 100 0.318 sine 3 1
12 100 100 0.159 sine 3 1
14 200 100 0.08 sine 3 2
16 50 200 0.637 sine 3 1
17 100 200 0.318 sine 3 1
19 200 200 0.159 sine 3 4
22 100 250 0.398 sine 3 1
23 150 250 0.265 sine 3 4
24 200 250 0.199 sine 3 2

On the same note, non-uniform displacements were recorded by the LVDTs moni-
toring the horizontal displacement of the concrete slab, indicating that the system experi-
enced torsional movements in addition to horizontal displacements in the direction of the
applied loads (Fig. 10). While partly attributable to inherent aspects of the experimental
setup, this outcome emphasizes the complexity of the response of an isolated building
under real world conditions, compared to the response of a single bearing tested in the
laboratory. Clearly, this warrants further investigation.

Noticeable force oscillations can also be detected in the response. While they could be
an artifact of the experimental setup, these oscillations are possibly due to the degradation
of the sliding surfaces of the isolators, which altered the nominal short-term expected
response.

From an initial analysis of the collected data, an increase in the coefficient of friction
is also observed, from the nominal value of 5% shown in Table 1, to an average value
ranging between 10% and 15%. Figure 12 illustrates the variation of the static coefficient
of friction, calculated at the instant when the velocity is zero, and the dynamic friction,
calculated at the instant when the velocity is at its maximum.

From the two observed trends, the dynamic friction, after an initial value of approx-
imately 14%, stabilizes around 10%. Conversely, the static friction, after initial lower
values, stabilizes at around 14% over time.
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Fig. 11. Force-Displacement plot of actuators during Test 12

Table 3 presents the average values of the coefficients of friction recorded during
the tests. The values shown represent the arithmetic mean of the coefficients of friction
calculated for each test, grouped by amplitude and peak velocity. The divergence from
the nominal values could be a consequence of the bearings’ 15 year exposure in the field,

but this aspect too will require additional analysis.
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Fig. 12. Variation in the static and dynamic friction coefficient during Test 12

Table 3. Mean value of friction coefficient divided using amplitude and peak velocity

Ampl I Max. Vel %
[mm)] [%] [mm/s] (%]
50 8 50 10
100 10 100 12
150 16 200 13
200 14 250 15

5 Conclusion

This article provided a preliminary overview of the field-testing activities undertaken as
art of the PASFIT project. Because of the complexity of the project and the unprece-
dented extent of field testing conducted, the preparation and planning phases spanned
over several months. The development of the self-reacting steel frame presented chal-
lenges at multiple stages, from conceptualizing its operating mechanism to creating the
technical drawings for the fabrication stage. Conducting tests outside of the laboratory
environment also introduced numerous issues. Foremost among these was determining
the placement of the mobile laboratory’s hydraulic system, whose size imposes limi-
tations both in geometric terms and system performance. Additionally, setting up the
instrumentation for data acquisition required detailed analysis to fully understand the
behavior of the entire system.

The collected data has only undergone preliminary processing, and additional work
is needed before any meaningful conclusions can be drawn. The expectation is that
once processed and analyzed, the experimental results will provide valuable insights
pertaining to the response of aged base isolators and to the behavior of base isolator
groups under real world conditions.
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From the initial data analysis presented herein, aspects such as the unintended tor-
sional response and the varying friction behavior have already been detected. It is well-
documented in literature [1] that the coefficient of friction varies depending on both
temperature and sliding velocity, although available studies are typically focused on
individual isolators. The results of this large-scale testing program provide data to mon-
itor the evolution of the friction coefficient for an entire aged isolated system, at varying
forcing frequency and velocity. Hence, the anticipation is that this paper will be fol-
lowed by several others as data processing and data analysis progress, and new insights
are gained.
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Abstract. Pallet racking is a long-established material handling solution that
optimizes warehouse space through multi-level pallet storage and ensures time
efficiency through the absence of any mechanical fasteners between the goods
and the supporting steel structure. This however could lead to potentially vulner-
able situations since heavy pallets are stored at high load-levels, with only the
force of gravity and friction keeping them in place. Recent earthquakes have high-
lighted these risks, with pallet sliding and fall-offs causing operational disruptions
and structural collapses; such failure modes are not adequately addressed by cur-
rent seismic design codes for racks. The ERIES project RACKSLIDE addresses
this knowledge gap through an extensive experimental campaign that investigates
pallet sliding on two rack configurations with diverse structural characteristics.
Test specimens, that depict small portions of the actual frames, are designed and
constructed by industry experts and then installed on an innovative 9 degrees-of-
freedom shake table system. By using as input motion, the load-level accelera-
tions, evaluated by numerical modelling of the entire system, the proposed setup
allows to assess sliding phenomena on the uppermost levels of high-rise racks.
Afterwards, the experimental results are compared with blind predictions from
numerical analyses, leveling the ground for future model calibrations and code
applications.
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1 Introduction

Racking systems form the backbone of modern logistics and goods supply chains, lying at
the core of every physical product route from manufacturer to consumer. Rack-supported
and rack-containing warehouses come in various shapes and sizes, universally con-
structed from cold-formed steel frames that range from 4 m to more than 25 m of height.
The vast majority stores palletized goods that stay put only by the force of gravity and
friction. This is a potentially vulnerable situation that has been severely tested by recent
earthquakes (e.g., the Emilia-Romagna event in 2012, Italy), resulting in disruptions of
operation and some spectacular collapses.

To date, limited knowledge exists regarding the effect of pallet sliding on racking
structures. Dynamic shake-table tests on a simple “pallets-on-beam” setup [1] have
showcased that peak sliding could be affected by a range of parameters such as the type
of pallet material, the surface finish of the steel beam, the direction and the frequency
content of the seismic excitation. However, as the objective of these studies was to
investigate the pallet-beam interaction problem, the employed setup comprised only a
small segment of the actual racking structure, missing important structural characteristics
that are likely to affect sliding, such as the period of vibration, the effect of higher
modes, the interaction between levels. The lack of research validation is also evident in
the current seismic codes for racks, where no guidelines are currently available for the
estimation of content-sliding.

The ERIES project RACKSLIDE brings together 7 universities, 1 association of
rack manufacturers, and 5 supporting industrial partners with active interest in research-
ing pallet sliding. The project proposes leveraging the 9DLAB shake table system of
EUCENTRE to conduct innovative investigations that will form the state-of-art in the
content-structure-sliding interaction problem. The program is carefully designed to com-
prehensively assess pallet sliding phenomena at various load levels of high-rise racks
through a hybrid numerical-experimental approach. Initially, numerical analyses are
conducted using appropriately selected ground motions, from which absolute acceler-
ation time histories are derived for each load level. These recorded excitations then
serve as input for the two moving platforms of 9DLAB, and the experimental results are
subsequently compared with numerical predictions.

At the time of writing, the experimental campaign is ongoing, and the test data have
not yet been fully integrated into a database or thoroughly analyzed. Accordingly, this
paper focuses on a single rack case study using one ground motion excitation, while the
experimental results should be considered preliminary and interpreted with caution.

2 Numerical Analysis on Full System

2.1 Description of Case Study

The case study under consideration comprises a double-depth Automated Rack Sup-
ported Warehouse (ARSW), designed by professional engineers within the context of
the European project STEELWAR, for installation in the city of Van in Turkey using
the following design assumptions: (i) Peak Ground Acceleration, PGA = 0.3g , (ii)
importance factor, y; = 0.8, (iii) Soil Type B. ARSWs represent an emerging storage
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technology that enables fully automated storage operations while supporting both the
stored pallets and the external cladding shell. Compared to traditional rack configura-
tions, these warehouses are designed to accommodate more load levels and a higher
pallet capacity, requiring heavier steel profiles and connections. However, the funda-
mental principles of the racking industry—such as the use of cold-formed thin-walled
members and simple hooked or bolted connections—remain applicable.

Along the cross-aisle direction, the system consists of four “macro-columns” of
25.35m height and 2.51m width (Fig. 1a), where each “macro-column” comprises two
K-braced upright frames with mirrored bracing patterns. In the down-aisle direction
(Fig. 1b), the warehouse consists of 40 storage bays, each 2.15 m long, where each
pair of beams carries two pallets. To enhance the latter stiffness in this direction, two
stiff bracing towers are placed at one edge and the middle of the warehouse. Automated
cranes are used for goods handling, operating in two aisles and 14 load levels: Load
levels 1 to 3 are for 1000 kg pallets, 4 to 11 for 800 kg, and 12 to 14 for 600 kg. In total,
the system can accommodate approximately 9,000 pallets.
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Fig. 1. Geometry of ARSW case study: (a) cross-aisle view and (b) down-aisle view.

2.2 Numerical Modeling of Full System

Two numerical 2D models (one for each principal direction) of the ARSW archetype are
realized in the open-source structural analysis software OpenSees [2]. This compromise
is necessary since numerical convergence in a fully 3D model is highly challenging due
to the thousands of degrees of freedom and the nonlinear friction slider elements that are
implemented to simulate the biaxial motion of each pallet. Furthermore, research so far
has indicated minor structural interaction between the cross- and down-aisle direction
of typical ARSW configuration and that 2D models can provide sufficient accuracy [3].
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The uprights are modelled using elastic beam-column elements with P-A formula-
tion, while the rest of the members (diagonals, beams, X braces) are simulated with
linear elastic beam elements. The beam-to-upright and diagonal-to-upright joints are
modelled using zero-length rotational and axial springs, respectively. To capture the rel-
ative displacement between the pallets and the supporting rack, the numerical models
incorporate the flatSliderBearing elements of OpenSees, which explicitly consider the
effect of sliding and friction. Specifically, each pallet is modelled as a subsystem con-
sisting of a slider element, a lamped mass equal to the mass of the unit load and dummy
rigid elements to model the vertical eccentricity of the unit load and the beam [4]. The
slider elements are coupled with a Coulomb friction model, assuming an initial friction
coefficient of u = 0.3.

Even in 2D analyses, a large number of nonlinear sliders (e.g., of the order of 100)
can lead to convergence issues and impractical computational times. To address this,
additional simplification procedures are followed. In the cross-aisle direction, only one
of the four macro-columns are modelled, while the contribution of the roof truss is
accounted for by using horizontal axial springs at the top nodes of the uprights. In the
down-aisle direction, the individual storage bays are lumped into concentrated masses
using the methodology described in [3], effectively reducing the number of friction
sliders involved. A comparison between the modes of vibration of the full 3D model
and the simplified 2D ones confirm that the lower fidelity models capture the salient
dynamic characteristics of the warehouse. Additionally, the modal analysis reveals long
structural period along the cross-aisle direction (7'c4 = 2.65s) due to the weak bracing
system formed by the uprights and the diagonals, whereas significantly greater stiffness
is observed along the down-aisle direction (T'p4 = 1.44s), attributed to the presence of
the two stiff bracing towers.

2.3 Derivation of Input Excitations

Following the development of the numerical models, a series of nonlinear Response
History Analyses (RHAs) is conducted using a set of 30 hazard-compatible ground
motion records from the PEER-NGA strong motion database. A Rayleigh damping
formulation with & = 3% is applied, ensuring that the slider elements are excluded from
the damping matrix to prevent artificial viscous damping in the system.

For eachrecord, the two horizontal record components (e.g., 0° and 90°) are randomly
assigned as input to the 2D models (one per model), after which RHAs are performed.
The recorded quantities include the time-histories of absolute accelerations, velocities,
and displacements at each load level (served later as input for the shake table system)
as well as the sliding displacement of each slider element. Out of the 30 records, only
five are ultimately selected for the shake table campaign. The selected records showcase
non-negligible pallet sliding at moderate levels of down- or up-scaling (with uniform
scaling for both horizontal components of the excitation) while remaining within the
9DLAB limitation in terms of peak accelerations, velocities, and displacements.

The present work focuses on a specific ground motion of the set: ChiChi 1993,
station ILAO13. At a scale factor of 1.50, which from this point onwards is considered
as 100% intensity, the profiles of cross-aisle maximum Peak Floor Acceleration (PFA),
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Peak Floor Velocity (PFV), and Peak Floor Displacement (PFD), are shown in Fig. 2a-
¢, respectively. Moreover, the profile of cross-aisle maximum pallet sliding is shown
Fig. 2d. As anticipated, peak responses occur at the topmost levels of the rack, with a
recorded PFA of 1.87 g and maximum sliding of 107mm at level 14. Similar trends are
observed in the down-aisle direction, which is not shown here for brevity.
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Fig. 2. Cross-aisle profiles of: (a) PFA, (b) PFV, (c) PFD, and (d) pallet sliding for record Chichi
1993, Station ILAO13, and scale factor of 1.50 (100% intensity).

3 Description of Test Setup

3.1 Experimental Setup and Instrumentation

Figure 3a illustrates the general layout of the test setup implemented in the 9DLAB
shake table system at EUCENTRE. The system consists of two independent moving
platforms capable of imposing horizontal and vertical displacements, as well as rotations,
providing a total of nine distinct degrees of freedom. However, within the context of the
RACKSLIDE experimental campaign, only horizontal displacements are considered.

The specimen (Fig. 3a) is a 1:1 scale replica of a small segment of the warehouse,
specifically a single bay and frame of load levels 12 to 14, as indicated by the red box in
Fig. la-b. It comprises two upright frames, each of two uprights and diagonal elements,
as well as three sets of twin pallet beams hooked on the uprights. The bottom two pairs
of beams (representing levels 12 and 13) are loaded with pallets, whereas the top pair
(level 14) remains unloaded due to height limitations of the shake table system. The
specimen height is 4060 mm, manufactured precisely to the available height between
the two attachment levels, while the plan dimensions are 2270 mm x 1100 mm. The
uprights are bolted via stiff end-plates at their bottom and top to the 9DLAB base table
and top platform, respectively. All structural members are made of cold-formed steel
sections, with the pallet beam surfaces finished with powder coating, while the diagonals
and uprights are zinc-coated.

Two standard EUR-pallets, each weighing 590 kg, are placed on each of the two
loaded levels, for a total load of 4 x 590 kg = 2,360 kg. The unit loads are represented
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Fig. 3. Experimental setup of testing campaign: (a) general layout, (b) installed instruments, (c)
timber stopper and allowable cross-aisle sliding.

by cast concrete blocks, which are fastened to the wooden pallets via plastic straps. To
ensure realistic test conditions, used-but-undamaged pallets are selected to replicate the
actual pallet-on-beam surface conditions during warehouse operation.

Each EUR-pallet has a length of 1200 mm and is supported by two 50 mm-wide
beams with a 1000 mm clear span between them, leaving an average of 100 mm of sliding
tolerance along the cross-aisle direction before disengagement at either pallet end. Since
pallet fall-off could damage both the supporting rack and laboratory equipment, a slide-
off prevention system has been designed to restrict cross-aisle pallet movement within
safe ranges. This system includes: (i) two UPN profiles (Fig. 3b) attached to the pallet
blocks using self-drilling screws in order to prevent pallet fall-off due to excessive
rigid-body rotations and (ii) two timber stoppers (Fig. 3c) to limit cross-aisle sliding
displacements to a range of &+ 88 mm. In the down-aisle direction, the pallets are free to
move as disengagement is prevented by the presence of the uprights.

Non-identical excitations are applied to the two platforms in the cross-aisle direc-
tion, based on the time history of absolute accelerations, velocities, and displacements
extracted from the RHAs for levels 12 (bottom platform) and 14 (top platform). In the
down-aisle direction however, the stiff bracing towers, along with the relatively low
seismic forces at the upper part of the structure, result in nearly identical movement
of levels 12 and 14. In other words, the structure moves almost like a rigid body with
negligible interstorey drift. Therefore, identical excitations are applied to both platforms
in the down-aisle direction. To ensure that also the middle load level (representing level
13 of the warehouse) moves along with the two platforms, an external bracing system
is installed (Fig. 3a), consisting of two pairs of tensioned cables. The cables not only
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maintain synchronized movement of the load levels but also provide a more realistic
representation of the high structural stiffness along the down-aisle direction due to the
presence of the bracing towers.

The instrumentation plan includes an advanced optical tracking system, consisting
of optical cameras with a precision of & 0.3 mm positioned outside the shake table,
and markers (Fig. 3b) placed on the two platforms, the rack, and the pallets. This con-
figuration allows for real-time monitoring of the motion of the steel beams and pallets,
which enables the calculation of sliding displacements and rotations. Additionally, an
accelerometer is installed on each pallet to record the time-history of absolute accelera-
tions experienced by the unit load, allowing for detection of the acceleration threshold at
the onset of sliding. Finally, strain gauges are attached to the uprights and the diagonal
members to ensure that no plastic deformations occur in the steel members during the
sliding tests.

3.2 Numerical Modelling of Test Specimen

Subsequently, a 3D model of the test specimen is realized in OpenSees, as illustrated in
Fig. 4. The uprights, diagonals, and pallet beams are simulated using the same assump-
tions as those applied in the 2D models of the full system. To reduce numerical com-
plexity, the cables are modelled as elastic beam elements without initial bow-like imper-
fections or tension-only behaviour. During reverse loading, only two of the four cables
are in tension and thus active. To approximate the actual lateral stiffness they provide,
their cross-section area is numerically reduced to 50% of the actual one.

The methodology that incorporates simulating the sliding motion of a pallet as a
subsystem of dummy stiff elements, concentrated masses and friction sliders, is extended
herein to 3D space. Each EUR-pallet is supported at six contact points with the steel
beams, each modelled by a friction slider element. The two central support points carry
50% of total pallet weight, resulting in a normal force of 50% e 6kN / 2 = 1.5kN per
slider surface. The four corner support points share the remaining 50% of the weight,
leading to a normal force of 0.75kN per slider.

The numerical subsystem used to achieve the described load distribution is depicted
on the right part of Fig. 4. Dummy horizontal and vertical rigid elements transfer the
forces from the three concentrated masses (of total weight of 6.0kN) to the six sliders.
To prevent relative deformations between the six support points while still allowing for
rigid body rotations of the pallet, a rigid diaphragm constraint is imposed to these points.

Since the two platforms experience different input excitations along the cross-aisle
direction, a Multi-Support Excitation Pattern is employed, allowing different prescribed
motions at various structural supports. In terms of numerical model setup, the key dif-
ference between the conventional Uniform Excitation and the Multi-Support approach
is that the former applies input excitation as imposed accelerations, whereas the latter
uses imposed displacements. Additionally, the Multi-Support method is more prone to
numerical instabilities, thus requiring smaller analysis time steps.
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Fig. 4. Numerical 3D model of test specimen.

4 Shake Table Tests

4.1 Testing Series

The testing series for the ground motion under consideration is summarized in Table 1,
along with the dynamic properties of the input excitation at the top table, expressed in
terms of PFA, PFV, and PFD. A total of seven uniaxial shake table tests (Tests #1 to #7)
are conducted using only the cross-aisle component of excitation, starting from a 10%
scale and increasing incrementally up to 110%. Subsequently, six biaxial tests (Tests
#8 to #13) incorporate both cross- and down-aisle components of motion, ranging from
30% to 110% scale. Finally, two additional uniaxial cross-aisle tests at 30% and 50%
scale (Tests #14 and #15) serve as validation checks to ensure that sliding displacements
remain consistent with those observed in the initial Tests #2 and #3, confirming that the
pallet-to-beam surfaces have not been significantly damaged over consecutive testing.

If significant pallet sliding (i.e., greater than 3mm in any direction) is observed
during a test, the shake table system halts operation, allowing lab technicians to manually
reposition the pallets to their original positions. Additionally, after each test, strain gauge
data is analyzed to verify that no failure has occurred in the steel members of the test
specimen.

To optimize the duration of each dynamic test, the input signals have been trimmed
to retain only the critical portion where pallet sliding occurs, limiting the total duration
to 30 s. Since this trimming process introduces nonzero initial conditions, a windowing
function is applied to ensure a smooth transition from rest to full excitation. Preliminary
numerical analyses indicate negligible differences in sliding displacements and pallet
accelerations between the original and modified signals.
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Table 1. Summary of shake table tests and dynamic characteristics of input signals.

Test no Direction of motion Scale PFA [g] PFV [cm/s] PFD [mm)]
CA DA CA DA CA DA
1 1D 10% 0.19 — 9.1 — 34 —
2 30% 0.56 - 27.2 - 103 -
3 50% 0.93 - 45.4 - 171 -
4 70% 1.31 — 63.5 — 240 —
5 90% 1.68 — 81.7 — 308 —
6 100% 1.87 - 90.7 - 342 -
7 110% 2.05 - 99.8 - 377 -
8 2D 30% 056 026 (272 252 103 |94
9 50% 093 1043 454 420 |171 156
10 70% 1.31 060 [635 [588 240 219
11 90% 1.68 |0.77 |81.7 |756 308 |281
12 100% 1.87 086 [90.7 [839 342 312
13 110% 205 1094 199.8 923 377 |344
14 1D 10% 0.19 — 9.1 — 34 —
15 30% 0.56 - 27.2 - 103 -

4.2 Uniaxial Tests

Before conducting the experimental tests, a series of RHAs were performed on the previ-
ously developed 3D numerical model of the test specimen, using different assumptions
for the friction coefficient («). Prior research [5] suggests that the static friction coeffi-
cient (1), which governs resistance before sliding onset, typically averages around 0.50
for pallet-on-beam surfaces. However, no comprehensive studies have yet established
the dynamic friction coefficient (xy) for these surfaces, which governs resistance dur-
ing sliding and is generally lower than x;. Additionally, more advanced friction models
that account for velocity- or pressure-dependent behavior remain underdeveloped in this
context. Given these uncertainties, a simplified Coulomb friction model was adopted
for this preliminary study, assuming a single friction coefficient (i.e., u = us = pq) with
values ranging from 0.30 to 0.55.

Figure 5 compares the observed maximum pallet sliding displacements (red stars)
with numerical predictions (rectangles, color-coded by friction coefficient). The first two
tests, conducted at 10% and 30% scale factors, did not result in noticeable sliding and
are therefore omitted from the graphs. The observed cross-aisle sliding displacements
(left graph) closely match the model with a friction coefficient of 4 = 0.35. In contrast,
the model using u = 0.50 (i.e. close to typical values of 1) significantly underestimates
sliding—predicting nearly half of the observed displacement—suggesting that static
friction alone may not fully describe pallet sliding behavior. On the other hand, no
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sliding was observed in the down-aisle direction, as expected since no input acceleration
is applied along this axis.

An additional key observation, also evident in the numerical sliding profiles (Fig. 2d),
is that pallets resting on the upper beam pair exhibit greater sliding than those on the
lower pair. This reinforces the idea that top storage levels pose the highest risk for pallet
slide-off.

1D-Motion: CA Sliding 1D-Motion: DA Sliding
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Fig. 5. Comparison of predicted and observed sliding displacements in uniaxial tests.

4.3 Biaxial Test

After completing the uniaxial tests, biaxial tests were performed, and the results obtained
through comparing the predicted and observed sliding displacements are shown in Fig. 6.
In the cross-aisle direction, the observed displacements again align well with the numeri-
cal predictions for a friction coefficient of 0.35, while the model using 1 = 0.50 continues
to underestimate them. A key observation is that biaxial motion increases sliding in the
cross-aisle direction, even though the input signal along this axis remains unchanged.
For example, at 110% intensity, Test #7 in the uniaxial case resulted in a maximum
cross-aisle displacement of 65 mm, whereas Test #12 in the biaxial case reached 75 mm.

In the down-aisle direction (shown in the right graph of Fig. 6), the maximum
observed sliding displacements were greater than the predicted ones, even exceeding
those from the model with u value as low as 0.30. However, these larger displacements
were only observed on the top-right pallet (Fig. 7a), while sliding of the top-left pallet
was closer to the predictions of the numerical model. This variability highlights how
friction behavior can differ, even under seemingly similar conditions (same material,
same beams, similar usage). Interestingly, all pallets tended to slide toward the center of
the beam, which was likely caused by the small bending angles in the beam, resulting
from its flexural curvature.



204 D. Tsarpalis et al.

At the end of the biaxial tests, noticeable surface wear was observed on the beams
(Fig. 7b) due to the repeated sliding and repositioning of the pallets. To check if the
surface wear had any significant impact on the friction performance, two uniaxial tests
were repeated at low intensity at the end of the testing series. The results showed no
major differences from the original tests, indicating that the wear did not significantly
affect the friction. Additionally, off-table static friction tests conducted after the dynamic
tests showed s values around 0.55.

150 2D-Motion: CA Sliding 2D-Motion: DA, Sliding
: . T : — T

Max Pallet Sliding [mm]
2

o
=]
T

0.5 0.75 1 1.25 1.5 0.5 0.75 1 1.25 1.5
Scale Factor Scale Factor

Fig. 6. Comparison of predicted and observed sliding displacements in biaxial tests.

(b)

Fig. 7. Final pallet positions after biaxial test #12: (a) down-aisle sliding and (b) surface wear on
the steel beams.

5 Conclusions

This paper presented part of an innovative experimental campaign aimed at providing
key insights into the pallet sliding problem in racking systems. The tests were con-
ducted using the 9DLAB system of EUCENTRE, which consists of two independent



Experimental Investigation of Pallet Sliding 205

moving platforms capable of simulating seismic excitations at the upper floors of high-
rise structures. The methodology followed a hybrid numerical-experimental approach,
beginning with a series of RHAs to extract the time history of accelerations, velocities,
and displacements at different load levels. Subsequently, a series of uniaxial and biaxial
tests were performed on a test specimen representing the upper load levels of an ARSW
archetype structure. The following key conclusions can be drawn:

The static friction coefficient alone may not fully capture pallet sliding behaviour.
Despite using beams from the same batch and pallets of similar age and usage, one
pallet experienced greater sliding, especially in the down-aisle direction, highlighting
variability in friction.
Down-aisle motion can amplify the cross-aisle sliding displacements.

e Greater sliding occurred at pallets resting on the upper beams compared to bottom
ones, consistent with the numerical predictions.
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Abstract. This paper presents the RecycleSlab research project, where a large-
scale experimental test is being prepared. The specimen is a two-story building
with flat slabs with drop panels, cast with concrete made with coarse recycled
concrete aggregates (CRCAC), and will be tested under combined gravity and
lateral loads. In this paper, the test setup is described in terms of structural design,
test protocol, specimen dimensions and materials characterization. In addition,
the research project will explore the effectiveness of innovative digital surveying
techniques for the assessment of seismic damage in flat slab structures. For that
purpose, the specimen will be measured in 3D before and after testing using laser
scan technology with the aim of creating digital models. The testing of the full-
scale two-story flat slab structure will be carried out at the ELSA laboratory of the
European Commission’s Joint Research Centre.

Keywords: Flat Slab - Punching - Concrete - Coarse Recycled Concrete
Aggregates - Seismic Action; Circular Economy

1 Introduction

The structural application of flat slabs is widely prevalent in office, commercial, and
residential buildings worldwide. However, their structural performance under seismic
loads is not well understood, particularly in the slab-column connection area, where
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the combined effects of high gravity loads and earthquake-induced stresses make it a
critical zone. One of the most critical aspects of flat slab design is their resistance to
punching shear failure. Such failures are brittle and sudden, making their prevention
through proper design essential. Although punching failure is a localized issue, it can
trigger progressive collapse and, in some cases, even lead to the complete failure of the
structure. The loss of a slab-column connection increases stress in adjacent connections,
raising the likelihood of further failures.

From a mechanical perspective, incorporating CRCA (Coarse Recycled Concrete
Aggregate) is expected to negatively impact punching shear capacity. This is because
CRCA is weaker than Coarse Natural Aggregate (CNA), and CRCAC (Concrete with
CRCA) tends to develop larger crack widths than Natural Aggregate Concrete (NAC)
[1]. Both factors reduce aggregate interlock, which plays a crucial role in shear and
punching resistance. Shear design proposals for CRCAC [1] have confirmed this effect
and were considered in Annex N (Recycled aggregate concrete structures) of the second-
generation EN 1992 standard [2]. However, no similar study has been conducted for
punching shear due to the limited availability of experimental data.

Arecent State-of-the-Art review [3] highlights that research on the punching behavior
of flat slabs remains scarce and has primarily been conducted using unrepresentative
test specimens. Most available test results stem from very thin slab specimens, limiting
an accurate assessment of shear resistance. This could lead to unsafe design, due to
material and structural size effects, as well as shear span ratios that are not typical
in actual structural applications. The paper [3] strongly recommends further testing,
particularly on slabs with realistic thicknesses and representative dimensions in relation
to the maximum aggregate diameter, to enhance the understanding of CRCAC’s punching
shear behavior, given that this phenomenon is highly influenced by size effects. Besides
that, no flat slabs subjected to earthquake induced displacements, or other types of
horizontal cyclic actions, were studied.

Also, testing of multi-story reinforced natural aggregate concrete slab specimens
remains limited [4]. In North America, some studies have been conducted on scaled
reinforced concrete slabs [5] and post-tensioned slabs [6]. In Europe, tests have been
performed on a three-story waffle slab supported by columns [7] and a two-floor flat
slab structure [8, 9, 10] at the JRC ELSA facility. The latter study contributed to the
development of a new formulation for assessing the drift capacity of flat slab structures
[9].

To the authors’ knowledge, no additional tests on floor assemblages with thick slabs
designed for both gravity and lateral loads have been conducted in Europe. Large-scale
multi-story structure testing is essential due to its representative scale, the ability to
analyze load redistribution within floors, and the opportunity to evaluate the overall
structural response in terms of ductility and energy dissipation.

2 Research Significance

This paper presents the experimental program proposed within the RecycleSlab research
project-Structural Behaviour of Recycled Aggregate Reinforced Concrete Flat Slabs with
Drop Panels under Seismic and Cyclic Actions—conducted under the ERIES project
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(HORIZON-INFRA-2021-SERV-01-07) and funded by the Horizon Europe Framework
Programme. The project aims to investigate the behaviour of large-scale flat slab floors
with drop panels, constructed using CRCAC, under combined gravity and lateral loads.
The ultimate goal is to contribute to the development of a European Seismic Code Regu-
lation for such structures. This initiative will mark the world’s first pseudo-dynamic and
cyclic tests on CRCAC flat slabs, with proposed methodologies for structural assessment
to be incorporated into future design codes.

Construction and demolition waste (CDW) accounts for more than one-third of
the total waste generated in the European Union (EU27). Additionally, the construc-
tion aggregates industry is the world’s largest non-energy extractive sector. As a result,
recovering CDW as recycled aggregates for concrete aligns with the European Union’s
Circular Economy Action Plan, offering a sustainable solution for the construction indus-
try. Given that concrete is the second most used material globally after water, the potential
benefits of this approach are substantial. However, in many regions, recycled aggregates
are predominantly landfilled or downcycled, such as in backfilling operations or in road
construction.

The scientific community has extensively studied the material behaviour of concrete
made with CRCA, identifying its key resistance mechanisms and confirming its viability
as a structural material. Despite this, CRCAC is not widely produced on a large scale
in most regions [11]. This is primarily due to scepticism among clients, contractors,
and designers, driven by the lack of large-scale demonstrations of CRCAC'’s structural
performance and the absence of comprehensive testing for specific structural elements.
Consequently, clear design guidelines covering all relevant resistance mechanisms and
structural components remain unavailable.

Flat slabs, a widely used and resource-efficient structural solution, exemplify this
challenge. Slabs account for the largest portion of the total concrete volume in a building,
making them an ideal candidate for CRCAC applications. However, research on the
punching behaviour of CRCAC flat slabs under gravity loads is limited, restricting their
practical implementation. Moreover, no studies have examined the seismic performance
of CRCAC flat slabs, which is particularly critical in regions with moderate to high
seismic activity. The lack of knowledge regarding their behaviour under both gravity and
seismic loads, along with the absence of demonstrative examples, hinders the broader
adoption of CRCAC. This highlights the pressing need for further research in this area.

Testing a drop-panel solution aligns with the UN’s Sustainable Development Goals,
particularly in reducing material consumption and associated CO;-equivalent emissions.
Over the past decades, flat slabs made of conventional concrete have been the predomi-
nant structural choice for buildings and parking garages. While they offer architectural
benefits due to their flat soffit, they can be highly inefficient in material usage, leading
to unnecessary environmental impact.

In a recent paper about sustainability in the construction industry [12] the authors
conclude that for moderate to large spans, flat slabs exhibit significantly higher envi-
ronmental impact, whereas drop-panel solutions lead to much lower emissions, while
maintaining comparable economic and functional performance. This difference arises
from the structural efficiency of drop panels, where material is placed only where needed,
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optimizing resource use. Additionally, when used efficiently, reinforced concrete struc-
tures have environmental impacts comparable to or even lower than other construction
materials, such as timber or composite solutions. This underscores the importance of
rational material use in achieving sustainable construction practices.

As the project aims to analyse and demonstrate a structurally and resource-efficient
flat slab system, an environmental assessment will be conducted using a comparative
life cycle assessment (LCA). This LCA will evaluate the environmental impacts of
producing the tested prototype (constructed with CRCAC and drop panels) against a
conventional flat slab system made with natural aggregate concrete, designed to exhibit
similar structural behaviour but without drop panels. The comparison will be based on a
truly equivalent functional unit, the flat slab system itself. This ensures a fair assessment
of both systems as complete flat slab structures. This analysis will quantify the potential
reduction in the carbon footprint achieved through the incorporation of drop panels and
recycled aggregates, highlighting their environmental benefits.

Additionally, the research project will explore the effectiveness of advanced digital
surveying techniques for assessing seismic damage in flat slab structures. The physical
prototype will be captured in 3D both before and after testing using laser scanning
technology, enabling the creation of detailed digital models for further analysis.

This research prioritizes public safety, economic efficiency, and the sustainability of
the construction industry. Its goal is to enhance understanding of the seismic response
of reinforced concrete flat slab structures made with CRCA. The group involved in this
research comprises several European Universities and Research Centres, led by CERIS -
Civil Engineering Research and Innovation for Sustainability, with team members from
Nova School of Science and Technology and Instituto Superior Técnico from University
of Lisbon, together with the Politecnico di Milano, the Imperial College London, the Slo-
vak University of Technology in Bratislava and the Universidad Politécnica de Madrid,
along two industry partners, Holcim (Itdlia) SpA and c5Lab - Sustainable Construction
Materials Association, in collaboration with the Joint Research Centre of the European
Commission. The experimental tests will be carried out at the ELSA laboratory of the
European Commission’s Joint Research Centre in Ispra, Italy.

3 Experimental Programme

3.1 Test Specimen

The two-story building specimen will feature two CRCAC flat slab floors with a three-
by-two span configuration. The spans will measure 4.5 m and 5.0 m in the longitudinal
direction and 4.5 m in the transverse direction, with a story height of 3.2 m (Fig. 1).
The columns will have square cross-sections, with side dimensions of 0.4 m for internal
columns, 0.35 m for edge columns, and 0.3 m for corner columns. Steel load cells will
be installed at the mid-height of the columns during construction to measure internal
forces. This experimental technique has been recently implemented at JRC ELSA and
has undergone further developments [8, 9, 10].

The specimen’s foundation will be a reinforced concrete beam grid (in order to move
the specimen inside/outside the laboratory and to fasten the specimens to the laboratory’s
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Fig. 1. Building geometry (dimensions in cm).

strong floor). The JRC ELSA Reaction wall has dimensions that allow testing the 6.4 m
high, 14.3 m long and 9.3 m wide, two floors flat slab building proposed.

3.2 Materials

The reinforcement to be used will be B500 of ductility class C. At the columns, the
splicing will be done using rebar couplers from Peikko.

The concrete was developed and produced by the industrial user partner Holcim
(Italia) SpA. The aim was to have a C30/37 strength class, with areplacement ratio of 50%
of the coarse aggregates (>4 mm), which translates to around a total 29% substitution
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ratio for all the aggregates. The cement used was 42.5R Type II/B-LL from Holcim, and
the plasticizer was Mapei Dynamon. Table 1 presents the concrete composition. During
the concrete development, the concrete compressive strength was assessed through tests
on 15 cm concrete cubes (Table 2).

Table 1. Concrete composition.

Cement Water Sand 0/10* Recycled Gravel 8/18 Plasticizer
(kg/m3) (/m3) (kg/m3) (kg/m?) (I/m3)
360 160 1289 520 2,88

* Sand 0/10 contains 40,4% of aggregates > 4mm

Table 2. Compressive concrete strength.

Age (days) 3 7 28
fem,cube (MPa) 28,1 35,1 41,2

3.3 Structural Design

The building was designed for a dead load corresponding to the self-weight of the
structural elements plus an allowance for the self-weight of non-structural elements of 3
kN/m?. The live load was taken as 2 kN/m? assuming y, = 0.30 (for assessment of the
quasi-permanent loading). The design earthquake action was taken as a 0.6% horizontal
drift ratio.

The structural analysis was performed with ANSYS and SAP2000, to double check
the design and to cover usual deviations in modelling of this type of structures, notably of
the slab-column connection regions. All structural elements were modelled elastically
to determine the internal force distribution. Lateral actions were applied as imposed
displacements on the slabs corresponding to the specified drift level. To account for
variations in stiffness between the slabs and columns throughout the loading process, two
different stiffness scenarios were analysed: SS1 - all elements with constant (bulk) values
of the stiffness and dimensions. This model shall cover the response before any cracking
occurs or if the loss of stiffness between the slab and the columns are comparable; SS2
- the modulus of elasticity of the columns was reduced to 50%, and to 25% for the
slabs, to determine the internal forces of the columns and slab-column connections,
for a more realistic scenario concerning the earthquake action. This large reduction of
the slabs’ stiffness can be justified by the work of [13], where several flat slab-column
connections under combined gravity and horizontal cyclic loading were analysed, and
the experimental connection stiffness varied from 12% to 17% of the elastic stiffness.
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Although not need from the design, it was decided to have a floor containing shear
reinforcement (first floor), using shear studs. The shear reinforcement layout considered
can be observed on Fig. 2. Initially the second floor, with similar longitudinal reinforce-
ment, will not contain shear reinforcement, but provisions for a possible retrofitting using
post-installed shear reinforcement were made, to be installed before the last experimen-
tal phase. The idea is to have information on the behaviour of flat slabs with or without
shear reinforcement, a subsequently, and if possible, to study a strengthening/retrofitting
technique applicable to this type of structures.
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Fig. 2. Shear reinforcement on the first floor (Peikko PSB): a) central column; b) edge column;
¢) corner column.

3.4 Loading and Testing Program

To achieve all objectives of this research program the experimental campaign is divide
in two sets of tests. First, and to appraise the seismic behaviour of flat slabs with ductile
shear walls under a seismic action, two pseudo-dynamic tests will be carried out, for
two levels of seismic motion: one for the serviceability limit state (SLS) and another
for the ultimate limit state (ULS). Two numerical shear walls (the shear walls are only
considered in the numerical model used to control the pseudo-dynamic tests) will be
considered.

Subsequently quasi-static cyclic loading tests will be performed, without the numer-
ical shear walls. The floors will be tested under combined gravity and lateral cyclic
loading, with increasing horizontal displacements to near-failure conditions. The test
sequence is planned to achieve progressive and controlled damage of slab-column
connections.

The gravity loading will be the self-weight and supplementary weight provided by the
use of water tanks placed on the slabs, to simulate the quasi-permanent load considered
(3,6 kN/m?) (see Fig. 3).

Horizontal loading will be applied by two hydraulic jacks per floor, with a capacity of
1000 kN each. These actions will be applied in “shear-keys”, with prestressed unbonded
connections to the side of the slabs at mid-span, in order to minimize the interference of
this application in the behavior of the building.
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Fig. 3. Water tanks placement — supplementary weight.

3.5 Data Acquisition and Instrumentation Plan

Attending the uniqueness and scale of the planned experimental tests, a careful planning
of the data acquisition system was carried out. During the planned test phases several
measurements are going to be performed, in order to collect information about the
behaviour of this type of structures under seismic and horizontal cyclic loading.

Two 1000 kN hydraulic actuators will be used at each floor to apply the horizontal
forces. All actuators are equipped with a load cell mounted on the piston rod, to measure
the force transferred to the structure. Horizontal displacements will be taken at the far end
of the specimen, with respect to the reaction wall, using two displacement transducers
per floor, in order to also monitor torsion.

In order to assess the evolution of crack widths along the slab’s thickness during
testing, small holes in the slabs near the columns, obtained by placing a small plastic
tube before casting, are going to be instrumented with LVDT fastened to the bottom
face of the slab, with the target glued on the top face of the slab, at the other end of the
hole. Also, inclinometers will be used to assess the slab’s rotation near the slab-column
connections.

For assessing the internal forces at the columns a special steel device (load cell),
placed at the mid-height of the columns during the construction of the building. Three
types of these devices will be produced and calibrated. Similar devices were already
used in the SlabStress Project [8, 9, 10], but an improved version was developed for the
current project.

The building specimen will undergo 3D surveying to evaluate the potential and
effectiveness of advanced digital surveying techniques for assessing seismic damage in
flat slab structures. Laser scanner measurements will be conducted both before and after
testing, allowing for the creation of pre- and post-test digital models. These models can
be examined, measured, compared, and analyzed at any time to accurately identify and
assess damage.



214 A. Ramos et al.

3.6 Life Cycle Assessment

The project includes a life cycle assessment (LCA) conducted in accordance with
relevant standards (EN 15804:2012 + A2:2019 [14], ISO 14044:2006 [15], and ISO
14040:2009 [16]) to evaluate the environmental impacts of the flat slab system from cra-
dle to gate. This assessment covers the entire production process, including raw material
procurement, transportation to the production site, and slab manufacturing.

The LCA will be comparative, incorporating different scenarios to analyze various
assumptions and their environmental implications: Flat slab without drop panels and
natural aggregates; Flat slab with drop panels and natural aggregates; Flat slab without
drop panels and with recycled aggregates; Flat slab with drop panels and with recy-
cled aggregates. Different transport distances of the raw materials used for concrete
production will be considered.

The objective of this LCA is to: a) Assess the environmental benefits of using drop
panels, particularly in reducing the volume of concrete required for the flat slab, thereby
decreasing clinker consumption; b) Identify optimal conditions for the use of CRCA by
conducting sensitivity analyses (e.g., evaluating different transport scenarios) to deter-
mine when CRCA result in a lower carbon footprint compared to natural aggregates;
¢) Demonstrate the impact of different functional unit choices (such as comparing a
complete structural system versus one cubic meter of concrete) on life cycle impact
assessments and overall findings.

The choice of the functional unit - the structural element itself - represents a signifi-
cant contribution to the state of the art. Most environmental impact comparisons between
NAC and CRCAC typically focus on: a) The procurement of coarse aggregates, without
accounting for necessary adjustments in concrete mix design when using CRCA; b) The
production of 1 m?® of concrete, considering mix design changes but overlooking the
impact of CRCA on concrete properties; c) The production of 1 m?® of concrete normal-
ized by compressive strength, which remains inadequate since CRCA influences various
concrete properties in different ways. In designing the flat slab system, both elastic and
long-term slab deflections must be considered, and the concrete mix will be tailored
to achieve comparable durability properties. This approach ensures a truly equivalent
functional unit, allowing for a more accurate comparison of the environmental impacts
of CRCAC and NAC.

4 Final Remarks

This paper presents a large-scale test setup of a CRCAC flat slab building with drop pan-
els, subjected to seismic and cyclic loading. This groundbreaking experimental study is
expected to generate significant interest among the scientific and engineering communi-
ties, as well as the broader public, by demonstrating the potential of CRCAC in structural
applications. The findings will be shared with academia and industry professionals, with
a strong focus on disseminating design guidelines to practitioners.

Beyond its technical contributions, this research has a notable social impact by
enabling the design of safer structures using sustainable materials. Additionally, the
selection of efficient structural systems will encourage engineers to optimize resource
use, thereby reducing the environmental footprint of construction. A key benefit of this
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projectis its contribution to minimizing the extraction of natural resources and decreasing
construction waste accumulation, which will have a meaningful impact, particularly in
European countries.
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Abstract. This paper discusses the effectiveness of Composite Reinforced Mor-
tars (CRM) and Fiber-Reinforced Mortars (FRM) as seismic retrofit of existing
stone masonry buildings. A large experimental campaign was conducted within
the ERIES-RESTORING project, involving vertical compression, diagonal com-
pression, and quasi-static cyclic tests. Undressed stone masonry specimens under
different retrofit configurations, compatible with historical masonry, were studied:
bare masonry, CRM applied on one side, CRM applied on two sides, and FRM
applied on two sides. The CRM retrofit consisted of a glass-FRP mesh embedded
in natural hydraulic-lime mortar and the FRM retrofit of a mortar with polymeric
fibers. For the vertical and compression tests, three masonry wallettes were tested
for each retrofit configuration, excluding the FRM that was not tested under this
type of loading. Instead, for the testing of the in-plane cyclic behavior, full-size
piers were subjected to a constant axial stress level and double-fixed boundary
conditions. Two different pier aspect ratios were investigated to study the flexural
and shear behavior. The FRM retrofit was tested only under quasi-static cyclic
shear-compression loading and was applied directly to both sides of a single pier
with an aspect ratio inducing flexural behavior. The experimental results, including
damage mechanisms, lateral strength, and deformation capacity, can be referred
to for calibrating advanced numerical models and conducting parametric stud-
ies on geometric, material, and loading conditions. Lastly, the outcomes of this
project will contribute to the validation of analytical models and the development
of design guidelines and code requirements for these retrofitting techniques on
historical masonry.
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1 Introduction

The protection of the built cultural heritage is an important step towards the preservation
of the past culture and history of countries, but also of the future, leading to greater sus-
tainability. Most Mediterranean countries present a high density of historical masonry
buildings in stone masonry, that require effective and durable retrofitting techniques.
Ence, solutions like Composite Reinforced Mortars (CRM), Fabric Reinforced Cemen-
titious Matrices (FRCM), and Fiber Reinforced Mortars (FRM) have shown good results
and have been more recently used due to their compatibility with historic structures and
the use of lime-based mortars ([1, 2]). However, much has still to be studied on these
retrofit solutions, since most of them are not yet standardized, lacking guidelines for
their design and experimental results on their effectiveness on masonry structures.

The work presented in this paper is a large experimental campaign, part of the ERIES
project, in a collaborative effort led by the Universidade de Lisboa (Portugal) alongside
the University of Pavia (Italy), Universitat Politecnica de Catalunya (Spain), EUCEN-
TRE Foundation, IUSS Pavia (Italy), and initial contributions from ETH Zurich (Switzer-
land). The experimental program included a vertical compression, diagonal compression,
and quasi-static cyclic shear-compression testing campaign. The specimens were made
of undressed stone masonry, and four configurations were tested: unreinforced (bare),
retrofitted with CRM on one side, retrofitted with CRM on two sides, and retrofitted
with FRM on two sides. Moreover, for the quasi-static cyclic shear-compression tests
two different height/length aspect ratios were studied on full-scale specimens, one to
force flexural behavior and the other shear.

The goal of the campaign was to evaluate the performance of CRM and FRM in
enhancing the seismic behavior of masonry. The results will be used to validate analytical
models and contribute to the development of design guidelines.

2 Characterization of Constituent Materials

Calcareous sandstone rocks from the province of Bergamo, Italy, were used as masonry
units and were characterized by a mean density of 2580 kg/m?, mean compressive
strength of 149 MPa perpendicular and 144 MPa parallel to the sedimentation layers, and
mean tensile strength of 19 MPa. The mortar adopted for the masonry construction was
a weak hydraulic lime mortar mix designed specially to represent the overall properties
commonly found in historical masonry structures in the Mediterranean countries. For
compatibility purposes between the substrate and the strengthening, natural hydraulic
lime was also included in the CRM retrofit mortar mix. Tensile and compressive strength
were retrieved from 160 x 40 x 40 mm prisms after 28 days of curing [3], obtaining,
respectively, 0.17 MPa and 0.81 MPa on mortar used for the masonry construction,
5.84 MPa and 22.55 MPa on mortar used for CRM retrofitting, and 6.91 MPa and
47.02 MPa on mortar used for FRM retrofitting. The CRM retrofit was applied using
Glass-FRP (GFRP) meshes characterized by mean tensile strengths of 74 kN/m and
86 kN/m in the weft and warp directions, respectively, and an ultimate strain of 1.5%
in both directions. The mesh presents a total fiber weight of 400 g/m” and is spaced
120 mm apart in the weft and 80 mm apart in the warp directions. The GFRP mesh was
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mechanically fixed to the substrate by helicoidal steel connectors made of stainless steel
AISI 304 with a nominal diameter of 10 mm.

3 Specimen Description

Masonry specimens were built to be tested under three different types of loading,
vertical compression (VC), diagonal compression (DC), and quasi-static cyclic shear-
compression (SC). The type of masonry and construction techniques adopted were the
same for all three tests and were made in order to replicate the construction commonly
found in historical ancient buildings in the Mediterranean countries.

The masonry was characterized as double-leaf natural stone masonry with irregu-
lar horizontal courses and roughly dressed sedimentary rock blocks (Fig. 1). The total
nominal thickness of the masonry walls was 300 mm with mortar and stone fragments
infilling the interspace of the stone leaves. Through stones were only used at the walls’
edges. The CRM and FRM retrofit presented a total thickness of about 30 mm, with
a nonuniform mortar layer thickness that depended on the irregularity of the masonry
surface (Fig. 1c-d). The layers of the retrofit solutions were connected mechanically to
the surface through helicoidal connectors that were embedded into about % of the spec-
imen thickness when the retrofit was applied only on one side, and passed through both
masonry leaves when the retrofit was applied on both sides. In both cases, the connec-
tors also provided transverse passive confinement to the masonry. The connectors were
applied together with polymeric discs to help spread the locally concentrated stresses.
A density of about five connectors per square meter of fagcade was considered for each
specimen.

Vertical compression tests were carried out on nine wallettes under different retrofit
configurations, with three wallettes per type of retrofit: bare masonry (V_URM), CRM
applied on one side (V_CRM1), and CRM applied on both sides (V_CRM?2). The wal-
lettes were saw-cut from a long wall (Fig. 1a), after 28 days of curing, excluding the
edges to avoid the confining effects of through stones necessary for the wall construction.
The wallettes presented dimensions of 120 x 80 x 30 cm, by adapting the regulations of
EN 1052-1 [4] that are specified for brick block dimensions instead of irregular stones.
The CRM retrofit was applied after the wallettes were saw-cut into their dimensions,
with the warp of the mesh in the horizontal direction.

Diagonal compression tests were carried out on nine wallettes under different retrofit
configurations, with three wallettes per type of retrofit: bare masonry (D_URM), CRM
applied on one side (D_CRM1), and CRM applied on both sides (D_CRM?2). The wal-
lettes were also saw-cut from a long wall, following the same procedure as for the VC
tests walletes. The wallettes presented dimensions of 100 x 100 x 30 cm, following the
specifications of ASTM (2015) [5]. The CRM retrofit was applied after the wallettes
were saw-cut into their dimensions, without considering a preferential direction for the
warp and weft.

Quasi-static cyclic shear-compression tests were carried out on seven full-scale walls
under different retrofit configurations: bare masonry (URM), CRM applied on one side
(CRM1), CRM applied on both sides (CRM2), and FRM applied on both sides (FRM?2).
Two different aspect ratio (height/length) configurations were studied for URM, CRM1
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and CRM2: slender specimens (h/l = 1.5) representing piers between window open-
ings (Fig. 1b), and squat specimens (h/l = 0.69) simulating solid walls or walls with
widely spaced openings. The FRM retrofit was applied only for the slender configuration.
The slender specimens were identified as “SL_(type of retrofit)” and the squat ones as
“SQ_(type of retrofit)”. The slender specimens included portions of the adjacent top and
bottom spandrels for a proper anchorage of the retrofit; on the other side, for the squat
specimens, the mesh was anchored on additional top and bottom RC beams that were
designed, together with a system of threaded bars and steel profiles, to prevent rocking
or sliding of the masonry pier regarding the foundation and spreader beam. The CRM
retrofit was applied for the slender specimens with the warp of the mesh in the horizontal
direction and the squat specimens in the vertical direction to force the squat specimens
to fail in shear and the slender ones in flexure. Mesh overlaps of at least 300 mm were
carried out when necessary.

Fig. 1. a) Finished look of the masonry long wall for VC tests, b) construction of slender piers flor
quasi-static cyclic shear-compression tests, c) CRM retrofit application on specimen for diagonal
compression tests, and d) FRM retrofit application on specimen for quasi-static cyclic shear-
compression tests.
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4 Vertical Compression Tests

4.1 Test Set-Up and Testing Protocol

A centered axial force was applied on the wallette by a force-controlled universal testing
machine and was distributed uniformly by the RC beams. The upper and lower faces
of the beams in contact with the machine were regularized with gypsum. The load was
applied at a controlled rate with loading and unloading cycles of amplitudes 1/6, 1/3, and
1/2 of the expected strength with respective durations of the ramps of 210, 420, and 630
s. After these cycles, the specimens were loaded monotonically to failure. At zero and
maximum values, the load was kept constant for 10 s before the unloading or reloading
phase to stabilize the stress state. Eight 50-mm-stroke potentiometers were deployed:
two vertical and one horizontal potentiometer, positioned in each main fagade of the
wallette to measure in-plane strains (Fig. 2a); while one horizontal potentiometer was
placed on each side facade along the wallette thickness (Fig. 2b). The mounting rods of
the potentiometers were positioned in stones, avoiding mortar joints, and, for the case
of the retrofitted specimens, a sufficiently large hole on the retrofit was made.

Fig. 2. Vertical compression test set-up: a) front and b) side views.

4.2 Results

Compressive stress-strain curves were obtained for each specimen, as presented in Fig. 3
for specimen V_URM._1. The compressive strength of the masonry, f., was evaluated
by dividing the maximum vertical force resisted by the specimen, P, by the nominal
cross-section area of the specimen, given by A, = 800 x 300 mm?. Considering that
for low-stress levels, the material behaves as isotropic, homogeneous, and linear elastic,
the elastic parameter, Young’s modulus, E, was defined between 10% and 33% of the
measured compressive strength by calculating the slope of the secant between these
points, as shown in Fig. 3b.

The values of E and f. are presented in Table 1. The compressive strength of the
masonry retrofitted with CRM on one side increased by 1.25 times and with CRM on
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Fig. 3. Vertical compression test response of V_URM_1: a) vertical and horizontal strain, and b)
zoom on vertical strain in the initial phase.

Table 1. Vertical compression test results.

Bare masonry CRM on one side CRM on two sides

fe [MPa] E [GPa] fe [MPa] E [MPa] fe [MPa] E [MPa]
Average 1.98 3.47 2.49 3.46 2.85 4.76
C.oV 6.6% 27.2% 1.8% 24.5% 6.9% 21.2%

two sides by 1.5 times, regarding the bare masonry. On the other hand, the E presented
the same value when retrofitted on only one side and an improvement factor of 1.4 when
retrofitted on both sides.

5 Diagonal Compression Tests

5.1 Test Set-Up and Testing Protocol

An axial force centered on the diagonal of the wallette was applied to the specimen
by a force-controlled universal testing machine. The two corners in contact with the
machine were regularized with gypsum. The load was applied at a controlled rate with
loading and unloading cycles of amplitudes 1/6, 1/3, and 1/2 of the expected strength
with respective durations of the ramps of 100, 200, and 300 s. After these cycles, the
specimens were loaded monotonically to failure. At zero and maximum values, the load
was kept constant for 10 s before the unloading or reloading phase to stabilize the stress
state. Eight 50-mm-stroke potentiometers were deployed to measure the vertical and
horizontal deformations. One vertical and one horizontal potentiometers were positioned
in each main fagade of the wallette, within the middle half, to measure in-plane strains
(Fig. 4). The mounting rods of the potentiometers were positioned in stones, avoiding
mortar joints, and, for the case of the retrofitted specimens, a sufficiently large hole on
the retrofit was made.
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5.2 Results

Compressive stress-strain curves were obtained for each specimen, as presented in Fig. 5
for specimen D_URM_1. The shear strength of the masonry, 7,4, was evaluated accord-
ing to the ASTM and RILEM standards [5, 8] by dividing the maximum vertical force
resisted by the specimen, P, by the nominal cross-section area of the specimen, given
by A, = 1000 x 300 mm?. To compute the shear strength of the structure like this, it
is assumed a pure shear stress state at the center of the panel, with the principal stress
direction coinciding with the two diagonals of the wall.

The shear modulus G was calculated from the shear strength, following the same
method as in the calculation of E from the vertical compression tests, as shown in Fig. 5b.
However, the actual stress distribution is not purely uniform, as shown by Frocht [9].
Analytical and numerical methods improve the accuracy of principal stress estimation
at the pier’s center, allowing for a more precise calculation of masonry tensile strength
by comparing it to the t,,,, with a ratio of 0.5 to 0.707. Here, the latter was considered.

: a) front and b) side views.
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The values of G, 7,4 and f; are presented in Table 2. The tensile strength of the
masonry retrofitted with CRM on one side increased by 2.5 times and with CRM on two
sides by 4.0 times, regarding the bare masonry. On the other side, reliable conclusions
cannot be made regarding G since potentiometers were not able to record significant
deformations on three of the retrofitted specimens.

Table 2. Diagonal compression test results.

Bare masonry CRM on one side CRM on two sides

fr [MPa] G [GPa] fr [MPa] G [MPa] fr [MPa] G [MPa]
Average 0.09 1.10 0.23 1.12 0.37 1.58
C.o.V 2.2% 53.8% 3.4% 52.9% 8.9% - %

6 Quasi-Static Cyclic Shear-Compression Tests

6.1 Test Set-Up and Testing Protocol

A system of two strong-walls and a strong-floor, available at the EUCENTRE laboratory,
was used for the test set-up (Fig. 6a-b). The RC foundations of the piers were fastened to
the strong-floor with pos-tensioned bars. Two vertical servo-hydraulic actuators attached
to the top RC spreader beam imposed a constant axial load of 20% of the masonry’s
compressive strength and a double-bending boundary condition. Additionally, the out-
of-plane displacements of the pier top were prevented. The horizontal actuator applied
the first sets of cycles in force control up to less than half the predicted lateral strength,
calculated as proposed in Ponte et al. (2024) [6]. Then, displacement-controlled cycles
were applied until reaching near-collapse conditions due to severe damage, strength
degradation, or instability to the vertical load. Push-and-pull cycles of any amplitude
were repeated three times. The specimens were instrumented with 40 displacement trans-
ducers to monitor the specimen displacements and eventual ones between the specimen
and the test set-up.

6.2 Results

The retrofitted specimens tested under quasi-static cyclic shear-compression presented
distinct enhancement in structural behavior depending on their geometry and retrofit
configuration. For both aspect ratios, the specimens present a clear trend in the efficacy
of the retrofit regarding strength and deformation capacity, with different variations
of failure mode. The envelope force-displacement curves of the tested specimens are
presented in Fig. 7 and Fig. 10b.

Squat masonry walls exhibited a shear failure mode characterized by diagonal crack-
ing with significant damage at the intersection, as shown in Fig. 8. From the capacity
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curves, it was concluded that squat piers benefited most from CRM applied symmetri-
cally, which doubled the lateral load-bearing capacity and increased the displacement
capacity at 20% strength loss, ultimate displacement, by 1.5 times regarding the bare
masonry (SQ_URM). This increase in displacement capacity allowed the ultimate drift
to move from the 0.5% ultimate drift coded for URM masonry piers failing in shear [7]
to a value of 0.7%. Moreover, applying the CRM on only one side resulted in smaller
improvements. The load-bearing capacity increased by a factor of 1.4, and the ultimate
displacement by a factor of 1.2, with the ultimate drift improving to 0.6%. Therefore,
symmetrically strengthening the masonry specimens led to a 30% additional increase in
load-bearing and displacement capacity compared to asymmetrical strengthening.

On the other side, the slender masonry specimens exhibited a hybrid or flexural
failure mode, shown in Fig. 9, as predicted by the analytical calculations in [6]. In fact,
the bare masonry specimen presented initially a rocking mechanism that transitioned
in the final loading cycles into a shear failure mode with diagonal cracking. However,
unlike the squat specimens, where masonry wedges delimited by the diagonal cracks
were expelled, the slender piers still carried the load through the diagonal struts without
significant accumulation of crack opening.

According to the capacity curves, CRM on both sides of slender specimens increased
the lateral load-bearing capacity by approximately 1.5 times, similar to the squat spec-
imens, and the ultimate displacement by 3.0 times, with an exceptional improvement.
The latter meant that the 1.0% drift limit prescribed by the current building codes for
masonry piers failing in flexure [7] was increased by 3 times. In comparison, when the
CRM was applied to only one side, there was a lower increment of the load-bearing
capacity of 1.2 times and the ultimate displacement of 1.4 times, corresponding to an
ultimate drift of 1.4%. Symmetric strengthening with CRM on slender walls resulted in a
20% higher load capacity and a double improvement in displacement capacity compared
to the single-sided application, highlighting the importance of symmetric reinforcement,
especially for deformation capacity.

Fig. 6. Quasi-static cyclic shear-compression tests test set-up: a) squat specimen, b) slender
specimen.
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Near the end of the tests, all retrofitted specimens exhibited delamination of the
retrofit layer from the substrate and rupture of the GFRP mesh. The delamination, prob-
ably aggravated by the irregularity of the stone masonry, could possibly be lessened
by increasing the number of connectors. Slender specimens with CRM also developed
a sliding shear interface at the base of the pier at the end of the test (Fig. 9b-c), and
masonry crushing.

The application of the FRM retrofit system on both sides of the masonry was also
studied for slender piers. The mechanism of collapse was similar to the slender pier
retrofitted with CRM on both sides, as shown in Fig. 10a. Moreover, despite the FRM
solution presenting a higher stiffness and a slightly lower strength (enhancement factor
of 1.4 regarding bare masonry), with the peak load at a lower displacement, the ultimate
displacement was the same for both retrofit solutions, corresponding to an ultimate drift
value of 3.0%. This suggests that both CRM and FRM retrofitting techniques effectively

enhance the in-plane behavior of slender walls, with CRM providing a slightly greater
strength enhancement.
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Fig. 7. Force-displacement envelope curves: a) squat and b) slender specimens.
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7 Concluding Remarks

This paper presents an overview of the ERIES-RESTORING project, demonstrating the
effectiveness of CRM and FRM retrofitting in enhancing structural performance under
vertical compression, diagonal compression, and quasi-static cyclic shear-compression.
Specifically, the compressive strength of bare masonry increased by a factor of 1.25 with
CRM on one side and 1.5 with CRM on both sides; while the tensile strength exhibited a
more substantial improvement, increasing by factors of 2.5 and 4.0, respectively. More-
over, for full-scale piers failing in shear, CRM on one side increased the lateral strength
by 1.4 times, while CRM on both sides resulted in a twofold increase. In contrast, for
slender piers failing in flexure, the lateral strength increased by a factor of 1.2 for CRM
on one side and 1.5 for CRM on both sides. In terms of ultimate displacement capacity,
slender piers showed significant improvements, with increasing factors of 1.4 for CRM
on one side and 3 for CRM on both sides. For squat piers, the increase in ultimate drift
capacity was more modest, with factors of 1.2 and 1.6 for CRM on one side and CRM on
both sides, respectively. Additionally, a slender specimen retrofitted with FRM on two
sides exhibited a 1.4-fold increase in lateral strength and a 3-fold increase in ultimate
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drift, demonstrating a performance comparable to CRM on both sides. These findings
will help develop guidelines for the design of CRM and FRM retrofit of masonry and
numerical models.
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Abstract. Europe faces significant challenges due to seismic activity, which fre-
quently leads to extensive damage, particularly in seismically active regions such
as Italy. Recent destructive earthquakes have underscored the urgent need for
innovative strategies to improve the seismic resilience and energy efficiency of
existing buildings. The RESUME project addresses these challenges by proposing
an integrated approach to seismic and energy retrofitting. Its innovative method-
ology combines structural reinforcement with thermal insulation improvements,
targeting reinforced concrete (RC) structures originally designed only for vertical
loads.

A key feature of the project is the development of a “dry seismic coat,” com-
posed of cork panels paired with a composite timber-aluminum alloy exoskele-
ton. This system enhances both the seismic and energy performance of retrofitted
buildings by simultaneously improving strength, stiffness, and thermal insulation.

This article presents the implementation and preliminary results of shaking
table tests conducted at the IZIIS Laboratory in Skopje. These tests involved
infilled and retrofitted three-dimensional RC frames subjected to simulated seismic
loads. The experimental program was designed to assess critical aspects such as:
(1) the effectiveness of the retrofitting system in enhancing seismic safety, (2) the
comparative energy performance of the system relative to conventional insulation
methods, (3) the feasibility of a combined seismic-energy vulnerability assessment
methodology for RC buildings.

Thus, the present paper details the design, setup, and execution of the tests,
focusing on the experimental setup, specimen construction and instrumentation,
and loading protocol development. Preliminary results are also presented high-
lighting the retrofitting system’s capacity to improve seismic behavior, while also
indicating potential gains in energy efficiency, paving the way for further research
outcomes.
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1 Introduction

The increasing awareness of seismic vulnerability and energy inefficiency in elderly
buildings has placed urgent attention on the need for comprehensive retrofitting strate-
gies, particularly in earthquake-prone regions. Many obsolete masonry and reinforced
concrete structures, constructed before modern seismic standards were established, pose
significant consequences in the event of an earthquake. As a result, ensuring structural
safety while simultaneously improving energy performance has become a key priority
in both research and policy discussions. Italy and several other European countries have
witnessed the devastating effects of seismic events on outdated buildings, highlighting
the need for innovative retrofitting solutions. In parallel, the growing emphasis on sus-
tainability, coupled with rising energy costs, has reinforced the necessity of integrating
energy-efficient solutions with seismic strengthening measures. Studies have demon-
strated that combined retrofitting approaches not only enhance a building’s resilience
and thermal performance but also offer greater economic feasibility compared to isolated
interventions [1].

To address these challenges, various retrofitting methods have been explored, incor-
porating both seismic strengthening and energy-efficient materials. Hybrid approaches
include the use of fiber-reinforced mortars alongside insulation layers [2] or laminated
timber paneling that not only improves structural integrity but also contributes to aes-
thetic enhancement [3]. Among the many available techniques, a widely adopted solution
involves applying external reinforcements to building facades, combined with thermal
insulation panels. Over the years, different configurations of this system have been
developed, including cast-in-place reinforced concrete walls [4], timber-cement com-
posite panels with integrated seismic resistance and timber-fiber insulation properties
[5], as well as cold-formed steel frames with diagonal cross-bracing for enhanced lateral
stability [6].

This study aims to advance the field of combined seismic and energy retrofitting by
evaluating the performance of an innovative exoskeleton system composed of laminated
timber and aluminum bracings or panels. The research follows a structured methodology,
beginning with numerical simulations to determine the most effective reinforcement
configuration. The optimal solution, whether bracing elements or panels, will then be
experimentally validated through shaking table tests conducted at the IZIIS Laboratory
in Skopje.

The experimental phase involves two identical 1:3 scale reinforced concrete struc-
tures with the same geometric and mechanical characteristics. One specimen which serve
as a baseline without reinforcement, is already tested and the achieved results are herein
presented. The second specimen will incorporate the optimized exoskeleton system
based on numerical assessments. By comparing their seismic and energy performance,
this research aims to provide insights into the feasibility, effectiveness, and practical
implementation of this integrated retrofitting solution for existing RC structures.
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2 Test Specimen

2.1 Unreinforced Infilled RC Structure

The test structure selected for reinforcement is a 1:3 scale prototype of a basic reinforced
concrete (RC) frame, originally designed following outdated construction standards that
do not account for seismic loads. This structure is intended to replicate older build-
ings that lack adequate earthquake-resistant features, making it a suitable candidate for
evaluating the effectiveness of retrofitting strategies. Figure 1 depicts the geometrical
characteristics of the unreinforced RC structure.
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Fig. 1. Unreinforced RC structure: geometrical properties.

The framework consists of two parallel longitudinal frames, spaced 1.4 m apart, and
connected transversely only through the RC slab, without additional transverse beams.
Each frame has three spans, giving the entire structure a total length of 4.2 m. The
building model includes two stories, with the ground floor measuring 1.5 m in height
and the upper floor 1 m. Hollow brick infill walls are placed exclusively in the end spans
along the longitudinal direction.

The foundation system consists of a 25 cm thick reinforced concrete slab, providing
uniform support for the frame. The beam elements have rectangular cross-sections of
10 x 15 cm, while the columns measure 10 x 10 cm. In both beams and columns,
longitudinal reinforcement bars are positioned only at the corners, with 8 mm diameter
bars. Stirrups are 4 mm in diameter and spaced at 10 cm intervals. The concrete used in
the structure has a compressive cubic strength of 20 MPa, corresponding to class C16/20,
which is characteristic of lower-strength concrete used in older buildings.

This experimental model provides a realistic representation of inadequate RC struc-
tures, allowing a detailed investigation into the impact of retrofitting measures on
both seismic and energy performance. The three-dimensional configuration of the
unreinforced RC structure is depicted in Fig. 2.
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T

Fig. 2. Unreinforced RC structure: three-dimensional drawing (a) and real tested specimen (b).

2.2 RC Structure Reinforced with the Dry Seismic Coat

The numerical analysis focuses on evaluating two distinct external exoskeleton solutions,
both incorporating aluminum alloy and laminated timber as primary structural materials.
These systems are designed to enhance the seismic resistance of existing structures
while simultaneously improving energy efficiency. Both configurations share a common
structural framework, consisting of timber frames connected using galvanized steel plates
and screws. The exoskeleton is anchored to the original structure via steel pins positioned
at the beam-column joints, ensuring a strong yet adaptable connection.

The two solutions investigated differ in the design of their seismic-resistant elements,
which are made of aluminum alloy components:

e X-Bracing Configuration — This solution employs concentric X-shaped aluminum
braces.

e Shear Panel Configuration — Instead of bracing, this version integrates thin aluminum
panels acting as shear walls.

The exoskeletons are installed on all exterior faces of the structure, except for the
central span along the longitudinal direction, which remains open for inspection and
monitoring during laboratory testing.

The aluminum elements are secured to the timber frame using galvanized steel angles,
and they include connectors for attaching insulation panels. These insulation panels are
made of recycled cork, offering both environmental sustainability and thermal efficiency.
The aluminum components, including the diagonal braces and shear panels, have a
uniform thickness of 2 mm and are composed of AW6060 aluminum alloy. Meanwhile,
the timber frames are constructed from GI28 h laminated timber.

Further construction details, including the exoskeleton assembly scheme and the
two configurations, are illustrated in Fig. 3, highlighting the integration between the
reinforcement system and the existing RC frame.
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Fig. 3. Reinforced RC structure: exoskeleton assembly scheme (a), X-bracings configuration (b)
and shear panel configuration (c).

3 Numerical Models

The 1:3 scale reinforced concrete (RC) structure was modeled using ProSap v.22, a
structural analysis software developed by 2SI (Ferrara, Italy). To evaluate the effects of
retrofitting, a modal analysis was conducted to identify the structure’s vibration modes
before and after reinforcement, followed by nonlinear static (pushover) analyses to deter-
mine the most efficient exoskeleton configuration for laboratory testing. In the pushover
simulations, the infill walls were represented as equivalent struts, in accordance with
established modeling techniques [7]. The seismic hazard level was assigned based on
a location in L’ Aquila, Abruzzo, Italy, with a topographic category of T1 and a soil
classification of A, consistent with the Italian seismic code [8].

The first model was developed to reproduce the current state of the building, namely
the unreinforced RC structure with infill walls (Fig. 4a). For the numerical representation
of the exoskeleton solutions, two distinct reinforcement approaches were implemented:

e X-Bracing Configuration (Fig. 4b) — The actual diagonal braces were explicitly
modeled in the structural analysis.

e Shear Panel Configuration (Fig. 4c) — The aluminum panels were simulated using
ten equivalent diagonal elements, with their thickness matching that of the aluminum
panel and widths determined using the strip model method [9].

The modal analysis of the three structural configurations (current state, X-bracing,
and aluminum panel) revealed no significant qualitative changes in vibration mode
sequences. The first vibration mode remained translational in the transverse (Y) direction,
the second was torsional, and the third was translational in the longitudinal (X) direction.
However, the reinforcement system significantly reduced the structure’s natural period
in its fundamental vibration modes, indicating increased stiffness (Fig. 5).
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(@)

Fig. 4. Numerical models: current state (a), X-bracings configuration (b) and shear panel
configuration (c).
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Fig. 5. Modal analysis: vibration periods mode 1.

Additionally, a reduction in maximum displacements and inter-story drift was
observed, with the aluminum panel solution (strip model) exhibiting the most pronounced
improvements (Fig. 6).

The results of the pushover analysis in terms of capacity curves of the structure,
both before and after reinforcement, are presented in Fig. 7. The outcome shows notable
increases in strength and stiffness due to the application of the dry seismic coat. The
most significant stiffness and strength gains were observed in the transverse Y direc-
tion, where no infill walls were present. Moreover, the aluminum panel solution (strip
model) demonstrated superior structural performance compared to the X-bracing system,
achieving a greater increase in strength and lateral stiffness.
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Fig. 7. Capacity curves of the pushover analysis: longitudinal direction (a) and transverse
direction (b).

4 Selection of the Optimal Configuration

Overall, the implementation of the retrofitting strategies led to substantial improvements,
as evidenced by both the modal and pushover analyses. The most pronounced impact
of the exoskeleton was observed in the transverse (Y) direction, where the absence of
infilled walls initially resulted in lower lateral stiffness.

However, clear benefits were also recorded in the longitudinal (X) direction, where
infill walls were located at the end spans, further contributing to the system’s overall
effectiveness.

The quantitative assessment of these improvements is provided in Table 1, which
summarizes the percentage variations in dynamic properties relative to the original,
unreinforced structure. Additionally, Table 2 presents the percentage increases in strength
and stiffness for both exoskeleton configurations relative to the original structure, as
obtained from the pushover analysis.
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Table 1. Modal analysis: percentage variation of dynamic properties compared to the unrein-

forced structure.

Configuration Period Max displacement Drift

X Y X Y
Brace —42.1% —31.6% —56.8% —32.1% —56.8%
Strip —42.1% —42.1% —66.2% —42.0% —66.2%

Table 2. Pushover analysis: percentage variation of strength and stiffness compared to the
unreinforced structure.

Configuration Max Force Stiffness

X Y X Y
Brace +1.1% + 103% + 28% + 344%
Strip +3.6% + 108% + 60% + 377%

These findings confirm that both retrofitting strategies significantly enhance the struc-
tural stiffness and stability of existing RC buildings. However, the aluminum panel con-
figuration consistently demonstrated superior performance compared to the X-bracing
system. Due to its greater effectiveness, the aluminum panel solution was selected for
application on the RC specimen to be tested on the shaking table, ensuring the best
performance in the experimental phase.

S Experimental Test

As part of the experimental investigation, two models have been constructed: Model X
and Model Y, both with identical geometric and mechanical characteristics. The testing
is structured into three phases to analyze the effectiveness of the exoskeleton system as
a seismic strengthening method.

e Phase 1: Model Y is subjected to increasing seismic loads until the expected
deformations and damage levels are reached.

e Phase 2: An exoskeleton system is installed on the already damaged Model Y to
evaluate its ability to enhance the seismic performance of the structure.

e Phase 3: Model X is tested with the exoskeleton system applied before the experi-
mental testing, allowing for a direct comparison between a model strengthened prior
to loading and one reinforced after sustaining damage.

At this stage, only Phase 1 has been completed. The following section presents the
activities carried out during this phase.
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The shake table used for dynamic testing at IZIIS measures 5.0 m by 5.0 m and has
five degrees of freedom. It is supported by two lateral and four vertical MTS hydraulic
pistons, controlled by an MTS Digital Controller 469D. The instrumentation of the tested
models included accelerometers (ACC) - PCB Piezotronics, linear potentiometers (LP) —
Microepsilon WDS, linear variable differential transformers (LVDT) — MacroSensors
DC750, and strain gauges (SG) — KYOWA KFG, measuring accelerations, total and
relative displacements, and strains, respectively. The data acquisition was performed
using the National Instruments PXI modular system.

Specifically, 12 accelerometers were installed at different heights in two horizontal
directions. Additionally, four linear potentiometers were placed at the slab level. A total
of 10 LVDTs were used, of which two were positioned between the model and the shake
table, while eight were placed around the column-beam connection. Furthermore, 30
strain gauges were installed, 24 of which were installed on the reinforcement bars in the
columns at different heights, and six were attached to the concrete of the columns.

The testing program began with low-intensity white noise shake table tests to deter-
mine the dynamic characteristics of the system. Subsequent tests involved ground motion
excitations with amplitudes scaled to progressively increasing intensity levels. The con-
sidered seismic inputs for the first model included the Adana 1998 earthquake (Mw 6.3),
the Umbria 2016 earthquake (Mw 6.2), and a synthetically generated earthquake based
on the Eurocode 8 spectra for Soil C. Figure 8 presents the time history of the maximum
intensity seismic input applied during Phase 1. A full list of all tests performed on Model
Y during Phase 1 is provided in Table 3.

|Input acc - Generated EQ 140%

Acceleration [g]

+ | + |
T ' T x T
5 10 15 20
Time [s]

Fig. 8. Model Y — Phase 1. Input acceleration time history.
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Table 3. Simulated earthquakes on Model Y.

Test No Type of excitation Characteristics Input acc.[g]
of the excitation

1 ‘White noise f=1-45Hz;t=300s 0.01
2 ‘White noise f=1-45Hz;t=300s 0.02
3 ‘White noise f=1-45Hz; t=300s 0.05
4 EQI1: Adana 15% 0.1
5 EQ?2: Generated EQ 18% 0.1
6 EQ3: Umbria 10% 0.1
7 EQ?2: Generated EQ 27% 0.15
8 EQ2: Generated EQ 50% 0.3
9 White noise f=1-45Hz;t=300s 0.05
10 EQ2: Generated EQ 75% 0.45
11 ‘White noise f=1-45Hz;t=300s 0.05
12 EQ2: Generated EQ 100% 0.6
13 White noise f=1-45Hz;t=2300s 0.05
14 EQ2: Generated EQ 100% 0.6
15 ‘White noise f=1-45Hz;t=300s 0.05
16 EQ?2: Generated EQ 120% 0.72
17 White noise f=1-45Hz;t=2300s 0.05
18 EQ2: Generated EQ 140% 0.84
19 ‘White noise f=1-45Hz; t=300s 0.02

After the last test, severe damage was observed on the bare frame, with visible
cracks, and approximately 80% of the infill on the ground floor collapsed. The natural
frequency of the model decreased by about 80% from the beginning to the end of the
testing. Figure 9 illustrates the model before and after testing.



240 A. Formisano et al.

Fig. 9. Model Y — Phase 1, Before and After Testing

6 Conclusions

The research presented in this study underscores the significant potential of the RESUME
project’s integrated approach for seismic and energy retrofitting of existing RC struc-
tures. Through a combination of numerical modeling and experimental test, the effec-
tiveness of the dry seismic coat system—composed of laminated timber and aluminum
alloy elements paired with cork insulation panels—has been investigated. The numeri-
cal analyses, particularly the modal and pushover simulations, demonstrated that both
proposed configurations—the X-bracing and aluminum shear panel systems—improved
the dynamic and structural performance of a typical reinforced concrete frame designed
without seismic criteria. Among these, the aluminum panel configuration outperformed
the bracing system, yielding the most notable reductions in natural vibration periods,
maximum displacements, and inter-story drifts. Quantitatively, this solution led to an
over 40% decrease in dynamic response parameters and increases in lateral strength and
stiffness exceeding 100% in transverse direction, with stiffness improving by as much
as 377%, highlighting the critical role of the exoskeleton where infill walls were initially
absent.
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The experimental campaign involves the execution of shake table tests to validate the
outcomes obtained through numerical simulations. In the first phase, testing was carried
out on Model Y, which had no prior reinforcement. This specimen was subjected to
progressively intensified seismic inputs until it sustained significant damage, including
visible cracking and the near-total collapse of the ground floor infill walls. By the end
of the testing phase, the structure’s natural frequency had decreased by approximately
80%, indicating a dramatic loss of stiffness and structural integrity. These results clearly
highlight the vulnerability of outdated reinforced concrete frames under seismic load-
ing and emphasize the urgent need for effective retrofitting strategies. Future work will
involve installing and testing the exoskeleton system on both intact and previously dam-
aged structures, specifically Model X and Model Y, during Phase 2 of the experimental
program.
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Abstract. Conventional seismic design methods rely on structural inelastic hys-
teretic response to dissipate seismic energy. This approach often results in exten-
sive damage and substantial direct and indirect losses following high-intensity
earthquakes, thereby affecting the overall resilience of communities. To address
this issue, modern earthquake engineering is facing an extraordinarily challenging
era in providing affordable, high-seismic-performance structures able to minimise
both seismic damage and repair time. To this end, the ERIES SC-RESTEEL (Self-
Centring seismic-RESilient sTEEL structures) project examines the structural
response, repairability, resilience, and performance recovery of low-damage self-
centring steel Moment-Resisting Frames (MRFs) equipped with friction devices
and post-tensioned bars with disc springs at column bases and beam-to-column
joints. Shaking table tests will be conducted at LNEC (Laboratério Nacional de
Engenharia Civil) in Lisbon, Portugal, to investigate the performance of a large-
scale 3-storey steel MRF. Key objectives include evaluating the seismic perfor-
mance of the structure, its reparability strategy, and the performance after repairs.
This paper presents the test specimen design, advanced Finite Element analyses of
various joint configurations, and the preparatory work for the tests. The findings
offer valuable insights into the expected experimental outcomes.
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1 Introduction

Earthquakes are destructive natural hazards, causing extensive structural damage and sig-
nificant economic losses. Conventional seismic design methods (e.g., Eurocode 8 [1])
rely on structural damage to dissipate seismic energy and meet the life safety require-
ments. While this approach achieves its primary objective of protecting the occupants,
it often results in severe damage, high repair costs and extended downtime.

To overcome these drawbacks, modern earthquake engineering faces an extraordi-
narily challenging task of providing seismic-resilient structures that can minimise both
seismic damage and repair time, thereby allowing for limited socio-economic losses after
severe earthquakes. Well-established solutions include the use of supplemental damp-
ing [2-5] and base isolation systems [6, 7]. Other strategies also aim to reduce residual
deformations [8—13] and have recently gained recognition for their distinct advantages.
In steel Moment Resisting Frames (MRFs), a promising solution involves integrating
dissipative devices (e.g., Friction Devices (FDs)) and Self-Centring (SC) systems (e.g.,
Post-Tensioned (PT) bars) in Beam-to-Column Joints (BCJs) [14, 15] and Column Bases
(CBs) [16-21]. These systems reduce structural damage and limit residual deformations,
enhancing repairability and recovery time [22]. Although several studies on such SC
structures have been conducted in recent years, demonstrating their advantages, there
remains a significant need for advanced research to inform policy-making and building
codes, thereby promoting their application in practice.

Previous studies investigated the use of SC-CBs [18-21], and performed large-scale
Pseudo-Dynamic (PsD) tests to investigate the seismic performance and repairability of
the system [22]. These studies demonstrated the benefits of the SC-CBs in minimising
residual drifts and the effectiveness of the repair method. However, several open issues
still need to be addressed. For example, one challenge related to the use of SC-BClJs
is the potential frame expansion due to the rocking behaviour of beams, potentially
inducing damage in the slab and compromising the self-centring capability of the joints
[15]. Additionally, past studies [14] demonstrated that the placement of SC-BCJs could
be optimised to limit structural complexity. Moreover, while proof-of-concept studies
are widely available for such innovative systems, large-scale shaking table tests remain
quite limited [e.g., 23, 24].

Within this context, the ERIES SC-RESTEEL (Self-Centring seismic-RESilient
SsTEEL structures) project aims to advance knowledge on such structural configura-
tions by experimentally investigating the seismic performance, repairability, and effec-
tive placement of SC devices. The research involves large-scale shaking table tests on
a 3-storey steel MRF equipped with both SC-BCJs and SC-CBs at LNEC in Lisbon,
Portugal, as well as component tests on subassemblies at the STRENGTH Laboratory
of the University of Salerno, Italy.

The solution features SC-BCJs and SC-CBs together with a splice introduced at the
beam’s midspan to mitigate the frame expansion effect. The shaking table tests aim to
evaluate the response under real earthquake scenarios. In particular, they will allow: /)
to analyse the impact-induced local damage at rocking interfaces and its effect on system
damping (which the PsD tests only simulated numerically); 2) to assess the influence of
the vertical component of the ground motion on the self-centring capacity of the CBs;
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3) to quantify repairability metrics, e.g., repair time and performance of the repaired
structure across multiple scenarios.

This paper presents the test specimen design, the advanced Finite Element (FE)
analyses of various BCJ subassembly configurations in ABAQUS [25], the non-linear
dynamic analyses on the 3-storey structure in OpenSees [26] considering three different
configurations for the joint distribution and the preparatory work for the tests.

2 Test Specimen

2.1 Design of the Test Specimen

The specimen for the shake table tests is illustrated in Fig. la. The internal MRF is
intended to provide the lateral capacity, while the external frames are designed for
gravity loads only. The inter-storey heights are equal to 1.92 m at the first storey and
1.80 m at higher storeys. The longitudinal and transverse bays have span lengths of
3.50 m and 2.00 m, respectively. The specimen has been extracted from a prototype
structure characterised by 3 storeys and 3 bays in both directions and scaled based on
the material and acceleration scaling identity, with a scaling factor equal to A = 0.6.

J«L&JA—A.—.I&J‘L.L; L1

dol
o bl 7]
LT

e

S e,

Fig. 1. a) 3D Large-Scale Test Specimen; b) and c) Test Sub-assemblies.

The design was carried out in accordance with the Eurocode 8 provisions [1]. The
design earthquake at the Ultimate Limit State (ULS) is defined considering the Type 1
elastic response spectrum with a PGA = 0.35g and soil type D. The Collapse Limit State
(CLS) is assumed to have an intensity equal to 150% of the ULS. The behaviour factor
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based on the Eurocode 8 for MRFs in Ductility Class High (DCH) is assumed as g = 6.5.
The inter-storey drift limit for the Damage Limit State (DLS) is assumed to be 1% for non-
structural elements fixed in a way such as not to interfere with structural deformations.
The assumed floor system is a H BOND A55/P600 steel-concrete composite floor with
a total height of 110 mm. The floor masses of the specimen to carry out the test are equal
to 11.76 and 10.31 tonnes at intermediate floors and the roof, respectively. Hence, the
total mass of the specimen is equal to 33.82 tonnes, which is compatible with the specific
equipment available at the research infrastructure (<40 tonnes). Beam and column cross-
sections of the MRF are IPE240 and HEB 180, while the profiles of the gravity frames
are [IPE180 and HEA 160, respectively. All the profiles are of steel grade S355. The MRF
is equipped with BCJs and CBs in two different configurations, i.e., with and without
PT bars. For the sake of clarity, hereinafter, the joints without PT bars are referred to as
Low-Damage (LD) joints (LD-BCJs and LD-CBs), while joints with PT bars are referred
to as Self-Centring (SC) joints (SC-BClJs and SC-CBs).

The specimens of the component tests are shown in Fig. 1b and c. These tests aim
to characterise the response of the BCJ subassemblies and evaluate the effectiveness of
the proposed solution in mitigating the frame expansion effect. These subassemblies are
extracted from the second storey of the 3-storey structure. Two configurations will be
tested: i) BCJs implemented with a continuous beam (Fig. 1b) and ii) BCJs where a splice
allowing axial displacements is included at midspan (Fig. 1c). Each frame subassembly
will be tested in both LD and SC configurations.

2.2 Design of the Beam-to-Column Joints (BCJs) and Column Bases (CBs)

Figure 2 illustrates the BCJ with and without PT bars, i.e., the SC-BCJ in Fig. 2a
and the LD-BCIJ in Fig. 2b. In both configurations, the connection is equipped with
FDs, which dissipate the seismic input energy through the alternate slippage of the
surfaces in contact. The FDs consist of properly coated steel friction shims and steel
cover plates clamped with pre-loadable bolts. The self-centring system is composed of
PT bars symmetrically placed with respect to the column’s depth and arranged in series
with a system of disc springs, ensuring an adaptable stiffness-resistance combination.
Slotted holes are included at the beam’s flanges to accommodate the target rotation (i.e.,
0.04 rads). In the case of the SC-BClJs, the moment-rotation behaviour is the typical
flag-shape curve, where M is the moment at the gap opening. Conversely, in the case of
LD-BCIJ, the moment-rotation behaviour is a hysteretic rectangular curve where M g,
is the slippage moment of the FDs.

Figure 3 illustrates the CB connection with and without PT bars, i.e., the SC-CB in
Fig. 3a and the LD-CB in Fig. 3b. Similar to the BCJ, in both configurations, the column
base is connected by a combination of FDs and a SC system composed of PT bars and
disc springs. The mechanism and moment-rotation behaviour of both CBs is similar to
the BCJ.



Design and Analysis of Large-Scale Test 247

without PT Bars

Fig. 2. 3D view & moment rotation behaviour for: a) SC-BCJ; b) LD-BCJ.

a)
without PT Bars

Fig. 3. 3D view and moment rotation behaviour of: a) SC-CB; b) LD-CB.

3 Experimental Programme

Table 1 summarises the proposed test programme. Phase 1 of the programme investi-
gates the local behaviour of materials and components, including steel coupons, friction
shims, and PT-bars with disc springs. Phase 2 includes quasi-static tests on the BCJ
subassemblies, both with and without the central splice, considering both the LD- and
SC-BCls. The tests will be performed using cyclic loading with increasing amplitudes
up to a target rotation of 0.04 rad, according to AISC 341-16 [27]. Phase 3 investigates
the dynamic response and seismic performance of the 3-storey structure through shaking
table tests. These tests will be performed considering different layouts of the SC joints’
placement along the height of the structure and a set of ground motion records with
increasing intensities from the DLS to the CLS. Such tests will evaluate the seismic per-
formance, SC capacity, and repairability of the structure. Each test will be preceded by
characterisation tests, such as white noise tests, to estimate damping ratios and natural
periods. Phase 4 of the programme evaluates the performance of the repaired structure
under repeated records and the influence of the vertical component of the ground motion.

Wire transducers and accelerometers are used at each level to measure horizontal
displacements and accelerations. Additionally, the local response of the structure and its
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components are assessed through strain gauges and Linear Variable Differential Trans-
formers (LVDTs). LVDTs also allow for tracking the opening and closing of the gap
in the splice mechanisms. Load cells and strain gauges are installed to monitor tensile
forces and deformations in the PT bars along with the test. Finally, advanced sensors
(i.e., https://tokbo.it) are used in bolts and PT bars to monitor the force variation.

Table 1. Experimental programme.

Phase Description

1 Material and components characterisation tests, coupon tests, double lap-shear
friction joints, and tests on PT bars with disc springs

2 Subassemblies cyclic tests, with and without splice, with LD- and SC-BClJs, and
considering different levels of PT bars prestressing

3 Shaking table tests of the 3-storey large-scale test specimen with different
placements of the self-centring joints

4 Additional tests with and without vertical ground motions and repeated tests for
reliability assessment

4 Finite Element Analysis

4.1 Finite Element Analysis of the Subassemblies

Figure 4a shows the ABAQUS model developed to simulate the tests on the subassem-
blies and provide insights to inform experimental testing design. For the sake of brevity,
only the configuration with a splice at midspan is represented. The FE models have been
developed using a procedure similar to the one used in Elettore et al. [21].

To comprehensively analyse the response of the connection, the numerical study
was conducted in sequential phases. Initially, the isolated SC-BCJ was subjected to
a monotonic loading. Subsequently, the two different configurations of the single-bay
frame (with and without splice) were examined under the same monotonic conditions
and successively under cyclic loading.

Figure 4b shows the comparison of the axial force evolution in the beam between the
two frame configurations: with and without splice. The results demonstrate the suitability
of the proposed solution in avoiding the frame expansion and the consequent increase
of the axial force in the beam. Figure 5 shows the comparison of the monotonic and
cyclic moment-rotation responses of the different models. Figure Sa shows a consistent
slippage moment, corresponding to the activation of the FDs, among the three different
configurations. The results also show the detrimental effect deriving from the frame
expansion. This results in an axial force increase in the beam and, consequently, in a
moment hardening response, leading to plastic deformations in the beam and column
web. Similarly, Fig. 5b illustrates the cyclic moment-rotation response of the SC-BClJs
with and without splice. The results show a slightly better self-centring capability for
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the frame with splice. The benefits are limited in this configuration but are expected
to be more pronounced in other configurations with different forces in the PT bars and
FDs, as well as multiple bays. These preliminary results highlighted the importance of
the splice in reducing damage, ensuring self-centring capability, and ensuring a more
controlled and predictable structural response.
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Fig. 4. ABAQUS model and results: a) Frame configuration with splice; b) Axial force comparison
between the two frame configurations.
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Fig. 5. Comparison in the response of SC-BCJ: a) Monotonic moment-rotation behaviour; b)
Cyclic moment-rotation behaviour

4.2 Finite Element Analysis of the 3-Story Frame

2D non-linear FE models are developed in OpenSees [26] (Fig. 6). Three different models
have been developed considering different configurations of the joints. In particular: /)
the MRF equipped with LD-BCJs and LD-CBs (i.e., LD-MRF); 2) the MRF with LD-
BClJs and SC-CBs (i.e., LD-MRF-CB); and 3) the MRF with SC-CBs and SC-BClJs (i.e.,
SC-MRF). Numerical simulations are conducted to investigate and compare the seismic
performance of the structures equipped with different connection typologies and to verify
their compatibility with the test equipment’s capacities. The LD- and SC-BCJ modelling
strategies are shown in Fig. 6b and c and are consistent with Pieroni et al. [14]. On the
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other end, the LD- and SC-CB modelling strategies are shown in Fig. 6d and e, and are
consistent with Elettore et al. [20].
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Fig. 6. 2D OpenSees Modelling of: a) MRF; b) LD-BCJ; ¢) SC-BCJ; d) LD-CB; e) SC-CB.

The three models have an almost identical natural vibration period 7; = 0.43 s. A
large set of ground motion records was originally considered for the record selection. This
set was restricted to 5 records, as reported in Table 2. In all cases, the records were scaled
in time by a scaling factor of 1/2 = 0.6!/2 = 0.77 to match the specimen scaling criteria.
Moreover, their acceleration intensity was scaled at the ULS and at the CLS intensities
(i.e., Squrs (T1)=1.182g and S, crs (T';) = 1.773g). All ground motion input records
were verified to ensure compliance with the shake table’s requirements in terms of Peak
Ground Displacement (PGD), Peak Ground Velocity (PGV) and overturning moments
for all intensities of interest.

Figure 7 shows the results of the non-linear time-history analyses for a single ground
motion record, i.e., Northridge-01. The comparison of the time histories of the Inter-
storey Drift Ratios (IDRs) among the three configurations at the CLS intensity demon-
strates that, as expected, frames with self-centring connections (i.e., the LD-MRF-CB
and SC-MRF) exhibit a significant reduction in the residual IDRs at all storeys, con-
firming the effectiveness of the solution. The SC-MREF structure results in a completely
self-centring response with almost zero residual IDRs for both seismic intensities. Addi-
tionally, despite having SC joints only at the base, the LD-MRF-CB exhibits a signifi-
cant reduction in residual drifts at all storeys, in all cases below the reparability limit of
0.5%. Conversely, this limit is never satisfied for the LD-MRF, which experiences larger
residual IDRs of approximately 4% for the CLS.
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Table 2. Selected ground motions evaluated at the CLS complying with shake table capacity.

Earthquake Horizontal Vertical
PGA [g] | PGV [mm/s] |PGD [mm] | PGV [mm/s] |PGD [mm]

Northridge-01 0.92 476.40 111.41 191.95 49.91
Ferndale-891 0.81 469.79 71.94 81.34 16.67
Niigata, Japan 1.12 527.45 114.27 164.95 85.15
Chi-Chi-2951 0.80 382.58 164.27 174.81 107.75
Ferndale-905 0.74 423.51 51.52 298.79 56.75
Limit of Shake Table | - 600.00 200.00 400.00 200.00

Such numerical analyses strongly supported the record selection, identifying records
that, while ensuring compliance with the shake table’s requirements, allow exploring the
seismic response considering different ground motions’ characteristics.
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Fig. 7. Comparison of the Inter-storey Drifts Ratios (IDRs) time histories among the three
configurations for a single ground motion record (Northridge-01) at the CLS.
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5 Conclusions

The present paper illustrates the preliminary numerical work conducted for the design
of the experimental campaign of the ERIES-SC-RESTEEL (Self-Centring seismic-
RESilient sTEEL structures) project. The project examines the structural response,
repairability, resilience, and performance recovery of low-damage self-centring steel
Moment-Resisting Frames (MRFs), including friction devices and post-tensioned bars
with disc springs at Column Bases (CBs) and Beam-to-Column Joints (BCJs). The exper-
imental campaign includes a series of shaking table tests on a large-scale 3-storey steel
structure considering different Self-Centring (SC) joint placements, configurations and
properties. The shaking table tests will be conducted at LNEC in Lisbon, Portugal, while
additional tests on subassemblies will be carried out at the STRENGTH Laboratory of
the University of Salerno, Italy. Finite Element (FE) models were developed in ABAQUS
for the subassemblies. The results highlighted the importance and effectiveness of the
proposed solution in mitigating frame expansion effects, hence reducing damage to the
connection and promoting the self-centring response. Additionally, numerical models of
the 3-storey frame were developed in OpenSees, and non-linear dynamic analyses were
performed to investigate the performance of the structure considering three distributions
of self-centring and/or low-damage joints. The outcomes offer useful insights for the
design of shaking table tests and for the prediction of the expected experimental results.
The results confirmed the effectiveness of the SC connections in reducing the residual
deformations. Moreover, the numerical study allowed defining the preliminary set of
records to be used in the shaking table tests.
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Abstract. Timber, with strength-to-weight and modulus-to-strength ratios com-
parable to steel, is increasingly utilized in seismic retrofitting due to its versatility,
sustainability, and rapid installation potential. However, concerns exist regard-
ing its capacity to respond effectively to seismic events, particularly the risk of
delayed activation compared to existing structural damage. Timber retrofits high
deformability, largely attributed to the ductility of metal connections, enables sig-
nificant displacements without compromising stability. Nonetheless, challenges
arise when timber systems interact with brittle materials, such as in retrofits of
reinforced concrete (RC) and masonry buildings, questioning the conventional
ultimate limit state.

This study examines the application of cross-laminated timber (CLT) pan-
els for retrofitting RC buildings, as part of the Sustainable Timber Retrofit Of
reinforced coNcrete buildinGs (STRONG) project conducted at STRULAB, Uni-
versity of Patras, within the ERIES framework. A two-storey RC frame with
masonry infill, representative of 1950-1970 Mediterranean construction practice,
was retrofitted using a CLT-based technique (RC-TP) and tested under lateral
cyclic loading up to ultimate conditions. The intervention prioritized life safety and
global stability over damage containment during high-intensity events. This paper
outlines the design criteria and experimental results, highlighting the potential of
CLT panels to enhance seismic performance while ensuring structural stability.
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1 Introduction

Medium-rise reinforced concrete (RC) frame buildings with masonry infills constitute
a significant portion of the built environment in many countries. However, their seismic
vulnerability has been widely recognized following past earthquake events, which have
highlighted the structural deficiencies of these systems, particularly when subjected to
lateral loading [1-3]. Many of these buildings were originally designed considering
only gravity loads, neglecting both seismic actions and the structural role of masonry
infills [4]. While infills contribute to lateral stiffness and reduce inter-story drifts, their
presence leads to increased seismic demands due to shorter fundamental periods [5] and
can introduce detrimental effects, such as torsional responses and soft-story mechanisms
when irregularly distributed [6, 7]. Furthermore, local interactions between the infills and
the RC elements may cause brittle failures in the frame, significantly affecting ductility
and energy dissipation capacity [8, 9].

To mitigate these vulnerabilities, various retrofit strategies have been explored. Com-
mon local interventions include external jacketing with reinforced concrete, steel, fibre-
reinforced polymers (FRP), or fibre-reinforced cementitious matrices (FRCM), while
global strengthening approaches often involve exoskeletons, bracing systems, shear
walls, or seismic isolation [10-12]. While these solutions have demonstrated effec-
tiveness, they often present challenges related to high costs, long construction times,
and disruptions to building occupancy.

In recent years, timber has gained increasing attention as a viable alternative for seis-
mic retrofitting. With strength-to-weight and stiffness-to-strength ratios comparable to
steel, timber offers advantages in terms of sustainability, prefabrication, and rapid instal-
lation. However, concerns remain regarding its ability to provide immediate structural
response during seismic events, particularly in cases where activation delay could com-
promise the existing frame’s integrity. The high deformability of timber-based systems,
largely due to the ductility of metal fasteners, allows for significant displacements while
preserving structural stability. Nonetheless, when combined with brittle materials, such
as masonry-infilled RC frames, these systems challenge conventional performance-based
design criteria.

This study investigates the application of cross-laminated timber (CLT) panels as a
seismic retrofit solution for existing RC buildings. The research is part of the Sustainable
Timber Retrofit of Reinforced Concrete Buildings (STRONG) experimental campaign,
conducted at the STRULAB facility of the University of Patras within the framework
of the ERIES (Engineering Research Infrastructures for European Synergies) project. A
two-story, two-bay RC frame with masonry infills, representative of mid-20th century
Mediterranean construction, was retrofitted using a CLT-based strengthening technique
(RC-TP) and subjected to cyclic lateral loading up to ultimate conditions. This paper
discusses the design criteria of the retrofit intervention, which prioritizes life safety and
structural stability over damage limitation in high-intensity seismic scenarios.
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2 The Retrofit Intervention

The RC-TP (Reinforced Concrete—Timber Panels) retrofit system improves the seismic
performance of masonry-infilled RC frames by enhancing lateral strength and deforma-
bility. It involves replacing selected infill wythes with cross-laminated timber (CLT)
panels mechanically connected to the RC frame. Typical cavity infills consist of a strong
outer wythe (solid clay bricks) and a weak inner wythe (hollow clay or concrete blocks).
The outer wythe, forming a stiff diagonal strut under seismic loads, increases shear
demand on the RC frame, risking brittle column failures. In previous studies (e.g.,
Smiroldo et al., 2023 [13]), the RC-TP retrofit strategy was tested by removing both
wythes and fully replacing the infill with a CLT panel.

This experimental campaign represents the first implementation of an alternative
RC-TP variant, where only the external strong wythe is removed, while the internal
weak wythe is preserved. This configuration is expected to provide multiple advantages.
Firstly, retaining the weak wythe minimizes disruptions to building occupants, reduc-
ing downtime and increasing the feasibility of the intervention in operational buildings.
Secondly, the low strength and stiffness of the remaining infill are unlikely to induce
detrimental frame-infill interactions, thereby avoiding the formation of undesired brit-
tle failure mechanisms. Lastly, this retrofit approach capitalizes on the weak-column
strong-beam configuration commonly found in gravity-load-designed RC buildings. By
leveraging the inherent strength reserves of the beams, the intervention enhances lateral
load resistance while mitigating premature brittle failures due to excessive column shear
demand.

The retrofit system consists of installing a CLT panel within the RC frame, secured
by a rectangular timber subframe. The panel’s strong direction is oriented vertically to
support vertical loads in case of severe damage to the RC elements during earthquakes.
The subframe is mechanically anchored to the RC frame using concrete screws designed
to remain elastic under design-level seismic demands, ensuring integral movement with
the structure. The CLT panel is connected to the subframe via dissipative shear con-
nections using perpendicular, partially threaded screws. These fasteners govern force
transfer and dissipate energy through controlled plastic deformation, promoting a duc-
tile response while preventing brittle failures in the RC frame. A small gap between the
CLT panel and the RC frame edges ensures load transfer occurs exclusively through the
connectors, enhancing energy dissipation. The experimental campaign aims to assess
the seismic effectiveness and feasibility of this modified RC-TP strategy for widespread
application in existing RC buildings.

A detailed description of the numerical model used for predicting the behaviour of the
specimens is provided in Bartolotti et al. (2024) [14]. In the As-Built (MI) configuration,
masonry infills are modelled as concentric equivalent struts based on the model by
Liberatore et al. (2018) [15], with adjustments for openings using established strength
and stiffness reduction factors [16]. In the Retrofitted configuration, the CLT panel is
modelled with orthotropic elastic shell elements, while panel-to-subframe connections
are represented by multi-linear plastic links calibrated from experimental data [13].
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3 Structural Design Philosophy

The experimental campaign involves testing two full-scale, two-story, two-bay RC frame
specimens from the elastic range up to ultimate conditions. One specimen (S1) represents
the as-built (unreinforced) configuration, while the second specimen (S2) corresponds to
the retrofitted configuration. The geometry and material properties of the RC elements
remain identical in both configurations, ensuring that the only difference between S1
and S2 lies in the retrofit intervention itself.

3.1 As-Built Reference Specimen

The as-built specimen (S1) was designed to represent mid-20th-century Mediterranean
RC buildings, a typology that experienced rapid growth during the post-war period.
In this era, RC frames with masonry infill walls became the dominant construction
method across Southern Europe. For example, in Italy, the number of RC buildings rose
dramatically from 77,122 in 1945 to 1,057,267 in 1970, reflecting a twelvefold increase
in just 25 years (ISTAT, 2011) [17]. Similar trends were observed in other Mediterranean
countries, demonstrating the widespread adoption of this construction technique.

To ensure historical accuracy, Italian building codes and construction practices from
the period were used as references, specifically the Regio Decreto Legge (RDL) of
1939 [18] and the Ministerial Circular No. 1472 of 1957 [19]. However, an analysis of
original project documentation revealed that code prescriptions were not always strictly
followed, mainly due to material shortages, cost-cutting measures, and the absence of
rigorous structural inspections.

For both numerical modelling and experimental testing, the materials selected align
with those most commonly used in RC construction during this period. The concrete mix
followed historical prescriptions, with a minimum compressive strength of 120 kg/cm?
at 28 days, as per the RDL 1939 and Circular 1957. The reinforcement steel consisted
of plain bars, type AQ42, as documented by Verderame et al. (2011) [20]. However,
for the actual construction of the specimens, the most probable material properties for
existing buildings were adopted, including a mean concrete compressive strength of fcp,
= 14.5 MPa, based on the findings of Cristofaro et al. (2012) [21], and a yield strength
of fym = 322.4 MPa for the reinforcement steel, as determined using Stil software
(ReLUIS - Stil [22]).

The as-built structure was designed solely for gravity loads, in accordance with
common mid-century engineering practices, where seismic considerations were often
neglected in ordinary building design. Simulating the original design approach based on
historical codes and project documentation led to a weak-column/strong-beam configu-
ration, which is a key factor influencing its seismic performance. The columns emerge
as the most vulnerable structural elements, raising concerns about potential brittle shear
failures during lateral loading.

To ensure consistency when assessing the as-built and retrofitted configurations,
collapse mechanisms and cross section strengths were evaluated following modern
Eurocode provisions. The analysis conducted using the most probable materials for the
period revealed that the ratio between the shear stress associated to the column flexural
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failure and its shear strength was = 0.79. This ratio was taken as a reference to deter-
mine the target concrete compressive strength, ensuring that the hierarchy of collapse
mechanisms remained unchanged even when using the materials available for specimen
fabrication. A key challenge emerged, in fact, when sourcing reinforcement bars: only
plain bars with a yield strength of fy,, = 220 MPa were available. Although this value
is within the acceptable range for AQ42 steel from the 1950-1970 period (with a lower
bound of 211.9 MPa, according to structural analysis software), it is significantly lower
than the expected 322.4 MPa. Given the yield strength of 220 MPa for the reinforcement
steel, the required target concrete compressive strength was found to be f.;, = 8 MPa.

The reinforcement layout for the RC frame elements was designed based on typical
assumptions for mid-20th-century residential buildings (Fig. 1). The frame was assumed
to be located at the ground floor of a three-story residential building, with a vertical load
of 200 kN applied at the top of each column, consistent with standard load distributions
for buildings of this period. The top beam of the frame was subjected to loads transmitted
by the floor slab and the overlying masonry infill, assuming an influence length of 3 m.
The resulting distributed load acting on the beam was estimated at 16.5 kN/m.

In accordance with construction practices of the time, shear forces were resisted by
both stirrups and bent-up bars, following a widely adopted reinforcement strategy in
RC construction during the mid-to-late 20th century. This design ensured an effective
distribution of shear forces, utilizing both transverse reinforcement and longitudinal
bars shaped to enhance resistance. However, it is well known that bent-up bars lose their
shear resistance capacity in cases of shear force reversal, which may occur under seismic
loading.

Fig. 1. Example of typical reinforcements in buildings from 1950-1970

To address this issue, the original design relied on the presence of sustained vertical
loads on the beam, which inherently provided a margin of safety against shear force
reversals. However, since the experimental setup did not allow for the direct application
of distributed loads on the beam, the reinforcement layout was modified accordingly.
Specifically, the stirrup spacing was adjusted, increasing the density of transverse rein-
forcement to compensate for the absence of an applied distributed load, thereby ensuring
that the margin of safety remained unchanged (Fig. 2.).

This adaptation faithfully reproduces realistic service conditions, while also optimiz-
ing the experimental setup. By adjusting stirrup spacing, the study ensures that internal
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force distributions remain consistent with those expected under real building conditions,
allowing for an accurate evaluation of structural performance under seismic loading.

The mechanical properties of the masonry infill walls were defined based on data
available from the literature [13]. The as-built configuration included a double-wythe
cavity wall, composed of an internal weak wythe made of hollow clay blocks and an
external strong wythe made of solid clay bricks. In the retrofitted configuration, only the
internal weak wythe was retained, while the external wythe was removed and replaced
with the RC-TP system. This distinction is critical, as it influences the interaction between
the infill and the RC frame, particularly under lateral loads.
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3.2 The Retrofit Strategy

Previous studies [23] have shown that placing fasteners on the column side can increase
the lateral strength of the frame, but it can also lead to a significant rise in shear demand
on the columns. To mitigate this effect, the panel-to-subframe fasteners (¢10, 160 mm
long partially threaded screws [24]) were placed exclusively on the beam side, ensuring
that the seismic load transfer does not excessively amplify shear forces in the columns.

The spacing of the fasteners between the CLT panel and the subframe along the
beam was carefully designed to balance two key factors: reducing the spacing enhances
the lateral strength of the frame, but at the same time, it increases shear demand on the
beams. Therefore, the fastener layout along the beam was calibrated to prevent exceeding
the shear capacity of the beams while ensuring an effective load transfer mechanism.
Additionally, to account for the distribution of forces along the height of the frame,
a larger fastener spacing was adopted at the first floor compared to the ground floor,
following the expected force distribution along the structure.

=< PYTHON

S .

Fig. 3. Specimen S2 ready for testing

To optimize the retrofit configuration, an advanced finite element analysis was con-
ducted to evaluate the performance of different fastener spacing layouts between the CLT
panel and the subframe. The study considered several spacing configurations, including
a 10 cm spacing at the ground floor combined with a 15 cm spacing at the first floor (R1),
a 10 cm spacing at the ground floor with a 20 cm spacing at the first floor (R2), and a
15 cm spacing at the ground floor together with a 20 cm spacing at the first floor (R3). The
numerical results showed that the last configuration provided the best balance between
increased lateral strength and delayed brittle failure mechanisms (Fig. 4). Specifically,
this layout resulted in an estimated 50% increase in lateral strength compared to the
unreinforced frame, while also enhancing the deformation capacity of the system and
reducing the risk of premature failure. Based on these numerical findings, the selected
retrofit configuration for the experimental phase incorporated a 15 cm fastener spacing
at the ground floor and a 20 cm spacing at the first floor, ensuring an optimal trade-off
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between structural resistance and ductility. Figure 3 shows Specimen 2 fully assembled,
moments before the testing started.
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Fig. 4. Numeric simulations: pushover curve comparison

4 Material Characterization and Retrofit Design Updating

A preliminary experimental testing campaign was conducted to characterize the mechan-
ical properties of materials and connections, providing essential data for refining the
numerical models and updating the retrofit strategy accordingly. These tests included
compression tests on concrete cubes (fc ), tensile tests on reinforcing bars (fy,,) and stir-
rups (fys), flexural (ffm,) and compression tests (fc,mr) ON mortar prisms, compression
tests on bricks (f¢pr) and blocks (fc 1), compression tests on masonry prisms (bricks
fe br,ms» blocks fep1ms), shear tests on masonry triplets (bricks fy prms, blocks fypims),
and pull-out (fy, tc) and cyclic/monotonic pushout (elastic stiffness ktc, yielding force
fyy,Tc, maximum force fyy ) tests on timber-to-concrete connections (Fig. 5).

Fig. 5. Selected photos from the preliminary material testing: fasteners pull-out tests; masonry
shear tests; block compression tests
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The results of the preliminary tests are summarized in tabular form (Table 1).

Table 1. Material properties

fec fyp fys frmr | femr | febr fepl feorms | feblms | fubrms | fbims | fwre | kre fyy1C fyuTC
Ne 12 6 3 18 36 8 8 3 3 3 3 31 3 3 4
Test
Mean 15.6 278.7 | 323.1 1.8 3.8 8.5 24.8 74 1.4 0.6* 0.47%% 514 1.9 7.6 kN 18.4
MPa | MPa MPa MPa | MPa | MPa | MPa | MPa MPa MPa MPa kN kN/mm kN
Ccv 74 7.6 0.6 23.5 339 26.6 17.3 19.3 10.9 222 34.0 4.2 19.4 17.7 8.2
[%]

* Test performed with a constant compression equal to 0.2 MPa
*%* Test performed with a constant compression equal to 0.1 MPa

The updated mechanical properties of the existing materials involve a significant
increase in the capacity of the frame in the “as-built” configuration compared to the ini-
tially assumed values (Reference Specimen described in Sect. 3.1). Nevertheless, these
characteristics remain consistent with the typical range of material properties used in
constructions built between 1950 and 1970. In this context, it was considered appropri-
ate not to prioritise an extreme increase in load-bearing capacity (e.g., by introducing
connections along the columns), but rather focusing the intervention on enhancing the
system’s deformation capacity and overall ductility. The proposed configuration was
therefore revised to reflect the actual characteristics of the existing frame.

One of the key adjustments involved refining the connection modelling between
the RC frame and the timber subframe. Specifically, the behaviour of the panel-to-
frame connection link was modified to account for the elastic stiffness of timber-to-
concrete (TC) connectors, which were modelled as springs in series (in the original
model such connection was assumed as rigid). This adjustment was applied exclusively
in the shear direction, parallel to the panel edges, ensuring a realistic representation
of the connection’s deformability. In contrast, in the direction orthogonal to the panel
edges, the extraction and compression behaviour was assumed to be rigid, preserving
the original link properties in this direction.

To enhance the reversibility of the intervention and minimize environmental impact,
the connection between the RC frame and the timber subframe was designed as a dry
joint (made with two rows of 340 mm long equally spaced screw fasteners with a shank
diameter of 8 mm [25]), avoiding the use of resins or adhesives. This approach allows
for the potential removal of the retrofit system without causing damage to the existing
structure, while also simplifying the end-of-life disassembly of the intervention. To
ensure the effectiveness of the retrofit, this connection was designed to be sufficiently
rigid and to have overstrength relative to the panel-to-subframe connection, preventing
premature failure at the interface.

The spacing of the TC fasteners was determined based on the above-mentioned test-
ing and data provided by the manufacturer. The design criteria dictated that the shear
demand on the connection should remain below the shear yield limit, while the extrac-
tion demand should not exceed the withdrawal threshold. Based on these verifications,
an initial spacing of 14 cm at the first floor and 18 cm at the second floor was adopted.
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The higher-than-expected strength of the masonry infill panels, as observed in the mate-
rial characterization tests, necessitated a revision of the panel-to-subframe connector
spacing. In particular, the spacing was reduced from 15 cm to 12.5 cm at the first floor
and from 20 cm to 18 cm at the second floor. Furthermore, supplementary screws were
installed at the corners of the CLT panels: three per corner at the ground floor level
and two per corner at the upper floor level. This modification was implemented with-
out altering the expected failure mechanism of the system. The higher strength of the
stirrups, which increased from the expected 220 MPa to 325 MPa based on preliminary
tensile tests, resulted in a higher shear capacity of beams and columns, ensuring that the
structural response remained consistent with design assumptions.

The refinements introduced in the numerical modelling and retrofit layout ensure
that the RC-TP system effectively improves the lateral resistance and ductility of the
retrofitted structure, while also maintaining a balance between strength and deformation
capacity. The updated design parameters were subsequently incorporated into the final
retrofit strategy, ensuring an optimized structural performance under seismic loading.

S Test Results and Model Updating

Figure 6 shows the experimental response of specimens S1 and S2 in terms of base
shear versus total drift (Dr). It also presents the predictions from the numerical models,
which were updated by incorporating the actual material properties measured in the tests
described in the previous section. The as-built specimen S1 reached a maximum base
shear of 398 kN at approximately 0.5% drift, followed by a softening branch up to Dr
= 1.2%, at which point the test was stopped due to the infill walls at the top storey
being on the verge of collapse. The retrofitted specimen S2, which involved the removal
of the strong external wythe and the application of RC-TP strengthening, showed a
24% increase in capacity, reaching 492 kN at a much larger drift of approximately 2%,
when the test was stopped for safety reasons. The pushover responses predicted by the
numerical models for both the as-built and retrofitted configurations are represented by
the blue curves, which match the experimental data with sufficient accuracy.

(S1) As-Built (S2) Retrofitted
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Fig. 6. S1 and S2 specimens: test results and numerical predictions
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6 Concluding Remarks

This study presented the development, modelling, and experimental validation of a cross-
laminated timber (CLT)-based retrofit strategy (RC-TP) for improving the seismic per-
formance of existing RC frames with cavity infill walls. The work was carried out within
the Sustainable Timber Retrofit Of reinforced coNcrete buildinGs (STRONG) experi-
mental campaign, hosted at the University of Patras as part of the ERIES (Engineering
Research Infrastructures for European Synergies) project. The proposed intervention,
applied for the first time while retaining the internal masonry wythe, proved effective
in enhancing both lateral strength and deformation capacity. The integration of material
characterization into the numerical modelling process enabled accurate prediction of
global behavior, which was confirmed by the experimental results. The findings high-
light the potential of the RC-TP system as a sustainable and minimally invasive retrofit
solution for gravity-load-designed RC buildings.
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Abstract. Low-rise masonry buildings worldwide frequently feature unrein-
forced masonry (URM) walls coupled with various pitched roof configurations
supported by masonry gables. Past earthquakes have highlighted the vulnerability
of these components to out-of-plane seismic loads due to their high slenderness,
insufficient roof connections, and exposure to amplified accelerations while being
subjected to minimal overburden due to their location at the upper part of buildings.
This study presents key insights from the experimental campaign of the ERIES-
SUPREME project, aimed at enhancing the understanding of the out-of-plane
seismic behavior of masonry gables. Incremental dynamic tests were performed
on three full-scale URM gables, simulating both induced and tectonic earthquake
scenarios until collapse, using two shake tables. Differential motions at the top
and bottom tables reproduced the interaction of the gables with three different
roof diaphragm configurations, each introducing a unique filtering effect on the
seismic input. The outcomes of the experiments can be used for refining existing
numerical modelling strategies as well as contribute to developing improved tools
for the seismic assessment of URM gables.

Keywords: Differential input motions - Gable walls - Incremental dynamic
shake-table tests - Roof stiffness - Out of plane - Unreinforced Masonry

1 Introduction

Unreinforced masonry (URM) structures form a significant portion of the building stock
in many areas worldwide. These structures often exhibit a relevant seismic vulnera-
bility, mainly attributable to the poor material mechanical properties, and to the lack
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of adequate detailing to prevent local failures such as wall out-of-plane (OOP) over-
turning. This vulnerability has been documented in post-earthquake damage surveys
reported in numerous studies [1-4]. These structures are prevalent in seismically active
regions, including areas affected by both natural and induced seismicity. Typical low-
rise masonry buildings consist of URM walls with different timber roof configurations,
generally supported by masonry gables. Post-earthquake damage surveys and experi-
mental evidence [5, 6] recognized masonry gables as structural elements significantly
vulnerable to OOP failures. Their vulnerability is mostly attributed to their high slen-
derness, weak connections to the roof structure, and location at the top of the building
where seismic amplification is typically most pronounced. This location exposes them
to amplified seismic excitation compared to the motion at the ground, while they are
subjected to minimal vertical overburden loads. Nonetheless, experimental and numer-
ical investigations on the seismic response of URM gable walls remain limited in the
literature [7, 8], with most studies focusing on walls with rectangular geometries [9-15],
leaving a gap in the understanding of the gable behavior under seismic loading.

To address this gap, this paper presents a dynamic full-scale shake-table testing
campaign on three full-scale URM gables to investigate their seismic behavior until
complete collapse. The tested gable specimens and their material properties are first
described. Although the roof was not explicitly included in the experiments, the effect
of its stiffness on the gable response is accounted for by applying differential input
motions through two shake tables: one at the gable base and another at its top. A detailed
description of the experimental setup is then provided. Input motions representative of
both induced and tectonic seismicity were applied to the shake tables and are described
alongside the incremental dynamic testing sequence. Finally, the main experimental
results are presented, comparing the response of the three gables interacting with roofs
of varying stiffness. All experimental data, and the associated instrumentation schemes,
are openly available for download at https://doi.org/https://doi.org/10.60756/euc-1av
y7q49 [16].

2 Description and Mechanical Characterization of the Masonry
Specimens

2.1 Specimen Geometry

The test specimens of the experimental campaign consisted of three identical full-scale
URM gable walls, which were built on a composite steel-concrete foundation. Each
specimen had a length of 6 m and height of 3 m. The gables were built using clay
bricks, with average dimensions of 230 x 105 x 55 mm, resulting in a gable thickness
of 105 mm. The gables consisted of 45 courses of bricks, and all mortar joints were
10-mm-thick (Fig. 1).

Moreover, five joist pockets were realized to accommodate the timber beams of the
roof, with a cross-section of 100 x 200 mm. These beams were used to transfer the
vertical load representative of the roof diaphragm weight, resulting in an overburden of
0.07 MPa at the mid-height of the gable. Hence, a vertical load of 4.5 kN was applied
through each timber beam, resulting in a total vertical load of 22.5 kN, simulating half
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the weight of a typical timber roof diaphragm, consistent with the geometry of the tested
gable specimen. These beams were also used to apply lateral loads along the height of
the specimen, as further discussed in the following sections.

2950 100
. -
100 2110
Joist pocket L
S \ 100 1130 S
(=] N, SA———— [
™M ~N

6000 105

Fig. 1. Full-scale masonry gable specimen details and pictures. Units of mm.

The experimental tests were conducted without steel anchors between the timber
joists and masonry gables. This approach simulated a “worst-case” scenario, where
timber-to-masonry connections relied entirely on friction, providing a lower-bound
estimate of the gable seismic resistance.

2.2 Summary of Material Mechanical Properties

The tested gable specimens were accompanied by complementary material character-
ization performed on unit, mortar, and masonry as a composite material. All material
characterization tests were performed at the “Giorgio Macchi” Material and Structural
Testing Laboratory of the Department of Civil Engineering and Architecture (DICAr)
of the University of Pavia (Italy), on specimens that reached 28 days of maturation.

The characterization included the compressive ( f.) and flexural strength ( f;) of mor-
tar, the compressive ( f,) strength of bricks, the compressive strength ( f,,;) of masonry
perpendicular to bed joints, and secant elastic modulus (E,,) calculated between 10 and
33% of f,,, the bond strength ( f,,) of masonry, the initial shear strength ( f¢) and fric-
tion coefficient (u). All tests were performed following the latest applicable European
norms [17-21]. Furthermore, to characterize the response of masonry bed joints under
torsional shear stress ( fy0,i0r, H1or €valuated assuming a linear elastic hypothesis), a
dedicated test was performed [22]. The density of masonry (p,,) was determined from
the average weight of the tested gables. Table 1 summarizes experimental mean values
and coefficient of variation (C.0.V.) for the investigated mechanical properties.
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Table 1. Summary of unit, mortar and masonry mechanical properties.

Material properties Symbol Units Mean C.o.V
Mortar compressive strength fe [MPa] 0.68 0.26
Mortar flexural strength f1 [MPa] 0.20 0.50
Unit/brick compressive strength fu [MPa] 42.57 0.09
Masonry compressive strength fm [MPa] 7.44 0.10
Masonry elastic modulus En [MPa] 4072 0.11
Masonry initial shear strength fvo [MPa] 0.19 -
Masonry friction coefficient % [-] 0.51 -
Masonry bond strength fw [MPa] 0.21 0.48
Masonry initial shear strength (torsional) fvo,tor [MPa] 0.42 -
Masonry friction coefficient (torsional) Wior [-] 1.15 -
Masonry density Pm [kg/m3] 1883 -

3 Testing Layout and Setup

3.1 Testing Layout

Three dynamic shake-table tests on full-scale masonry gables were performed at the 9D
LAB of the EUCENTRE facilities in Pavia, Italy. This advanced seismic testing system
features a dual shake-table configuration, including a top and bottom table capable of
applying differential input motions covering nine degrees of freedom. This setup enables
reproducing interstorey displacements occurring during earthquakes. The 9D LAB, with
its 4.8 x 4.8 m dimensions, was large enough to accommodate the full-scale gable walls
but not an entire roof diaphragm. To account for the influence of roof stiffness on the
OOP seismic response of the gables, variations in the input motion imposed on the top
shake table were introduced. In particular, three different configurations for the roof
structure were considered: (i) Gable1-STIFF, representing a stiff roof diaphragm, where
the top shake table replicated the motion of the bottom table; (ii) Gable2-SEMIFLEX,
representing an intermediate case, where the top motion was linearly amplified relative
to the base motion; and (iii) Gable3-FLEX, simulating a flexible roof diaphragm, where
the motion at the top was significantly amplified and phase-shifted relative to the base
motion.

3.2 Testing Setup

The experimental setup, depicted in Fig. 2, consisted of a dual shake-table configura-
tion, including a top and bottom table capable of applying differential input motions.
The test setup included a loading frame, composed of shaped profiles, that transferred
accelerations along the gable height through five horizontal loading arms hinged to the
frame. Timber beams were screwed to the steel arms to replicate the presence of tim-
ber joists typically found in real roof structures. The five horizontal loading arms also
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allowed applying the vertical loads to the gable specimens through five springs, one for
each loading arm. These loads were applied to the gable specimens by pulling down the
horizontal steel arms through steel bars in series with the springs (Fig. 3).

It is worth to note that the loading frame was hinged at both the bottom and top shake
tables to avoid introducing additional OOP stiffness and strength to the gable specimen,
whose foundation was fixed to the bottom shake table. A stiff instrumentation frame,
anchored to the bottom shake table, completed the test setup serving as support and a
fixed reference for the instruments.

Loading arm
(hinged to the loading
frame)

Loading frame

Instrumentation
frame URM gable

specimen

Foundation
(fixed to the shake

tabl
Bottom shake able)

table

D —

(a) (b)

Fig. 3. Lateral (a) and front (b) views of the installed loading frame.

A key feature of this experimental setup is its ability to precisely control the boundary
conditions of each masonry gable, ensuring that its seismic response remains independent
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of the loading frame. As illustrated in Fig. 4, during the shake-table test, the gable
specimen is expected to rotate by pivoting at its base, altering the support conditions
of the timber beams. Consequently, rather than being evenly distributed across the full
gable thickness, the vertical load applied through the pre-compressed springs results
concentrated at a single point. However, since this load remains perpendicular to the
bottom shake table, it has minimal impact on the gable specimen out-of-plane seismic

response.

Top Acceleration

Bottom Acceleration

e —

(a) (b)

Fig. 4. Representation of the vertical load application during the test: (a) undeformed configura-
tion of the specimen and loading frame; (b) deformed configuration of the specimen and loading
frame under differential seismic input.

4 Instrumentation, Input Signals, and Testing Protocols

4.1 Instrumentation and Data Acquisition

The instrumentation installed on each gable included accelerometers, potentiometers,
wire potentiometers, and a 3D optical acquisition system. The positioning of the instru-
ments was determined based on the expected deformed shapes and cracking patterns.
Accelerometers were installed on the gable specimens to record acceleration-time his-
tories, with additional units placed on the loading and instrumentation frames, as well
as on the specimen foundation. Potentiometers were used to measure the elongation or
shortening of springs and the relative displacements between the timber beams and the
masonry. Wire potentiometers, attached to both the loading and instrumentation frames,
were used to record displacements of the gable specimens. Finally, the optical monitor-
ing system was employed to measure displacements on the free surface of the gable,
opposite to the loading frame.



274 N. Damiani et al.

4.2 Input Signals

The 9D LAB setup enabled the application of distinct input motions at the bottom and top
shake tables, simulating the influence of roof diaphragm in-plane stiffness. Two alterna-
tive floor motion (FM) scenarios were considered: FM1, representing induced seismicity,
and FM2, associated with tectonic seismicity. For the induced scenario, numerical anal-
yses were performed on a finite element model of a typical URM building from the
Groningen region in the Netherlands. The building was assessed in its as-built condi-
tions with a flexible timber roof, and in two alternative retrofitted configurations: one
with a rigid concrete roof and another incorporating a timber-based retrofit intervention
resulting in a semi-flexible roof. In the tectonic seismicity scenario, recorded data from
the 2016 Central Italy earthquake, collected at the attic level of a monitored masonry
building, were utilized. In this case, the interaction between the gable and the roof
was modeled using an elastic single-degree-of-freedom system. Further details on input
signal selection can be found in [23].

Figure 5 presents the induced and tectonic input signals at the bottom (i.e., attic
floor) and top (i.e., ridge beam) levels of the gable, along with the corresponding elastic
response spectra for a 5% viscous damping ratio.

Bottom/Ridge (Gable1-STIFF) Ridge (Gable2-SEMIFLEX)
1.5 T T T T 8

Ridge (Gable3-FLEX)

Acceleration [g]
N N

N

Acceleration [g]

Acceleration [g]
Acceleration [g]

Time [s] Period [s]

Fig. 5. Summary of acceleration time histories (left) and elastic response spectra (right).

4.3 Testing Protocols

The incremental dynamic test (IDT) for each gable specimen was conducted using
both input signals: first the induced (FM1), followed by the tectonic (FM2), with a
scaling factor (SF) linearly adjusted based on the bottom input signal. The parameters
presented in Table 2, Table 3, and Table 4 include PBA (peak base acceleration), PRA
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(peak ridge acceleration) and 4, (ridge beam displacement relative to the bottom shake
table). Each of these values is reported both as the nominal (i.e., target theoretical)
value corresponding to the input signals in Fig. 5 and as the experimentally recorded
value. Moreover, the maximum displacement of a control point on the gable, max(d ),
is included. The location of the control point varied with the progression of damage.
During the initial tests, before the collapse mechanism was activated, the control point
was set at the barycenter of the gable. In later tests, as collapse mechanisms developed,
it was relocated to the horizontal crack responsible for failure, which was specific to
each gable. When this point was not directly instrumented, its location was determined
through trigonometric calculations. Furthermore, all displacement calculations exclude
any rigid displacement of the loading frame.

For Gable1-STIFF (Table 2), the nominal 4, was zero. However, this condition could
not be replicated experimentally due to the difficulty in achieving perfectly simultaneous
movement of the bottom and top shake tables. To proceed with the IDT, the tectonic
record was scaled up to gable collapse to explore not only higher earthquake motion
intensities but also signals with different frequencies and longer durations. It should be
noted that for Gable3-FLEX, an additional shake-table test at 100% FM1 was conducted
after Test #9 (i.e., the 100% FM2 run) to evaluate its ability to withstand an induced
seismic motion after sustaining damage from tectonic motion.

Table 2. Testing sequence of Gable1-STIFF.

Test # SF Nom. Rec. Nom. Rec Nom. 4; |Recd; | max(d.sy)
PBA [g] | PBA [g] | PRA [g] | PRA [g] | [mm] [mm] [mm]
1 |FMI | 10% |0.04 0.05 0.04 0.13 0 1.7 0.2
T 20% |0.08 0.08 0.08 0.19 0 1.6 0.4
3 30% 013 012 013 026 |0 26 0.4
T 50% |0.21 0.19 0.21 0.39 0 4.6 0.5
? 75% |0.32 0.28 0.32 0.49 0 7.1 0.6
67 100% | 0.42 0.37 0.42 0.61 0 8.9 0.7
7 |FM2 |50% |0.27 0.29 0.27 0.44 0 7.2 0.7
87 75% |0.41 0.43 0.41 0.53 0 10.5 0.8
97 100% | 0.55 0.57 0.55 0.71 0 13.0 1.0
W 125% | 0.69 0.69 0.69 0.84 0 16.4 1.3
T 150% | 0.82 0.86 0.82 0.96 0 19.3 1.5
? 175% | 0.96 1.03 0.96 1.19 0 233 1.9
? 200% | 1.10 1.17 1.10 1.34 0 255 2.1
14 250% | 1.38 1.51 1.38 1.64 0 31.8 55
? 300% | 1.65 1.88 1.65 1.86 0 38.1 48.9
? 350% | 1.93 1.80 1.93 2.56 0 34.8 collapse
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Table 3. Testing sequence of Gable2-SEMIFLEX.

Test # SF Nom. Rec. Nom. Rec Nom. 4; |Recd; | max(dyq)
PBA [g] | PBA [g] | PRA [g] | PRA [g] | [mm] [mm] [mm]

1 |FMI | 10% |0.04 0.05 0.08 0.16 2.5 2.0 0.03
2| 20% 008 008 016 029 |51 44 0.1
3 30% | 0.13 0.12 0.23 0.36 7.6 6.7 0.2
4 50% |0.21 0.20 0.39 0.45 12.7 10.6 0.3
T 75% |0.32 0.28 0.58 0.62 19.0 15.3 0.5
67 100% |0.42 0.38 0.78 0.81 253 19.9 0.7

7 |FM2 |50% |0.27 0.28 043 0.62 21.3 16.6 0.5
' 75% |0.41 0.42 0.64 0.93 319 24.1 0.8
9 100% | 0.55 0.57 0.85 1.26 42.5 41.1 2.8
F 125% | 0.69 0.71 1.06 1.46 532 50.5 49
kTR 150% | 0.82 0.86 1.28 1.86 63.8 59.9 8.7
12 175% |0.96 1.00 1.49 2.15 74.4 71.2 29.9
13 200% | 1.10 1.04 1.70 3.31 85.1 88.5 88.6

Table 4. Testing sequence of Gable3-FLEX.
Test # SF Nom. Rec. Nom. Rec Nom. 4; |Recd; | max(dyy)
PBA [g] | PBA [g] | PRA [g] | PRA [g] | [mm] [mm] [mm]

1 |FMI1 | 10% |0.04 0.05 0.12 0.31 5.7 5.9 0.3
2 20% | 0.08 0.09 0.24 0.53 114 12.1 0.6
3 30% 0.13 0.13 0.36 0.55 17.0 16.0 0.8
4 50% |0.21 0.20 0.60 0.84 28.4 26.7 1.2
T 75% 0.32 0.28 0.90 1.10 42.6 39.8 23
6 100% |0.42 0.36 1.20 1.33 56.8 52.8 32

7 |FM2 |50% |0.27 0.28 0.65 0.79 41.1 404 2.4
8 75% | 0.41 043 0.97 1.28 61.6 57.0 3.8
97 100% | 0.55 0.57 1.30 1.91 82.2 85.9 30.2
10 125% |0.42 0.36 1.20 1.33 56.8 53.9 18.5
kT 150% | 0.69 0.70 1.62 2.34 102.7 107.5 334
12 175% |0.82 0.85 1.95 2.56 123.3 112.2 collapse
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S Incremental Dynamic Response

The main outcomes of the full-scale shake-table experiments are presented in Fig. 6
in terms of seismic capacity curves, for each gable specimen (Gablel-STIFF, Gable2-
SEMIFLEX, Gable3-FLEX). These curves depict the maximum displacement of the
control point (max(d.7)) versus the peak base acceleration (PBA), at each input scaling
level.
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Fig. 6. Capacity curves for: (a) Gable1-STIFF, (b) Gable2-SEMIFLEX, and (c) Gable3-FLEX.

Gablel-STIFF (Fig. 6a) exhibited an initial elastic behavior from Test #1 through
Test #13, while a notable change in stiffness occurred in Test #14. Gable 2-SEMIFLEX
(Fig. 6b) remained seemingly elastic until Test #9, while collapse occurred at Test
#13, corresponding to a scale factor of 200%. Finally, Gable 3-FLEX displayed elastic
behavior until Test #8, but by Test #9, a shift in slope became apparent.

The influence of roof flexibility on the seismic response of URM gables is evi-
dent when comparing all three capacity curves. Gable3-FLEX demonstrated signif-
icantly lower seismic capacity and substantially greater flexibility, indicating higher
vulnerability compared to the other configurations.

6 Conclusions

This paper presented an extensive experimental investigation into the out-of-plane (OOP)
seismic behavior of unreinforced masonry (URM) gables through a full-scale shake-table
testing campaign. The research was conducted at the EUCENTRE 9D LAB (Pavia, Italy),
using an innovative dual shake-table configuration that simulated the interaction between
URM gables and different roof diaphragm configurations. The primary aim behind this
was to evaluate the seismic response of these structural elements and understand the
influence of varying roof stiffness levels on their failure mechanisms.

The results, in terms of incremental dynamic response, demonstrate that roof
diaphragm stiffness plays a key role in governing the seismic performance of URM
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gables. The experimental results indicate that Gable1-STIFF, representing a stiff roof
diaphragm, exhibited the highest resistance to OOP loading, minimizing differential dis-
placements. Gable2-SEMIFLEX, simulating a semi-flexible roof, showed intermediate
behavior, with lower resistance and earlier crack formation compared to the stiff configu-
ration. Gable3-FLEX, representing a flexible roof diaphragm, had the lowest acceleration
capacity, emphasizing the effects of reduced roof stiffness on gable wall stability. These
findings confirm that flexible roof diaphragms amplify OOP displacements and increase
masonry gable vulnerability.

This research advances seismic risk mitigation strategies for low-rise masonry struc-
tures. The insights gained provide a benchmark for improving code-based guidelines,
building design, and retrofitting strategies in earthquake-prone regions worldwide.
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Abstract. During the last two decades fiber-reinforced elastomeric isolators
(FREISs) emerged as a promising option to reduce both the cost and weight of
rubber bearings. The project ERIES-FREISUST (Fiber-Reinforced Elastomeric
Isolators for seismic resilient structures with SUSTainable Solutions) aims to
demonstrate the reliability of FREIs in limiting damage to structural and non-
structural components and contents. Two FREI systems were designed for a full-
scale 2-story reinforced concrete (RC) infilled frame, differing in standardization
and cost levels, namely a Virgin-rubber Carbon-fiber FREI (VC-FREI) and a
Reclaimed-rubber Polyester-fiber FREI (RP-FREI). These isolation systems were
installed in unbonded configuration at the base of the building and tested at the
ST3D shaking table facility of Laboratorio Nacional de Engenharia Civil (LNEC),
Lisbon, Portugal. The novel base-isolation systems demonstrated lateral stability
and re-centering capability, as well as adequate vertical stiffness and load-bearing
capacity under different ground motions. RP-FREIs were designed and tested up
to a design displacement of 105mm corresponding to 150% shear strain. Due to
recessing plates VC-FREIs were tested with higher scaling factors compared to
RP-FREIs showing higher displacement capacity with negligible residual. The
building had no minor damage after the whole testing sequence with contents
undergoing limited accelerations and displacements thus ensuring functionality
even after major earthquakes.
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1 Introduction

According to the UN’s Office for Disaster Risk Reduction [1], the annual average deaths
due to earthquakes (2001-2020) is approximately equal to 38,000, the highest number
of deaths due to any natural hazard. Base isolation is widely accepted as one of the most
effective seismic protection measures for both structural elements and nonstructural
components, including building contents [2—6]. Conventional seismic isolators available
on the market are too costly for common housing projects, thus preventing a large-scale
application of the technology in both developed and developing countries of the world.
Fiber-reinforced elastomeric isolators (FREIs) were developed recently with the aim
to reduce both cost and weight of conventional steel-reinforced rubber bearings, by
replacing the steel shims with fiber mesh fabrics [7, 8]. The unbonded configuration of
FREIs nearly eliminates tensile stresses and the need for stringent bonding requirements
within the isolator (Fig. 1a and 1b). Furthermore, it promotes roll-over, which reduces
the effective lateral stiffness of the isolator and thus increases the isolation effectiveness
(Fig. 1c).

' ROLLOVER
T ‘ SECTION
1 CENTRAL SECTION i
1 I
- \_wu SECTION

(@)

Fig. 1. a) Bonded versus b) unbonded isolator under lateral displacement; c) Roll-over of a
prototype RP-FREI.

Previous studies investigated the effect of different rubber matrices and fabrics on
small-size FREI prototypes in a number of experimental programs, including shak-
ing table tests [9—16]. The Reclaimed-rubber Polyester-fiber FREI (RP-FREI) system
(Fig. 1c) was recently developed [10] at the University of Naples Federico II in collab-
oration with ITALGUM (patent number 102022000013360). The reclaimed compound
was subjected to a comprehensive physical and mechanical characterization, showing
mechanical properties that are not significantly different from a soft virgin rubber with
lower tensile deformation capacity. Preliminary characterization tests showed promising
performance (lateral stability up to 150% shear strain and equivalent damping ratio up to
19%) and paved the way for the development of low-cost, environmental-friendly seis-
mic isolators for housing buildings [10]. Along the same line, De Domenico et al. [17]
recently carried out an extensive experimental characterization of two full-scale proto-
type FREIs under EN15129 [18] compliant protocols including bidirectional orbits up
to maximum shear strain level of 100%.

Recent studies by Losanno et al. [19, 20] demonstrated that base isolation with FREIs
can also be effective in reducing seismic fragility of one- and two-storey unreinforced
masonry buildings in developing countries where a significant increase in new construc-
tion is expected in the coming years. Even though geometrical limitations imposed by



282 D. Losanno et al.

stability criteria for FREIs resulted in lower isolation period T';; (i.e. 1.3s to 1.7 s) com-
pared to that considered for conventional design (2.0 < T;; < 3.0s ), FREIs proved to
be an affordable solution for seismic protection of low-rise buildings.

It is in this context that the ERIES-FREISUST (Fiber-Reinforced Elastomeric Isola-
tors for seismic resilient structures with SUSTainable Solutions) project was conceived
to provide an increase of the Technology Readiness Level of FREIs, demonstrating the
combined reliability of the base-isolation system (i.e. lateral stability and re-centering
capacity as well as adequate vertical stiffness and load-bearing capacity under different
loading conditions) and its potential in reducing damage to nonstructural components
and contents. To the best of the authors’ knowledge, no shaking table tests had been per-
formed on a full-scale building prototype under different ground motion intensities that
could lead to a standardization of the FREI technology. A limited number of reduced-
scale shake table tests were conducted under horizontal excitation only [13—15, 21-23].
However insightful these tests were, a series of knowledge gaps and open issues remained
to be addressed, including: 1) previous characterization tests were mainly carried out on
scaled specimens without implementing seismic records that are actually representative
of site-specific hazard, 2) there is a need to investigate whether these bearings can pro-
vide enough isolation capacity to both structural and nonstructural building components
in case of limited mass of the superstructure, 3) more experimental data is needed to
model the complex hysteretic behaviour of FREIs experiencing roll-over under lateral
deformation. This is of paramount importance in light of the European Green Deal and
the development of the next generation of standards for anti-seismic devices EN15129
and structural bearings EN1337-3 [24], which may include specific recommendations
for use of FREISs.

2 Experimental Program

Within FREISUST project a relevant number of 3D shaking table tests have been per-
formed at LNEC (Lisbon, Portugal) on a full-scale prototype subjected to three simulta-
neous components of the ground motion. The size of the ST3D shaking table at LNEC
(5.6mx6.4m) made it possible to test, for the first time, a full-scale frame isolated with
FREIs under combined horizontal and vertical ground motions, including independent
excitations of various types (sinusoidal, random, shock and seismic ground motion) and
vertical component.

The project aims to evaluate the effectiveness of two FREI base isolation systems for
enhanced seismic resilience of new or existing buildings: (1) a Virgin-rubber Carbon-
fiber FREI (VC-FREI) base isolation system, and (2) a RP-FREI base isolation system.
Among these two systems, the first one is more prone to standardization due to the
improved axial stiffness, rubber and reinforcement properties. With a lower cost and
environmental impact of both the reclaimed rubber compound and polyester reinforce-
ment (i.e. commonly adopted in the textile industry), RP-FREI system represents an
eco-friendly, cheaper and more sustainable solution than VC-FREI and can be a very
good option for developing countries where people still live in unsafe buildings designed
and built with no seismic provisions in mind. The focus of the project is on both struc-
tural and nonstructural components (infill masonry wall, plasterboard partition system,
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contents and equipment) of buildings under horizontal and vertical ground motions of
increasing intensity.

2.1 Description of the Prototype

The prototype building (Fig. 2a and 2b) consists of a three-dimensional two-storey one-
bay square-plan RC frame. The frame is provided with masonry infills and plasterboards
along the two main directions (X and Y, respectively) as shown in Fig. 2, and tested on
two base isolation systems (Fig. 2b and 2c). The prototype was mounted on four FREIs
(RP-FREISs first, then VC-FREISs) installed in unbonded configuration beneath the corner
columns. The replacement of the base isolation is excecuted through proper uplift at the
foundation level.

With regard to the bearings’ characteristics (Fig. 2¢), the VC-FREI system consists
of alternated layers of virgin rubber and quadri-axial carbon fabric and is characterized
by higher compression modulus compared to RP-FREI where biaxial polyester fabric is
adopted. Due to different fabric thickness the two isolators measured different height,
namely 80 mm and 95 mm for RP-FREI and VC-FREI, respectively.

Even if previous tests demonstrated that rubber-concrete friction would prevent any
sliding of the isolators, a recessed configuration (e.g. two additional steel plates for
each bearing installed beneath the base beam and above the table with a central hole
having the bearing diameter) was adopted for VC-FREISs to comply with EN15129 fixing
methods for transmission of lateral force. For ease of installation and further reduction
in construction cost, no recess was provided to the RP-FREIs in order to assess the
adequacy of a friction-only restraint for the isolators.

The RC frame had been designed as non-dissipative structure according to EN1992—
1-1 [25] and EN1998-1 [26] to be more representative of existing buildings. It has plan
dimensions of 4.0 m x 4.0 m and a storey height of 2.70 m. The class of concrete is
of medium compressive strength (e.g. C28/35 strength class). The columns have square
section of 35 cm x 35 cm and are reinforced with B450 steel rebars. The beams’ cross
section is 30 cm x 40 cm in size, whereas the slab is 12 cm-thick and is reinforced
with a double-layer welded wire mesh. The total weight of the 2-storey infilled frame is
equal to 40t including the ring beam and nonstructural components. Ring beams at the
base (with, e.g., 35 cm x 60 cm section) provided adequate stiffness under horizontal
excitation as well as vertical stiffness under lifting and handling operations. The frame
had no special foundation since it rests on four FREIs transferring horizontal force by
friction. In this regard, a concrete-filled plate was installed on the shaking table providing
realistic friction conditions of rubber-concrete type. Two different infill systems were
tested along the two horizontal directions. In one direction (X), a single-leaf, around
20-cm thick, hollow-clay brick wall was considered, which is very common in Europe
also for its thermal insulation properties. Hollow clay bricks with vertical and horizontal
holes were adopted for the first and the second storey, respectively. In the other direction
(Y), a plasterboard partition system was installed as a lower-weight and more versatile
internal partition alternative. The infills have been tested both in-plane and out-of-plane
due to the biaxial horizontal excitation. Nonstructural elements installation at the first-
storey consisted in common housing and office contents, including a closet, a desk with
a computer and a suspended pipe.
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Fig. 2. a) 3D view and b) side view geometric details of the prototype, c¢) FREIs cross section
(VC-FREI and PR-FREI).

A numerical model of the building considering the infill systems provided a funda-
mental period of 0,15 s and 0,07 s along Y and X directions, respectively. It can be noted
that masonry infills along X provide a significant contribution to the lateral stiffness of
the bare frame, resulting in a period approximately 50% lower than the bare frame.

2.2 Base Isolation Design

Preliminary design of the base isolation system considering a superstructure mass of
40t resulted in 4 FREIs with 220mm diameter and 70mm total rubber height and a
second shape factor around 3.0 as per stability requirements [27, 28]. Assuming a soft
compound (G = 0.4MPa at a shear deformation y of 150%) and a 30% reduction of the
contact area at ultimate limit state due to roll-over [14], the equivalent isolation period
Tis was set at 1.6 s, corresponding to an equivalent stiffness of 600 kN/m of the isolation
system (150 kN/m per unit). A target displacement of 105 mm corresponding to y =
150% shear strain (i.e. prior to full roll-over) was assumed. In terms of hazard level,
a spectral demand of 150mm would be obtained for T';; and a 5% equivalent damping
ratio; consequently, the target displacement is consistent with this value accounting for
damping reduction factor as per EN1998-1 (equal to 0.7 for 15% damping ratio). Such
hazard level is deemed representative of high seismicity regions in Italy with a 5%
probability of exceedance in 50 years. Full roll-over (at around 200% shear strain) could
be achieved under very-rare events (e.g. maximum-considered earthquake, MCE) but in
order to prevent damage this condition was tested at the last stage of the testing protocol
for VC-FREIs with recessed configuration only.
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For preliminary characterization two specimens for each system were tested under
compression and shear-compression protocols. Tests were performed at the University
of Naples Federico II to evaluate axial stiffness and hysteretic behaviour of FREIs pro-
viding useful data for bearing model calibration and ground motion selection. Equivalent
horizontal stiffness and damping ratios for different strain levels y (= w/,) up to 150%
are reported in Fig. 3. It can be noted that at y = 150% RP-FREI finely matched the
target stiffness and damping ratios whilst VC-FREI resulted more flexible due to lower
aspect ratio with around 20% higher damping capacity.
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Fig. 3. Equivalent shear properties of the isolators: (a) RP-FREI and (b) VC-FREL

3 Ground Motion Selection

A targeted selection of natural ground motions from the PEER NGA strong motion
database [29, 30] was performed. The selection was conditioned on the spectral charac-
teristics of the ground motions seeking for ground motions that matches with relatively
low scaling (i.e., scale factors close to 1) the spectral displacement of the isolated struc-
ture for the target hazard level. At the same time, records of different characteristics
in terms of the intensity correlation between the horizontal components and the inher-
ent characteristics of the ground motions (pulse-like, non-pulse-like) were searched in
order to investigate the response of the isolators and the isolated structure under differ-
ent conditions of shaking. In all cases for the scaled selected ground motions the peak
acceleration, velocity, and displacement values had to be lower than the limits of the
shaking table.

After setting the criteria for the selection, ground motions were searched in the NGA-
Westl database. Specifically, assuming as target the 5% damped spectral displacement
for the equivalent period of the specimen, S; (1.6 s, 5%) = 150 mm, ground motions
were searched with at least one of the two horizontal components the Sy (1.6 s, 5%)
matching this value with low scaling. To avoid selecting ground motions with a local
peak of the spectral displacement at 1.6s an extra check was imported to ensure that the
peak is long enough in case the actual period of the specimen is in the range 0.2 s. Both
non-pulse-like and pulse-like ground motions were searched. For the latter the ground
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motions that were identified as pulse-like by Shahi an Baker [31] were employed as the
baseline list for the search.

Three ground motions that met the predefined criteria for the selection were chosen
for the test. Two of them are non-pulse-like ground motions which depict the most com-
mon type of earthquake shaking during the lifetime of a structure. The first one (Loma
Prieta 1989 event) refers to a strong ground motion where the horizontal component
scaled to the targeted displacement (assigned in X-direction) is considerably stronger
than the other (assigned in Y-direction). For the second (Kobe 1995 event) similar inten-
sity in terms of the peak values of the ground acceleration and velocity is shown between
the two horizontal components. The last selected ground motion refers to a pulse-like
ground motion record from the Jiashi 1997 earthquake. This ground motion was selected
because the period of the extracted pulse in the direction of the stronger observed pulse
was close to the equivalent period of the specimen (T}, = 1.09 s). Before assigned to the
structural model and the specimen the horizontal components of the pulse-like ground
motion were rotated accordingly to the orientation of the strongest observed pulse [32].
In all cases, a uniform scale factor close to 1.00 (in between 0.90 and 1.20) was assumed
for the two horizontal and the vertical component per record. The unscaled acceleration
and displacement ground motion response spectra of the X components for 5% damping
are reported in Fig. 4.
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Fig. 4. Response spectra of selected ground motions: (a) acceleration and (b) displacement.

Numerical analysis of the isolated prototype was then performed by taking into
account the behavior of the isolator through a non-linear Bouc-Wen model, in order
to finely tune the scale factors by additional correction factors. The final values of the
scale factors were assumed equal to 1.04, 1.15 and 1,26 for Jiashi, Loma Prieta and Kobe
records, respectively. Hereafter the scaled ground motions will be referred as target level
corresponding to 100% intensity level.



3D Shaking Table Tests of a Full Scale 2-Storey Building 287
4 Shaking Table Tests

4.1 Test Program

The base isolated building was built and tested at LNEC (Fig. 5). Input random noise
was used to characterize the dynamic properties of the system under service conditions,
as well as to monitor its changes during the test. The test sequence comprised 107 steps
in between shake table operation, calibration, dynamic identification, seismic test and
specimen preparation. Before testing the base isolated configuration, a characterization
of the fixed-base prototype was run under free vibration. Additional characterization
and sine sweep tests were run for the base isolated prototype which are ouside the
scope of this paper. Imposed ground motions at different intensity levels for RP-FREI
and VC-FREI are listed in Table 1. In a few runs tridirectional motions were imposed
while in other cases only unidirectional or bidirectional components were applied for
the sake of comparison in terms of multi-axial coupling and uni-axial response of FREIs
to complement previous experimental findings from the literature [17].

©

Fig. 5. (a) View of the prototype fixed at the base, (b) contents installed at the second storey, (c)
VC-FREI system.

In case of VC-FREI the scaling factors for Kobe and Jiashi were further increased
beyond 100% to trigger higher displacements and demonstrate higher stability limits by
20% and 25%, respectively.

In this paper experimental response under highest intensity levels (test runs bold in
Table 1) have been considered for the sake of brevity.
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Table 1. Test matrix for selected ground motions.

System Input Intensity | dir System Input Intensity | dir
RP-FREI | Loma Prieta | 50% X VC-FREI | Loma Prieta | 50% X

50% XY 50% XYZ
50% XYZ 75% X
75% X 75% XY
75% XY 100% XY
100% XY Jiashi 50% X

Jiashi 50% X 50% XY
50% XY 50% XYZ
50% XYZ 100% XY
75% X 100% XYZ
75% XYZ Kobe 50% X
100% XY 50% XY
100% XYZ 50% XYZ

Kobe 50% X 100% XY
50% XY 100% XYZ
50% XYZ 120% XYZ
75% XYZ Jiashi 125% XYZ
100% XY
100% XYZ

4.2 Instrumentation Layout

Absolute horizontal displacements and accelerations at every floor were recorded for
monitoring the response of the prototype (Fig. 6a and 6b). Relative displacements of
the infills were recorded along both diagonals and across adjacent columns and beams.
Vertical displacements at the base corners of the prototype were monitored through
LVDTs to detect the rocking behavior due to compliance of the bearings. A few additional
displacement and acceleration sensors were installed on the contents at the first floor.
The instrumentation used included 32 accelerometers, 4 optical transducers, 15 LVDTs
and 9 wire potentiometers for a total of 64 available channels.

The following preliminary results mainly refer to displacement measures of the
experimental layout.

4.3 Base Isolation Performance

FREISs performed in a stable manner under all the tests attaining peak displacements (i.e.
combining X and Y components) of 103 mm and 130 mm corresponding to 147% and
186% shear strain in case of RP-FREI (Fig. 7a) and VC-FREI (Fig. 7b), respectively.
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Fig. 6. Layout of (a) horizontal displacement transducers and (b) accelerometers.

Figure 7a and Fig. 7b show the picture of the devices at peak displacement under Jiashi
100% and Jiashi 125% for RP-FREI and VC-FREI, respectively.

Fig. 7. Videoframe at peak displacement: (a) RP-FREI under Jiashi 100% and (b) VC-FREI under

Jiashi 125%.

When imposing Jiashi 100% the same total displacement was obtained perfectly
matching the design target of 105 mm for both RP-FREI (Fig. 8a) and VC-FREI (Fig. 8b).
Even under significant roll-over, FREIs demonstrated remarkable recentering behav-
ior. After completing the test sequence and removing the isolation units no significant
damage was detected on the bearings.

4.4 Superstructure Response

Base isolation effectiveness was measured both in terms of inter-storey drifts and peak

accelerations.
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Fig. 8. Isolator displacements under Jiashi 100%: (a) RP-FREI and (b) VC-FREL

In plane horizontal rotation angle above the foundation level () was calculated due
to horizontal relative displacement between two points: values of ap,x Were generally
of the order of 1 x 10~ implying minimum torsional behavior of the prototype (Fig. 9a).

Due to higher axial compliance of FREIs compared to steel laminated bearings,
amplification of lateral response due to rocking was properly investigated. Rocking
motion was measured in terms of rigid rotation (n) in the vertical plane and set equal to
the relative vertical displacement at the base corners over the relative distance between
measurement points. Under different ground motions np.x was measured between 0.04%
and 0.14% (Fig. 9b) corresponding to storey drifts of the order of a few millimiters.

For VC-FREI under Jiashi 125% and Kobe 120% both « and 5 attained significantly
higher values compared to 100% intensity level thus requiring further analyses which
fall outside the scope of this paper.

Fig. 9. Maximum rotations: (a) in horizontal and (b) vertical plan.

The rocking component may turn into higher storey drifts [33, 34] and has to be
filtered out when considering the bending mode of the frame providing the inter-storey
drift ratio (IDR) as a measure of potential damage. Second storey drifts are plotted in
Fig. 10a and 10b for RP-FREI and VC-FERI under Kobe 100%. The influence of rocking
is of the order of 2 mm and 1.5 mm for RP-FREI and VC-FERI, respectively. It can be
noted that the drift time-history for RP-FREI shows some spikes especially after 15 s
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thus requiring further analysis. Corresponding IDRs are of the order of 0.50% which
may have triggered slight damage to the prototype that was not confirmed by visual

inspection. Further processing of signals will be developed to detect any measurement
error of the monitoring system.

/o rocking

§|01‘ey drift [mm]

storey drift [mm]

15 /0 TOCKING
with rocking with rocking

3

10 15 2 25 30 0 s 10 15

t[s] ts]
(a) (b)
Fig. 10. Storey drift time-histories under Kobe 100%: (a) RP-FREI and (b) VC-FREI

Imposed peak ground accelerations (PGA) along X and Y were in the range of 0.25 g
to 0.90 g for the considered intensity levels. Peak floor accelerations (PFA) at the top of
the building were normalized to PGA in order to check the filtering effect of the isolation
system (Fig. 11a and 11b). This ratio was found always lower than one, with a peak value
close to 0.8 for both systems up to 100% intensity level. It is worth mentioning that under
the same intensity level, VC-FREI tends to provide slightly lower relative accelerations
due to higher isolation effectiveness.

PFA/PGA - 24 FLOOR PFA/PGA - 2 FLOOR
0.0 02 04 06 08 1.0 00 02 04 10
v — L —
8 g 55 « n—
g3« IE— g3
y
y -
_ g x I
28
< g
b 28« n—
S5 n— 8
=1 ]
(a) (b)

Fig. 11. Maximum top floor accelerations compared to PGA for (a) RP-FREI and (b) VC-FREI.

Non-structural components experienced no visible damage after the whole shaking
sequence. In terms of contents, maximum displacement of the table was around 20mm
along both X and Y, while the closet did not experience significant movement. The
monitor on the table did not overturn: it was found in right position a few centimeters
away from its original print marked on the table. The suspended pipe did not show any
distress.
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5 Conclusions

The FREISUST project demonstrated that FREIs can provide a fundamental period
shift and protection of nonstructural components and contents, thereby significantly
improving the seismic resilience of low-rise normal importance buildings. This goal was
pursued through both innovative (e.g. carbon fabric) and low-cost eco-friendly materials
(e.g. reclaimed rubber and polyester fabric). The 3D shaking table tests on a 2-storey
full-scale prototype provided the required validation of FREI technology paving the way
for EU standardization and implementation in the next-generation set of standards for
anti-seismic devices (e.g. EN15129).

The isolators were designed for a target shear deformation of 150% with their geom-
etry capable to ensure lateral stability up to 200% in case of very rare earthquakes.
Although the target isolation period was lower than 2.0s for stability limits, under three
lightly scaled real ground motions the superstructure experienced limited accelerations
due to adequate filtering effect of the base isolation system. Maximum displacements
of the isolation units perfectly matched design levels confirming the high potential of
FREISs for low to mid-rise buildings under peak ground accelerations as high as 0.9 g.

The project will have both scientific and practical impact related to the development
and validation of innovative base isolation with FREIs through the protection of societies
and citizens.
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