kT buildings

Article

Glass-Aluminium Partition Walls with High-Damping Rubber
Devices: Seismic Design and Numerical Analyses

Fabrizio Scozzese *

check for
updates

Citation: Scozzese, F.; Zona, A.;
Dall’Asta, A. Glass-Aluminium
Partition Walls with High-Damping
Rubber Devices: Seismic Design and
Numerical Analyses. Buildings 2024,
14,2445. https://doi.org/10.3390/
buildings14082445

Academic Editor: Hugo Rodrigues

Received: 11 July 2024
Revised: 30 July 2024
Accepted: 5 August 2024
Published: 8 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Alessandro Zona

and Andrea Dall’Asta

School of Architecture and Design, University of Camerino, Viale della Rimembranza 3, 63100 Ascoli Piceno, Italy;
alessandro.zona@unicam.it (A.Z.); andrea.dallasta@unicam.it (A.D.)
* Correspondence: fabrizio.scozzese@unicam.it

Abstract: An innovative solution for aluminium-glass partition walls that can withstand seismic
actions without damage is presented. The key feature characterising the proposed innovation is
a dissipative coupling between the components of the partition wall, i.e., the glass plates and the
surrounding aluminium frame, accomplished through the interposition of high-damping rubber pads
(HDRPs). Sliding mechanisms between glass panels and the aluminium frame are permitted through
specific detailing solutions, which allow the partition wall to be unsensitive to the inter-storey drift
imposed by the hosting structure. A detailed discussion of the system conception is illustrated,
showing the main intermediate steps that led to the final solution. The implementation of a refined
numerical model is illustrated, and its characteristic parameters are calibrated according to a set of
experimental tests previously performed on materials and subcomponents. A numerical application
to a case study consisting of a partition wall system installed within a three-storey building is
provided to assess the performance of the proposed innovative solution under severe earthquakes.

Keywords: partition walls; non-structural components; floor accelerations; glass-aluminium panels;
seismic safety; high-damping rubber; seismic isolation; dissipative coupling; viscoelastic
dissipative devices

1. Introduction

A building is made of structural elements (SEs) and non-structural elements (NSEs). In
the former group, there are the parts of the intended load-bearing system (beams, columns,
slabs, braces, etc.) that are designed to have adequate capacity against vertical (gravity)
and horizontal (wind, seismic) actions. In the latter group, there are those systems not
intended to have load-bearing functions, and they can be classified into three categories [1]:
architectural components (partitions, parapets, cladding systems, suspended ceilings,
etc.), mechanical and electrical equipment (piping systems, power systems, fire protection
systems, generators, etc.), and building contents (bookshelves, storage racks, cabinets, other
furniture, and decorations).

During a seismic event, even if not intended to be part of the structural system, NSEs
interact with SEs, contributing to the global stiffness, strength, and dissipation of the
building. Although they are often disregarded in common seismic analysis and design,
experimental and numerical simulations indicate that the influence of NSEs on the building
seismic response is generally not negligible, both in reinforced concrete (RC) frames,
e.g., [2-7], as well as in moment-resisting or braced steel frames, e.g., [6-12]. However, the
main concern in seismic design is generally not the influence of NSEs on the structural
response but rather the effect that the structural response has on NSEs. In fact, the imposed
lateral displacements and inertial forces transmitted to NSEs might cause their damage.
Limiting such damage is very important to maintain the building in service, to reduce the
likelihood of injury or death, and more in general, to reduce direct and indirect economic
losses resulting from earthquakes [13]. It was reported in the technical literature [14,15]
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that NSEs comprise most of the investment in commercial buildings and that, among NSEs,
partition walls significantly contribute to the total earthquake losses [16-22]. The review
of the published technical literature shows that the attention to the seismic performance
of partition walls significantly increased in the past decade, focused on two typologies:
masonry infills and cold-formed steel-framed gypsum partition walls, the latter often
indicated as drywall partitions.

Different innovative proposals for limiting the damage of masonry infills were pre-
sented. Preti et al. [23] studied infill walls made of earthen masonry and partitioned with
horizontal wooden planks that allow the relative sliding of the partitions, resulting in a
high ductility capacity to the in-plane response of the infill and a reduction in its stiffness
and strength, hence, minimising damage in the infill when subjected to in-plane loading.
Palios et al. [24] proposed bricks not bound together by mortar at bed joints that can slide,
leaving the infill panel able to deform freely in its plane, hence, following the seismic
motion of the structural RC frame nearly unstressed. Viscous fillers or factory-applied
facings can control air, vapor, and water transport via the dry joints, without compromising
the movement. Tsantilis and Triantafillou [25] isolated infill panels from the surrounding
RC frame using thin layers of cellular materials, significantly preserving the integrity of
infill panels at moderate storey drifts and reducing the adverse effects of the infill-frame
interaction. Marinkovi¢ and Butenweg [26] decoupled the RC frame and the masonry infill
with a special profile made of elastomeric cellular material. The profile allows relative
displacements between the RC frame and the masonry infill and serves, at the same time, as
a support for out-of-plane loads. Similarly, Dhir et al. [27,28] proposed the use of masonry
infills equipped with rubber joints to absorb most of the in-plane displacement demand of
the panel, minimising the stresses induced by the interaction between the panel and the
surrounding RC frame.

Compared to masonry infills, better performances can generally be obtained from cold-
formed steel-framed gypsum partitions [29-56]. Accordingly, less effort was required to
develop innovative solutions to reduce seismic damages, being, in most cases, sufficient to
pay more attention to detailing [33], connections [40,41], improvements and strengthening
of the aluminium frame [42], activation of friction/sliding dissipative mechanisms [47],
sliding and seismic gaps [48,49], and consideration of the influence of boundary conditions
in the design [55,56].

Masonry infills and drywalls are not the only available solutions that can be adopted
in the subdivision of floors. For example, glass partitions (Figure 1) can be found in office
and commercial buildings due to their appealing architectural characteristics. However, the
interaction between glass panels (usually thick, and hence, heavy, to meet acoustic isolation
needs), their metallic frames, and the structural elements to which they are connected
should pose some concerns in case of seismic events, as their failure might endanger life
safety and result in high repair and downtime costs. Despite these critical aspects, only
a single study can be found in the refereed technical literature, i.e., shake table tests by
Petrone et al. [42] on a prototype of a partition with glass panels with improved connections,
able to avoid the unhooking of the panels from the supporting studs.

A different approach is followed in the study presented in this paper, where the
seismic-resistant capacity of glass-aluminium partitions is obtained by exploiting a passive
seismic protection concept inspired by dissipative seismic base isolation systems and scaled
to the dimensions of a single module of the partition wall. Such function is assigned to
elastomeric elements with viscoelastic properties, capable of creating a dissipative coupling
between each glass panel and the perimetral aluminium frame. In this way, it is possible to
pursue the objective of seismic safety of the partition without increasing its resistance, thus
limiting the dimensions of the aluminium profiles and glass panels as well as avoiding the
insertion of bracing or reinforcement systems, both unacceptable in a solution born to be
transparent. Specifically, this paper describes the system conception, the structural model
implementation and calibration based on experimental tests previously published [57,58],



Buildings 2024, 14, 2445

3 0f27

and the numerical analyses of a realistic case study, illustrated and discussed to assess the
potentiality of the proposed innovative solution.

Figure 1. Glass-aluminium partition wall (photograph courtesy of Styloffice S.p.A., Italy).

2. Development of the Design Concept

The development process, from the preliminary ideas to the definition of the solution
presented in this study, was characterised by constructive interactions with an industrial
producer of glass-aluminium partition walls. Attention was focused on avoiding in-plane
damage of the partition wall, while out-of-plane overturning must be contrasted using
dedicated connections. Several adjustments and changes were made in the effort to achieve
a trade-off between structural efficiency, costs, simple assembly sequences, and aesthetic
appeal. The stages of this development process are hereafter presented, describing, in a
chronological order, the three main concepts (A, B, and C), and successively highlighting a
series of details that were gradually changed and improved.

The glass panels are the same in the three concepts, i.e., transparent stratified glass
with a 10 mm thickness (resulting in a mass of 25 kg/m? of the in-plane surface), width of
500 mm, and height of 3000 mm. Adjacent panels were connected by means of transparent
methacrylate joints attached to the glass through silicon adhesive to produce a continuous
partition surface, to avoid pounding between panels, and for the benefit of acoustic isolation.

2.1. Partition Wall Concept “A”

The first concept is schematically shown in Figure 2. The glass panels were kept
in their vertical position by means of nylon guides (skids) at their top and bottom ends,
allowing in-plane horizontal sliding with reduced friction. High-damping rubber pads
(HDRPs) [59-62] were interposed between the top and bottom end sides of the glass panels
and the aluminium frame (two pairs of HDRPs at the bottom and two pairs at the top).
This solution was simply obtained with the substitution of rigid clamping connections
with HDRPs, allowing the use of the same aluminium profiles of commercially available
partitions of the same typology. However, this solution was disregarded after extensive
numerical simulations because it did not allow the uncoupling of the partition wall from the
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top floor, leaving the system drift sensitive, hence with consequent difficulties in achieving
a controlled deformability of the glass panels.

B Section B-B

'B

Rubber PAD

Rubber PAD

el

A Section A-A
(a) (b)

Figure 2. (a) First conceptual scheme, with rubber pads placed both at the top and bottom of the
portal frame. (b) Related cross-sections.

2.2. Partition Wall Concept “B”

The initial proposal was revised and evolved into a second concept (Figure 3). Changes
were made in the upper frame profile, which constituted two independent components
that were supposed to slide one over the other along their longitudinal axis with negligible
friction (levigated and lubricated interacting surfaces). The outer part was intended to be
connected to the ceiling of the hosting building, while the inner part clamped the glass
panels. The rubber pads were placed at the bottom interface only (Figure 3b). Accordingly,
with less pads required, the design of a sufficiently small horizontal stiffness was easier,
allowing to find solutions compatible with available HDRPs. However, concept “B” was
not fully convincing due to the uncertainties related to the actual friction force that could
arise between the outer and inner top aluminium profiles, as well as to aesthetic problems
following their larger dimensions.

2.3. Partition Wall Concept “C” (Final)

The third and final solution is presented in Figure 4, where the top part of the alu-
minium frame was simplified using a profile clamping the glass panel that was allowed to
horizontally slide along a guide through low-friction skids. A more detailed representation
is provided in Figure 5, where the components are numbered for their clear identification
in the discussion of their roles.

Three different arrangements of the same aluminium profile (4) are used in the bottom,
top, and lateral sides of the frame. The discussion of the geometry and functions of such
arrangements follows below.

The upper horizontal profile (Figure 5b) connects the partition to the intrados of the
upper floor, directly to the structural elements or through the suspended ceiling, depending
on the architectural features of the building. A C-shaped profile (5) is fixed to the upper
floor intrados or ceiling and housing skids (3) made of low-friction material. They act
together as sliding guides along the horizontal in-plane direction for the profile (4), which
in turn fasten the glass panels (9) through a set of arms (7), at least two pairs every single
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panel. The arms (7) exploit spacers (6) to connect the panels (9) to the profile (4), exerting
the function of out-of-plane restraint for the glass (9). A pair of covers (8) was added for
protection and aesthetic functions. It is worth noting that the profile (4) was shaped to grant
space for vertical movements of the glass panels, beneficial to avoid locking of the panels
in case of severe seismic events when damage in the structural elements could induce
deformations on the aluminium frame, but also in the installation process to allow an easy
placement of the glass panel in its correct position.
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Figure 3. (a) Second conceptual scheme characterised by the presence at the top of inner and

outer aluminium portal frames, while rubber pads were placed only at the bottom. (b) Related
cross-sections.
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Figure 4. (a) Third conceptual scheme characterised by the presence at the top of a sliding aluminium
portal frame and rubber pads placed only at the bottom. (b) Related cross-sections.
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(a)
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Floor

Figure 5. Glass-aluminium partition wall, structural details with numbered system components:
(a) cross-section, (b) axonometric scheme of the upper profile, and (c) axonometric scheme of the
bottom profile.

The lower profile (4; Figure 5¢) is rigidly fixed to the floor. A set of arms (7) realises the
connection between glass plates (9) and aluminium profiles (4), through HDRPs (1) creating
a dissipative coupling by exploiting the damping properties of the rubber. The floor
profile (4) also houses height-adjustable skids (2), having the two-fold aim of levelling the
glass panels (adapting to the specific floor conditions and imperfections) and bearing the
panel self-weight. The skids (2) were made of low-friction materials to allow the panels
to slide horizontally. Thus, the skids (2) of the lower profile and the skids (3) of the upper
profile, together, allow the in-plane motion of the glass plates required to activate the shear
deformation of the HDRPs (1). Again, a pair of covers (8) was added for protection and
aesthetic functions.

The lateral vertical profiles (Figure 6) are geometrically identical to the lower profile,
except for the HDRPs, which were replaced by spacers having the same thickness of the
pads but realised with a low-friction material. Hence, the in-plane sliding of the glass
panels is allowed, while the transversal out-of-plane movements are opposed. These
vertical profiles could be self-standing or bounded to the building structural elements,
e.g., structural walls or columns. In either case, the profile grants space for the lateral
movement of the glass (clearance of 25 mm), larger than the predicted maximum stroke
as a safety margin to prevent pounding under dynamic actions (see Figure 6a). Similarly,
tolerances (20 mm) were left on the top between the glass panel and the floor profile (4)
to accommodate vertical movements of the glass panels produced by the rocking or other
unexpected actions.
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Figure 6. Vertical profile cross-sections: (a) connected to a structural element and (b) corner self-
standing solution.

It is worth noting that the surrounding aluminium portal frame was conceived to have
screwed connections with negligible rotational stiffness between its vertical and horizontal
components (almost pinned connections). In this way, the bending moment in the frame
elements is limited; accordingly, no flexural damages are expected on these elements. With
the considered details and tolerances, the system is expected to work effectively in any
location (within both seismic-resistant and gravity-resistant portal frames) and remain
operational for ordinary conditions of installation, hence also in case of deflections of the
floor. However, it should be considered that situations where very severe deformation oc-
curs in the structural elements, representative of near-collapse conditions, do not represent
the reference scenario for the validation of the proposed solution. In such conditions, the
preservation of non-structural elements (such as partition walls) could not be a reasonable
objective of the seismic design. Nevertheless, the considered design for the proposed
partition wall should allow its survival up to very large structural damages, thanks to
the space allowed for the glass panel movements with respect to the aluminium frame,
as already discussed. Moreover, the risk of problems and damages in case of significant
structural deformation might be mitigated by connecting the top of the wall to the ceiling,
avoiding a direct connection to the upper floor.

3. Seismic Design and Detailing
3.1. Analysis of the Dissipative Mechanisms

The proposed final concept allows uncoupling the mass of the partition wall (almost
totally contributed by the glass panels) from the building inter-storey response, making its
in-plane response dependent only on the acceleration of the floor on which it was installed.
In case of seismic events, the glass panels can move in their plane (Figure 7), and this
motion produces shear strains on the rubber pads (Figure 8) that dissipate kinetic energy
thanks to their high-damping properties.

The movement of the panels is the superposition of a primary translational mechanism
and a secondary rotational mechanism. The horizontal translational movement of the glass
panels (Figure 7a) was intended to be the main source of energy dissipation of the proposed
system. Accordingly, this was the mechanism considered in the design of the HDRPs.
The secondary dissipative mechanism takes place at the interfaces between adjacent glass
panels, where the methacrylate joints can be deformed due to minor in-plane rotational
(rocking) movements (Figure 7b) caused during a seismic event by the fact that the upper
and lower restraints are not perfect sliders, and amplified by the geometry of the panels,



Buildings 2024, 14, 2445

8 of 27

which are high and narrow. Such rotational movements were not considered in the design,
although the numerical model was made to include their contribution in the seismic
response of the proposed partition wall. Vertical translations, such as those determined by
the glass panel uplift in the case of upward vertical accelerations larger than gravity, were
also not explicitly considered in this design stage, as they are very unlikely to occur in the
seismic hazard scenario assumed in this study. Nevertheless, as already mentioned in the
previous paragraph, there is large clearance to accommodate vertical movements of the
glass panels. It shall be also noted that the HDRPs, although engaged in their weak axis,

would likewise be activated to dissipate the vertical kinetic energy.

Glass motion

(a)

;‘ I ]* ]{ /
" [ || Methacrylate joint
( {}; ’} / (dissipation source 2) f
| I J

¢ | I I I f
f ! ’ il |
" {( ’ J f" [
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(b)
Figure 7. Schematic representation of two independent mechanisms in the glass panels contributing

to their in-plane motion: (a) horizontal translation (red horizontal arrows) and (b) rotation (rocking)
with red arrows indicating part of the interaction forces induced in the methacrylate joint.

- Rubber PADs shear deformation

Glass
== < (dissipation source 1)

Figure 8. Schematic detail of the rubber pads’ deformation induced by the glass in-plane motion
(cross-section A-A of Figure 7a).

3.2. Detailing of Partition Components
3.2.1. Sliding Supports
As already mentioned, the height-adjustable skids play both a functional and structural
role in the proposed system. The former consists in the possibility of adjusting the height
to guarantee the levelling of the partition wall even on floors that are not perfectly flat. The
structural role is that of vertical support of the glass panels, i.e., the feet shall transmit the
vertical loads without restraining the translational motion of the glass inside the bottom
aluminium frame, and this was made possible using specifically designed elements made of
low-friction materials (for example, Nylon was used in the first prototypes) with a contact
surface as small as possible. To achieve these requirements, the skid was modified from
its preliminary shape (Figure 9a) to a final version (Figure 9b), where the geometry was
also changed to increase the stability against overturning. In Figure 9c, a three-dimensional
view of the base profile with its main components is provided. The alignment of the sliding
supports is guaranteed by a rail positioned centrally at the base of the profile, as illustrated
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in Figure 10, showing some physical prototypes made as proof of concept during the
intermediate stages of the design concept development.

2 g

(b) (0)

Figure 9. Sliding supports for the glass plates: (a) preliminary and (b) refined versions. (c) A 3D
render of the base profile with its main components.

Figure 10. First prototypes developed as proof of concept during the intermediate stages of the
project: (a) preliminary concept with 3D-printed elements and (b) preliminary aluminium prototypes.

3.2.2. Rubber Compounds for the Dissipative Pads

The rubber pads represent the key elements of the proposed innovative solution and,
as with every other aspect of the proposed system, evolutionary steps were performed
before converging to the final solution. The first trial was carried out adopting a recycled
rubber compound made by a producer specialised in acoustic isolation and vibration
damping. Unfortunately, the recycled material was revealed to be inadequate for the
purposes of the proposed partition, as highlighted during preliminary experimental tests
performed on some of the samples shown in Figure 11a, due to the following reasons:

e  Premature crisis of the pads was observed at maximum shear strain, v, equal to 0.7-0.8,
i.e., displacement equal to 70-80% of the rubber thickness.

e Impossibility to reduce the thickness of the pads below 15 mm, with repercussions on
the dimensions of the profiles that would negatively impact the aesthetic value.
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(b)

Figure 11. Rubber samples provided by two different manufacturers: (a) recycled rubber and

(b) high-damping rubber.

Accordingly, the authors chose to use high-damping rubber (HDR), commonly used
for seismic isolators and produced by specialised industrial manufacturers, which con-
sists of compounds with added filler [63] to achieve highly dissipative properties, i.e., a
supplemental damping & > 10%.

Differences between the two compounds were noticeable, as outlined below:

e  From visual comparison (Figure 11), it can be noticed how the HDR compound is
homogeneous, while the recycled rubber not (larger grain).

e  The HDR compound is considerably stiffer than the recycled rubber, as illustrated in
Figure 12a, where the shear modulus function, G(y), is reported, and this allowed to
notably reduce the thickness of the pads below 10 mm, leading to benefits in terms of
aluminium profile dimensions.

e  Figure 12b shows a comparison between the damping properties of the recycled
rubber compound and the HDR compound. It is worth noting that the recycled rubber
has negligible dissipative properties for shear strain lower than 0.5, while a larger
dissipation was observed for shear strain y > 0.5 as a consequence of the progressive
damage and relevant post-failure friction mechanisms. The damping ratios of the
HDR compound are almost two times higher than those of the recycled rubber, and
the values remain roughly constant with y (see &(y) in Figure 12b), with major gains
in terms of seismic energy dissipation.

e  The strain capacity of the HDR compound is notably greater than the recycled rubber
capacity (y < 0.8). This provided prominent advantages from the point of view of the
system safety in case of future extreme events larger than the design ones.

The differences in stiffness of the two rubber types notably influenced the pad geome-
try following from the seismic design: the stiffer the rubber, the shorter the pad. Moreover,
the available maximum shear strain value affected the choice of the thickness: the recycled
rubber, due to its limited deformability, needs a higher thickness to attain a given target
displacement. A physical comparison between pads of recycled rubber and HDR satisfying
the same design criteria is provided in Figure 13.
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Figure 12. Comparison between recycled rubber and HDR (data provided by the producer): (a) shear
stiffness and (b) damping ratio vs. shear strains.

(b)

Figure 13. (a) Recycled rubber pad (H x W x L =15 x 15 x 150 mm?) simply connected through
bi-adhesive tape and (b) HDR pad (H x W x L =6 x 8 x 20 mm?) glued with intermediate

aluminium plates.

To verify that the HDR properties were stable under different working conditions (this
might not always be the case with viscoelastic dampers [64—66]), characterisation of HDRPs
was performed directly by the producer with sinusoidal cyclic tests at 1 Hz and 5.0 Hz
frequencies, thus, covering the expected frequency range in the case of seismic events, such
as those considered here. The results are shown in Figure 14, where the scarce sensitivity of
the HDR within the range of strain velocity of interest is confirmed [61,67].

10 ‘ ; 0.22 : ;
——HDR 1.0 Hz ——HDR 1.0 Hz
g - = 'HDR5.0Hz | - = 'HDR 5.0 Hz
— | 021~ 1
N
E —
£ | L
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0 02 04 08 08 1 12 14 0 02 04 06 08 1 12 14
71 7l
(a) (b)

Figure 14. Effect of testing load frequencies in the HDRP: (a) shear stiffness and (b) damping ratio vs.
shear strains (data provided by the producer).
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It is worth noting that the HDRPs were not tested for their axial through-the-thickness
properties. However, due to their very limited thickness (6 mm) and being rigidly connected
to the aluminium horizontal profiles (see element (7)), HDRPs worked as restraints for the
out-of-plane horizontal displacement, while providing a negligible degree of restraint for
the out-of-plane rotations. Hence, HDRPs are expected to behave as cylindrical hinges for
the out-of-plane movements.

3.2.3. Panel-Pad-Frame Connections

Connections between glass panels, pads, and the aluminium frame are critical as-
pects for the system to perform as intended. It is very important to ensure over-resistant
connections to allow the deformation of the pads during seismic events. Several connec-
tion methods were studied, some of which were also tested, while others remained only
hypotheses. Among the solutions experimentally investigated were the following:

e  Adhesive connection via Tesa 64,958 double-sided tape, which revealed poor results
in connecting rubber interfaces (surface was too small) but turned out to be good for
aluminium-aluminium and aluminium-glass connections.

e  Glued connection, where the use of universal glue (Bostik) and cyanoacrylate super-
glue (Loctite 480) was investigated. The cyanoacrylate super-glue proved to have
very high adhesive performances to connect aluminium-rubber interfaces, while
performance notably reduced on rubber—glass interfaces.

e  Accordingly, the following mixed connection was proposed (Figure 13b): a small
rectangular aluminium plate was interposed between the glass panel and the rubber
pad; the glass-to-aluminium interface was connected via double-sided adhesive tape;
the rubber-to-aluminium interface was glued via cyanoacrylate super-glue; on the
external side of the profile, i.e., between the pad and aluminium arms (see element 7
in Figure 5), a glued connection was adopted.

e Among the connections that were conceptualised but not tested, one with a potential
practical interest is reported in Figure 15, which consisted of an ad-hoc opening on the
glass panel, realised to house the rubber pads within it. This solution would eliminate
the need for a glued interface between HDR and glass; however, it requires further
work on the glass panels to make the necessary holes.

(b)

Figure 15. Alternative panel-pad—frame connection strategy requiring an ad-hoc opening on the

glass plates for pad housing: (a) scheme of the installation sequence and (b) three-dimensional view.

4. Numerical Model Definition and Calibration

Experimental results of the subcomponents, reported in [57,58], were exploited to
calibrate a finite element model of the partition wall, implemented in the software SAP2000
Ultimate V25.3 [68], for numerical validation of the proposed system. This section is
organised as follows: first, the calibration of the models for the two main energy dissipation
sources (pads and methacrylate joints) are presented; afterwards, the model of a small-scale
prototype subject to shaking motions is reported.
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4.1. Rubber Pad Modelling

An equivalent linear viscoelastic model was adopted [69,70]; therefore, following a consti-
tutive law governed by two parameters (Equation (1)): the effective stiffness, keg(y), and the
equivalent viscous coefficient, ceq(&, v) (§ = damping ratio, and y = rubber shear strain):

F(x, X) = Kegt(v)x+Ceq (v, €)%, 1)

where F is the resisting force, x is the displacement, x is the velocity, and & is the rubber
damping ratio (depending on y). The calibration was carried out by numerically simulating
the experimental cyclic dynamic tests performed under a set of sinusoidal inputs with a
frequency of 1 Hz and increasing amplitudes (D = 2.5, 5.0, and 7.5 mm). Table 1 summarises
the parameters of the calibration carried out in accordance with FEMA 274 [71] at the
different maximum displacements. The viscoelastic modelling of the rubber was found to
be adequate, as testified by the almost perfect overlap of the numerical hysteresis cycles
with the experimental ones (Figure 16).

Table 1. Viscoelastic parameters of the rubber pads calibrated based on the experimental tests.

Ymax () D (mm) Kege (N/mm) Eett () Ceq (Ns/mm)
0.17 2.5 145.00 0.12 5.54
0.33 5.0 116.00 0.13 4.62
0.50 7.5 86.00 0.14 3.83
0.9 ——numerical
06l ~ " -experimental
Z 03}
=,
a 0
<
u_n' -0.3 7
-06+
-0.9[ | ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
-8 6 4 -2 0 2 4 6 8
dPAD [mm]

Figure 16. Comparison between numerical and experimental hysteresis loops of rubber pads.

4.2. Methacrylate Joint Modelling

As already mentioned, vertical joints in methacrylate with an interposed silicon film
were placed between adjacent glass panels. According to the experimental results, this
interface showed a viscoelastic behaviour with good dissipative capacity, activated by
the relative sliding between the glass panels. As in the pad modelling, an equivalent
viscoelastic model was used:

F(x, x) = Kegrx-+ceq|x|"sgn (), )

where the parameter o regulates the nonlinearity of the response with the velocity and
sgn(e) is the sign operator. The calibrated model parameters are reported in Table 2
for experimental tests performed with two different frequencies: 1 Hz and 2 Hz. The
comparison between numerical and experimental responses is reported in Figure 17, which
shows how simple linear (x = 1.0) models can reasonably reproduce the experiments.
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Table 2. Viscoelastic parameters of the methacrylate joint calibrated based on experimental tests.

Frequency (Hz) Kegs (N/mm) Ceq (Ns/mm) a(-)
1.0 80.0 18.0 1.0
2.0 90.0 12.0 1.0
1.5¢ —experimental 1 Hz 1.5¢ —experimental 2 Hz
11t ——=--numerical 1+
< 05¢ < 05}
~ O — O
=05 =05
. ’ = P )
-15¢ =157 i
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
dyer [Mmm] dyer [Mm]

Figure 17. Comparison of numerical and experimental hysteresis loops of the methacrylate joint.

4.3. Small-Scale Experimental Test Modelling

After the characterisation of the materials and subcomponents, a small-scale assembly
of the partition wall was tested under imposed cyclic horizontal displacements, as illus-
trated in [57,58]. The prototype consisted of two glass plates with an interposed vertical
methacrylate joint, two pairs of pads plus two pairs of sliding supporting skids at the base
of each glass panel, and two horizontal rigid rods hinged at the panels and at the contrast
frame. The prototype tests were modelled in SAP2000 Ultimate (Figure 18). The following
assumptions were made in the definition of the implemented finite element model:

e Rubber pads at the wall base were modelled as viscoelastic links, with equivalent
properties calibrated, at proper shear strain levels, v, based on the results of the
mechanical laboratory characterisation.

e  The methacrylate joint response was modelled by a set of viscoelastic links connecting
the adjacent panels and activated by their relative sliding motion (properties derived
from experimental tests).

e Sliding skids were inserted at the base of each panel and modelled through link ele-
ments (two links per glass panel) with elastoplastic behaviour along the horizontal
direction, accounting for the low-friction property (Fmax = 50 N) and having a unilat-
eral constraint property along the vertical direction, i.e., a gap element was adopted
to allow contact in compression only, with the possibility of traction detachment of
panels from the base supports.

e  Each glass plate was individually modelled as an elastic thin shell (10 mm thick) with
a distributed mass of 25 kg/m?.

The comparisons between the numerical and experimental responses are provided in
Figure 19 for a sinusoidal input (1 Hz frequency, 3 cycles, with amplitude 10 mm) in terms of
the (a) total force—displacement hysteresis curve and (b) friction force-displacement cycles.
The average displacement at the base of the two glass plates (see d; and d, in Figure 18b)
was considered in the plots. The comparison highlighted a quite satisfactory match between
the test and the model (less than 7% overestimation of the glass displacements). It is
worth noting, moreover, that the same test was repeated using different input frequencies,
and the same trend of the force-displacement diagram was always observed, therefore
excluding the dependence on the test frequency of the stiffness and dissipative capacity
of the experimental model. This outcome positively reflects on the reliability level of the
numerical model.
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(a) Rigid rods Methacrylate joint
R (viscoelastic links along 7)
z
T—» X
Pads Sliding skids
(viscoelastic links along X) (friction along X + Gap along Z)
(b)
Figure 18. Numerical model of the small-scale partition wall: (a) system at rest, with components
highlighted, and (b) system kinematic response during the simulation.
25 .
2t ----numerical =) 04 - - - -numerical
1.5 ——experimental Y ——experimental
= 17 = 027 7
=, 05 =, :
0] 0 (0] 0 !
o -05+ o
) : (e}
w17 w -0.2
-15¢+
-2t (4 -0.4
-2.5 ‘ : ' ' ' ' : : ' ' ' ' ' ' ' '
8 6 4 -2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8
dGlass [mm] dGlass [mm]
(@) (b)

Figure 19. Comparison between numerical and experimental responses of a small-scale assembled
partition wall: (a) total force—displacement hysteresis curve and (b) friction force—displacement cycles.
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5. Seismic Performances of the Proposed Dissipative Partition Wall within a Building
5.1. Case Study Description

This section illustrates the outcomes of a numerical application performed to show
how the proposed system behaves within a realistic scenario. The building used as a case
study is a three-storey reinforced concrete building built in Italy in the 1980s (Figure 20). The
inter-storey height is 4.0 m, and the beam span ranges between 5.7 m and 7.0 m. The whole
building is composed of four structural blocks, separated by structural joints sufficiently
wide to consider each system dynamically independent from the others. One of the portions
of the building was considered in this study, and a numerical model was developed, where
beams and columns were implemented as elastic frame elements, rigid floor constraints
were inserted at each storey level (the floor structural typology and features justified this
assumption), and restraints were fixed at the ground level.

—
5 ft—
T—

(©)

Figure 20. Case study building and numerical model: (a) aerial view with the considered portion
marked with a dashed red circle, (b) three-dimensional finite element model, and (c) vertical section
with the considered partition wall.

It was assumed that the third level of the building hosts a partition wall with a
horizontal C-shaped configuration made by three walls, one equipped with a door, as
in Figure 21 (geometrical schemes) and Figure 22 (numerical model). The geometrical
dimensions are length (along X) = 3.54 m, width = 3.00 m, and height = 2.70 m. The lower
and upper profiles are rigidly connected to the floor and ceiling, respectively. The self-
weight and mass of all elements were accounted for, even if the major part was contributed
by the glass panels only.

F1 F2 F3
o 2916 B 3393
n
P 2 o 8 P
n R 2
N N
=g
n
T +540-H—1040 1604 | ! 2812 : T 3288 ‘
?‘f Cl s ] HE
{—6204 898——+-—840—+—840—+ o2 962 o627 rifaz;o—l—sm*l—sz;o—l—mo;q
3540 3000 3540

(a)

(b) (c)

Figure 21. Geometrical details of the three panel-assembly facades: (a) F1 (glass panels P1.1 and P1.2),
(b) F2 (glass panel P2), and (c) F3 (glass panel P3).
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(a)

a,(t) [q]

Aluminium frames

Sliding skids
(friction along X + Gap along 7)

(b)

Outer frame to ceiling connection (rigid)
OQuter (fixed to floor) frame

Inner (sliding along X) frame

o ==K &
3 L L P

Inner-Qutes frames
(sliding) constraint

rame canstraint:

| Methacrylate joint
/" (viscoelastic links along Z)

HDRPs
(viscoelastic links along X)

Figure 22. Numerical model of glass-aluminium partition wall assembly: (a) model overview and
(b) detail of the top connections (close-up of Detail A indicated in (a)).

5.2. Seismic Input

The seismic hazard considered in this case study is representative of a medium-high
seismicity area in Italy, characterised by a peak ground acceleration (PGA) of 0.35 g at the
Life Safety Limit State (with a return period of 475 years). A set of 10 recorded ground motion
time series was selected from the European Strong Motion Database (ESD) and scaled to better
reflect the hazard intensity of the considered scenario. The selected ground motions and related
acceleration response spectra are provided in Figure 23, where a different colour is used to
represent each earthquake sample (the same colours used for the accelerograms were adopted
for the related spectra). In Figure 23b, both the average and target spectra are also reported to
highlight the fulfilment of the spectrum-compatibility condition.

1.5 ‘ ‘
= Target EC8 spectrum
Average spectrum
] = = ‘Upper/Lower bounds
=)
E
© /
P05
o Il L L
0 0.5 1 1.5 2
t[s] . TIs]
(a (b)

Figure 23. (a) Ground motion samples conditional to a hazard level consistent with the Life Safety
Limit State (475-year return period) and (b) related response spectra.

5.3. Design of HDRPs

The design of the pads was carried out by considering a single degree of freedom
(SDOF) system, having the mass of a single glass panel (length 840 mm, height 2700 mm,
and thickness 10 mm) and the stiffness and damping provided by two pairs of pads. The
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design process was carried out by adopting an average displacement response spectrum
and proceeding iteratively with the same process adopted for the design of seismic isola-
tors [62], changing the geometry of the pads until convergence between spectral demand
and shear deformation was achieved. The difference is that in this case of dissipative
partition walls, the fundamental period and the level of deformation were much lower, as
compared to isolated buildings, i.e., displacements were of the order of a few centimetres
and the fundamental period was around 0.20 s.

Considering the seismic scenario described above and following the design approach
just delineated, the resulting pads were parallelepipeds, with H x W x L =6 x 8 x 20 mm3
(an example is provided in Figure 13b). One single size of pads was used for the whole
assembly, and the number of pads was accordingly determined in proportion to the masses
of the glass panels. It is worth noting that the possibility to choose the number of pads for
each glass panel makes the system easily adaptable to a given seismic hazard condition of
the site and/or to the specific floor of the building in which the partition wall is installed.

5.4. Numerical Simulations and Performance Evaluation
The finite element model presented in the previous Section 5.1 was used to run ten
nonlinear dynamic time history analyses, exploiting the set of ground motion samples
introduced above. Analyses were unidirectional, performed along the X direction only, and
allowed studying both the in-plane and out-of-plane behaviours thanks to the considered
geometry. Each seismic analysis was preceded by an incremental gravity analysis account-
ing for the self-weight of all components of the partition wall, as previously illustrated.
The following selection of response parameters was used to characterise the dynamic
behaviour of the system: relative displacements (see the scheme in Figure 24) between
the glass and the portal frame (A; and A;) in order to assess the sufficiency of the glass
end-stroke and, thus, the safety margin against an impact among components; the drift
of the aluminium portal frame (5p) and the drift of the glass plates (5i), with the former
also being representative of the building inter-storey, while the latter providing insight
about the entity of the rocking motion of the panels; maximum stresses on glass plates (in
particular on F2 of the box experiencing a bending stress out of its plain) and on aluminium
frames. These quantities were monitored for each group of glass panels (according to the
numbering of Figure 22): panels P1.1 and P1.2 of facade F1, P2 of F2 (orthogonal to the

seismic direction), and P3 of F3.
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Figure 24. Scheme of the system’s kinematic, highlighting the relative displacements monitored for

the wall response characterisation.
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A single time history (TH) analysis was selected (TH 7) to present the results in a
detailed manner, while the output stemming from the whole set of ground motions was
later provided using bar plots. Starting from the in-plane response of the facades F1 and
F3, the outcomes are reported in Figure 25 (P1.1), Figure 26 (P1.2), and Figure 27 (P3); for
each panel, three charts are provided, each showing a specific response quantity: drift 6 in
charts (a), drift 8¢ in charts (b), and relative displacements A; and A; in charts (c).

- P1.1: frame drift ) P1.1: glass drift P1.1: frame-glass rel. displ.
I 10
10 1 € 5
£ £ =
E o E o 8 0
St O a
-10 -1 & -5
-20 -2 -10 ‘ : ‘
0 10 20 30 0 10 20 30 0 10 20 30
t[s] t[s] t[s]
(a) (b) (©

Figure 25. P1.1: (a) aluminium portal frame drift response (%), (b) glass plate drift response (5¢), and
(c) relative motion (A and Ay) between glass and aluminium at the top and the bottom of the wall.

20+ P1.2: frame drift 5 P1.2: glass drift 10 P1.2: frame-glass rel. displ.
10 1 €
T T £
E o0 E o MW&WNMW«WWMMMM g
3 9 a
-10} -1 2
-20 -2
0 10 20 30 0 10 20 30
t[s] t[s]
(a) (b) (©)

Figure 26. P1.2: (a) aluminium portal frame drift response (%), (b) glass plate drift response (5¢g), and
(c) relative motion (A and Ay) between glass and aluminium at the top and the bottom of the wall.

20 P3: frame drift 5. P3: glass drift 10 P3: frame-glass rel. displ.
10 1 E 5
= € £
£ 0 E o ‘—Q—WWJMWNWNWWW g 9
‘QLL bgo é
-10 -1F e 5
-20 ‘ -2 -10 ‘ ‘ :
0 10 20 3C 0 10 20 30 0 10 20 30
t[s] t[s] t[s]
(a) (b) (©

Figure 27. P3: (a) aluminium portal frame drift response (%), (b) glass plate drift response (3g), and
(c) relative motion (A and A;) between glass and aluminium at the top and the bottom of the wall.

The following comments can be made:

e  The relative displacements, p, experienced by the outer aluminium portal frame
(Figures 25a, 26a and 27a) were the same for all the facades, as expected, and they
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also corresponded to the drift experienced by the building’s last storey (the maximum
value, normalised by the third-storey height, attained approximately 0.55%).

e  All the panels experienced relative displacements (drift) notably lower than those
experienced by the floors (inter-storey drift), and this result is in line with the design
objective of making the walls unsensitive to the building drift.

e  The motion of the panels P1.2 and P3 appeared mainly translational, with slight rocking
components (1 mm maximum) and lateral glass-aluminium relative displacements
uniform and synchronous between the top and bottom.

e P1.1, due to its particular configuration, i.e., a single glass plate with a higher slender-
ness ratio, tended to experience a higher rocking motion (Figure 25b), thus presenting
relative displacements between glass and lateral aluminium frames that were higher
at the top than at the bottom (Figure 25c), which were, however, always lower than
the available stroke of 25 mm (hence, glass—frame pounding was prevented).

e  The residual deformations observed on the glass, due to the friction mechanisms at
the base of the panels, were of the order of magnitude of a few tenths of a millimetre,
and thus definitely acceptable and proof of a good recentring property of the system.
Regarding the rubber pads, in Figure 28, the force-displacement hysteretic cycles of

three pairs of dissipative elements, one for each panel (P1.1, P1.2, and P3), are compared

with different colours. It can be seen that the cycles of the pads belonging to panels

composed by more than one glass plate were wider and more stable (hence, they had a

better performance in terms of seismic energy dissipation) than those of panel P1.1, and

this agrees with the earlier observation concerning the relative importance of the rocking
component on the kinematic of the panel.
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Figure 28. Rubber pads’ force—displacement responses.

To complete the overview of the response of the panels oriented along the seismic
direction, the charts in Figure 29 summarise, in the form of bar plots, the maximum quanti-
ties observed for the ten THs: Figure 29a shows the maxima of the relative displacements
between the glass and the aluminium frame, and Figure 29b shows the maxima of the shear
strains experienced by the rubber pads. From these charts, it can be concluded that:

e  The clearance of 25 mm left as a safety margin against potential glass—frame pounding
was adequate.

e The pads worked, on average, with a maximum shear strain around y = 1.0, which is
consistent with the design and sufficiently far from the rubber failure (experimentally
observed for y > 2.0).
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Figure 29. Maximum response quantities from all TH analyses: (a) relative displacements between
the glass and the aluminium frame and (b) shear strains experienced by the rubber pads.

Finally, the response of the facade F2 was briefly analysed. In particular, due to
the specific orientation of the panels, this was the only one experiencing out-of-plane
actions, so the maximum stress values attained by the glass were examined and reported in
Figure 30 (note that o717 is the stress along the vertical direction, and o7, along the transversal
direction). Values were all below 30 MPa, while the minimum bending capacity of the glass
is about 45 MPa for stratified glass plates, and higher than 120 MPa for tempered panels.

I ’-‘711 -‘722‘

(O8]
e

Max o [N/mmz]
= 3

)

1 2 3 4 5 6 7 8 9 10
Time History

Figure 30. Maximum stresses on the glass panel subjected to out-of-plane dynamic actions.

It is also worth noting that the working rates of the aluminium profiles remained below
the admissible capacity, considering that the maximum stress demands were those reported
in Figure 31 and that the yielding and ultimate strength capacity values of an aluminium
alloy, AW-6060 (extruded profiles with thickness lower than 5 mm), are, respectively,

120 MPa and 160 MPa [72].

Max o [N/mmz]

1 2 3 4 5 6 7 8 9 10
Time History

Figure 31. Maximum stresses on the aluminium frames.

To assess whether the system responses obtained from the current analyses are also
representative of more complex bidirectional seismic scenarios, an orthogonal seismic com-
ponent was added for case TH 7. The same horizontal input was applied simultaneously
along X and Y directions. A selection of results is presented in Figure 32 for panel 3 (the
right charts provide a close-up of the response time history provided on the left), and it can
be seen how the responses with XY components were very similar to those stemming from
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the unidirectional analysis. Deformation of the HDRPs and stresses on glass and frames
were overall comparable as well, as shown in Table 3.
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Figure 32. Response comparison (panel P3) between unidirectional and bidirectional seismic analysis:
(a) aluminium portal frame drift response (5g), (b) glass plate drift response (8g), and relative motion
between glass and aluminium (c) at the top (A;) and (d) at the bottom (A7) of the wall.

Table 3. Comparisons of unidirectional vs. bidirectional seismic responses.

Response Parameter X Direction XY Directions
Max. y HDRP 1.42 1.50
Max. o glass (MPa) 27 25

Max. o aluminium (MPa) 30 34
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5.5. Connection to the Ceiling

Numerical simulations were also performed to investigate the performance in those
environments where a direct connection between the partition wall system and the upper
floor was not possible, i.e., in the presence of non-structural ceilings. It was observed
that by using proper spatial bracing elements (one element every 1.5 m of cladding wall
length would be optimal), such as patented solutions available in the market, e.g., [73], the
same seismic response, as observed for the previously analysed case of an upper direct
rigid connection, could be achieved. A graphical representation of the model with this
installation configuration is shown in Figure 33, while the results were not reported due to
their strong similarity with those presented in the previous section.

Figure 33. FEM of the system connection to the upper floor through 3D steel bracing elements
(assumed and modelled as 3 mm x 40 mm steel braces with pinned connections).

5.6. Effect of the Cladding Walls on the Hosting Building

The study illustrated above confirmed the potentiality of the proposed solution and
showed that the partition can dissipate the seismic input energy to withstand severe
earthquakes. To complete the investigation, this section aimed at evaluating a possible
beneficial contribution offered by the proposed dissipative partition wall to the hosting
building. To this purpose, 72 partition walls of 3 m in length each and oriented along the
X direction (24 at each floor) were placed in the model (see Figure 34) and subjected to a
TH analysis with a single acceleration time series, providing as an output the temporal
distribution of the most meaningful forms of energy (Figure 35), namely: seismic input
energy, modal damping energy (5% constant damping), and energy dissipated by the walls.
The structure was elastic.

Figure 34. FEM of the building with 72 partition walls installed.

As expected, the damping contribution of the dissipative partition walls was small,
but not negligible: it was about 4% of the global energy balance. Accordingly, the proposed
solution cannot be considered an effective seismic passive protection for the building,
despite that there is a margin for increasing its dissipation capacity, for instance, making
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the rubber pads slightly shorter, thus, allowing higher displacements. Clearance between
the glass and the portal frame was indeed sufficiently high to accommodate relative
displacements of up to 25 mm, while the current design exploited only 10 mm.
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Figure 35. Normalised energy temporal distribution, highlighting the main sources of energy dissipation.

6. Conclusions

An innovative solution for aluminium-glass partition walls was developed with the
aim of avoiding in-plane damage during seismic events. Such goal was achieved through
a redesign of the aluminium frames used in commercially available products, allowing
in-plane motion of the glass panels that activates the shear deformation of high-damping
rubber pads (HDRPs) interposed between the glass panels and the aluminium frame
installed at the floor.

A detailed presentation of the system conception was illustrated, showing the main
intermediate steps that led to the final solution, to clearly understand the role of each
component and the reasons behind their shapes. The implementation of a finite element
model and its calibration based on a set of experimental tests previously performed on
materials and subcomponents was then presented. Finally, a numerical application to a
realistic case study consisting of a partition wall system within a three-storey building
was illustrated.

Results indicated that the proposed solution was effective as a viable innovation
permitting aluminium-glass partition walls to accommodate inter-storey drift, such as
that experienced during severe earthquakes, with displacement mechanisms that were
compatible with their geometry and with stress levels in the materials that were well below
safety values. In addition, extra clearance was allowed for larger-than-expected horizontal
movements as well as unexpected deformations in the aluminium frame induced by the
damage of structural elements to which the partition wall was attached, reducing the risk
of possible locking in the glass panel movement.

It is worth mentioning that the possibility to choose the number of pads for each glass
panel made the system easily adaptable to the seismic hazard conditions and/or to different
positions, e.g., lower or higher floor levels, within the building in which the partition wall
was installed. If industrialised, specifications could be given to the end user by the partition
supplier on the number and position of the HDRPs in relation to the seismic hazard of the
site, the typology of the hosting building, and the floor level at which the partition will
be installed.
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