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Abstract Creating safer and more resilient building
facades has become a primary concern in contempo-
rary design, particularly in earthquake-prone regions,
where there is a potentially high impact on financial,
social and environmental losses. Glazed curtain wall
systems are widely used in modern architecture. Yet,
despite decades of research efforts aimed at enhanc-
ing the understanding of their seismic behaviour, it is
not clear how design choices affect the response of
glazed facades. This is crucial given the wide range of
glass, framing and joint variations that are at our dis-
posal. With a focus on unitized curtain walls, this paper
provides insights into the influence of design variables
on façade seismic response by means of an extensive
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experimental campaign and an associated parametric
study to test alternative designs under both quasi-static
and dynamic loading conditions. The variables con-
sidered included variations in unit dimensions, glass
and joint aspect ratios, joint and framing detailing, and
support conditions. This research delves into a statis-
tical analysis of the experimental results, in order to
define parameters such as glass and façade unit rota-
tions, frame elongations and distortions, utilization fac-
tors at different intensity levels. The results provide
insights that guide façade design decisions for achiev-
ing desired seismic performance levels.

Keywords Glazed facades · Unitized curtain walls ·
Seismic design · Experimental testing · Statistical
analysis

1 Introduction

Glazed curtain walls are directly impacted by earth-
quakes, experiencing inter-storey drift ratios, displace-
ment incompatibilities and inertia forces. Initially, seis-
mic movements can be absorbed by internal gaps and
deformations of the façade. However, as deformations
increase, specific parts of the façade system may suf-
fer concentrated stresses and damage. This damage can
include (a) degradation of gaskets and/orweatherproof-
ing or structural silicone, leading to air and/or water
infiltrations; (b) glass breakage, which may not cause
human injury, but results in further air permeability,
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166 S. Bianchi et al.

water infiltration and other indirect damages; (c) glass
fallout, posing potential risks of injury and lifewith sig-
nificant economic consequences (Miranda et al. 2010;
Baird et al. 2011). This potential damage highlights two
primary concerns: the risk to humans by glass falling
fromheight, potentially leading to injuries and fatalities
at street level, and the impact on building downtime and
repair costs, hindering the return to normal operations
and services due to a compromised building envelope.
Therefore, current international building codes (e.g.,
European and American standards) provide guidelines
for properly sizing facade joints and connections, as
their design is crucial for enhancing structural perfor-
mance and accommodating relative motion.

In recent years, numerous research efforts have been
undertaken to evaluate the seismic performance of
glazing systems, as discussed in Huang et al. (2017),
Bianchi and Pampanin (2022) and Momeni and Bedon
(2024). These investigations include both experimental
and numerical approaches. Experimental studies have
primarily focused on assessing the movement and drift
capacity of glass panels through in-plane monotonic
and cyclic racking testing, bi-directional tests or shake
table testing (e.g., Broker et al. 2012; Lu et al. 2016;
Memari et al. 2021; Zhuang et al. 2024; Ji et al. 2024).
These studies investigated the influence of different
glass types and connection systems and identified dam-
age patterns and the effect of in-plane and out-of-plane
actions. Additionally, recent experimental tests con-
ducted by Arifin et al. (2020) and Bianchi et al. (2022)
(Fig. 1a) have investigated the serviceability of glazed
curtain walls at low seismic intensity levels, particu-
larly concerning water and air tightness.

Concurrently, recent research has focused on the
implementation of analytical-mechanical and numer-
ical simulations to model the façade behaviour. While
some studies have considered finite element modelling
of entire façade systems (e.g., Memari et al. 2011;
Caterino et al. 2017; Rossetti et al. 2023; Ciurlanti et al.
2023), there is a growing trend towards more refined
constitutive model of the silicone behaviour to accu-
rately capture the response of Silicone Structurally-
Glazed (SSG) systems (e.g., Nuñez Enriquez 2022;
Kimberlain et al. 2022; Hayez et al. 2023). With a
strong correlation between numerical simulation and
seismic testing, these investigations have shown that
simulation-based calculations can effectively predict
façade performance in seismic tests. Moreover, these
studies have aimed to derive fragility curves (Fig. 1b),

which represent the probability of reaching or exceed-
ing specific damage states, for use in risk assessment
methods.

While existing literature provides valuable insights,
there is a need for further investigation into the direct
impact of design variables on façade response. This
paper provides new perspectives for improving design
practices. As part of an EU-funded research project,
SAFE-FACE, led by Delft University of Technology
in partnership with Permasteelisa Group, the seismic
behaviour of full-scale unitized facades was investi-
gated through an extensive research program (Bianchi
et al. 2022, 2024). The project aimed to evaluate both
the serviceability performance and the ultimate limit
state of various façade designs. As discussed in the fol-
lowing section, the experiments covered a wide range
of façade configurations, including dry vs. SSG sys-
tems, and various construction details, in particular
aspect ratios for glass, overall unit (vision and span-
drel), frame, joint detailing and frame properties. As
part of the ongoing experimental data post-processing,
this paper focuses on presenting the results obtained
fromdesignvariables and analysing trends in behaviour
to provide insights into façade performance based on
observed responses. The paper is structured as follows:
Sect. 2 describes the parametric configurations consid-
ered in the experiments, including specimen dimen-
sions, properties, support conditions, loading types and
monitoring system; Sect. 3 delves into the experimental
results of the seismic performance, discussing insights
from design variables and their impact on response,
along with a sensitivity study from the statistical anal-
ysis; and Sect. 4 concludes the paper by providingmain
conclusions and future developments.

1.1 Seismic design of unitized curtain walls

Unitized curtain walls are non-structural components,
i.e., they are not considered part of the primary load-
bearing structure of a building.However, they should be
designed to properly transfer inertial loads to the main
structure and accommodate inter-storey drifts. This is
a non-trivial performance requirement in performance-
based earthquake engineering, because minimizing
damage to non-structural components and improving
their resilience is crucial for reducing post-earthquake
losses.
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Influence of design variables on seismic performance of unitized curtain walls 167

Fig. 1 a Water penetration test for post-earthquake serviceability assessment, conducted by Bianchi et al. (2022) (image by Simona
Bianchi); b 3D fragility functions derived by Ciurlanti et al. 2023 (reprinted under Attribution 4.0 International CC BY-NC 4.0 license)

A pivotal aspect of seismic design for unitized cur-
tain walls lies in the design of the connections between
the unitized curtain wall panels and the building struc-
ture. The impact of seismic action on non-structural
components, including their connections and attach-
ments, can be determined by applying seismic forces
as required by different international codes (Table 1).
Most of them provide calculation methods for both
horizontal—in-plane, out-of-plane—and vertical seis-
mic forces (ASCE 7-10 2010, JASS14 1996, NZS
1170.5 2004), enabling comprehensive design consid-
erations. Additionally, the glass panels of the unitized
curtain wall experience displacement caused by these
seismic forces, highlighting the importance of flexibil-
ity and movement capability in façade detailing. It is
crucial to design these facades to accommodate build-
ing movement without compromising their integrity,
with the out-of-plane behaviour particularly affected
by the inertia forces while the in-plane behaviour influ-
enced by displacement incompatibility. The façade per-
formance during earthquakes is influenced by the rel-
ative displacements within the main building struc-
ture. Therefore, existing standards provide formula-
tions or recommendations for displacements in design-
ing such components (Table 1). These are also accom-
panied by experimental testing to verify that the uni-
tized curtain wall system meets required seismic resis-
tance standards. For instance, widely used experi-
mental protocols are those outlined in the Ameri-
canArchitecturalManufacturers Association (AAMA)
standards (AAMA 501.4-09, 2009a, AAMA 501.6-09,

2009b)which requires static and dynamic racking tests.
The static racking test assesses the serviceability per-
formance of façade specimens, simulating statically
applied horizontal displacements. The dynamic rack-
ing test focuses on seismic safety by applying a dis-
placement history comprising sinusoidal motions with
progressively higher drift amplitudes, including ramp-
up and constant intervals, in order to determine the
dynamic drift that causes glass fallout from a glazed
curtain wall panel. Other guidelines, such as UNI EN
13830 (2022), only specify the application of racking
movement with a minimum of three cycles: movement
to one extreme position, to the other extreme position,
and returning to the original position. The maximum
horizontal movement that the facade can undergo with-
out compromising safety should be recorded. In con-
trast, the Japanese code (JASS14 1996) also provides
specific intensity levels (inter-story drift ratios) to con-
sider for the testing phase.

Focusing on bonding joints (SSG systems), the
design approach involves evaluating the adequacy of
joint thickness to accommodate displacement due to
seismic racking. In Europe, the ETAG002 (2012)
guideline (now superseded by the EAD 090010-00-
0404 2018) is considered, where the differential dis-
placement to be accommodated by the joint is deter-
mined by the shear modulus of the silicone for different
loading levels. ForAmericanmarkets followingASTM
C1401 (2009), specificmaximum elongation limits are
set for each performance level (drift ratios). The joint’s
global utilization level is thus assessed based on forces
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168 S. Bianchi et al.

Table 1 Seismic design criteria

Standard Calculation Parameters

Design force

European (EN 1998-1 2004) Fa � SaWaγa
qa

Fa� horizontal seismic force, applied to the
center of mass of the component in the
most unfavorable direction
Sa � seismic coefficient applied to the
component
Wa � component weight
γa � component importance factor
qa� component behavior factor

American (ASCE 7–10 2010) Fp,H � ± 0.4ap SDSWP
RP
IP

(
1 + 2 z

h

)

Fp,V � ±0.2SDSWP

Fp,H� horizontal seismic force

Fp,V � vertical seismic force
ap � component amplification factor
SDS � spectral response acceleration at
short period
WP � component weight
RP � component response modification
factor
IP � component importance factor
z � height of the point of attachement of
the component with respect to the
building base
h � average roof height of the structure
relative to the base

Japanese (JASS14 1996) Fp,H � WSS
Fp,V � WSP

Fp,H� horizontal seismic force, applied to
the center of mass of the component
Fp,V � vertical seismic force, applied to
the center of mass of the component
SS � seismic coefficient in the horizontal
direction
SP � seismic coefficient in the vertical
direction
W � component weight

New Zealand (NZS 1170.5
2004)

Fph � Cp(Tp)C ph RpWp ≤ 3.6Wp

Fpv � CpvCvd RpWp ≤ 2.5Wp

Cp(Tp)� horizontal design coefficient of
the component
Tp � period of the component

Cph � horizontal response factor

Cpv � vertical response factor

Cpd � vertical design action coefficient

Rp � part risk factor

Wp � component weight

Deformation limitations

European (EN 1998–1 2004) drν ≤ 0.005h dr� design inter-story drift
ν � reduction factor which takes into
account the lower return period of the
seismic action associated with the damage
limitation requirement
h � story height
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Table 1 (continued)

Standard Calculation Parameters

American (ASCE 7–10 2010) � f allout ≥ max
[
1.25IeDp; 13mm

]

No need to comply with this equation if:
(a) glass with sufficient clearance from its frame:

Dclear ≥ 1.25Dp

(b) fully tempered monolithic glass in specific
risk categories and located no more than
3mm above a walking surface

(c) annealed or heat-strengthened glass in single
thickness with interlayer no less than
0.76 mm that is captured mechanically in a
wall system glazing pocket and whose
perimeter is secured to the frame by a wet
glazed gunable curing elastomeric sealant
perimeter bead of min 13 mm bite

� f allout� seismic inter-story drift causing
glass fallout from frame, determined in
accordance with AAMA 501.6
Ie� importance factor of the building
Dp � differential displacement caused by
the earthquake

Japanese
(JASS14 1996)

Definition of three seismic levels to be
considered, with maximum inter-story drifts of:
H
300 ;

H
200 ;

H
100

H� inter-story height
Level 1: no damages to internal and
external components;
Level 2: after a seismic event, full
functionality of the façade ensured with
sealing repairing works admitted;
Level 3: neither the damage of the glass
pane nor the drop-out of any component is
allowed

New Zealand (NZS 1170.5
2004)

The facade connected to the primary structure on
more than one level, have to be designed to
sustain the actions resulting from the relative
deflections that occur for the limit state being
considered

–

and differential displacements, ensuring that the joint’s
deformation does not exceed the elongation limit. This
approach guarantees the joint’s effectiveness in bond-
ing and sealing the facade while withstanding forces,
such as seismic forces.

2 Parametric experimental study

A comprehensive experimental campaign was con-
ducted at the Permasteelisa Group laboratory in Vitto-
rio Veneto, Italy, to evaluate the seismic performance
of full-scale unitized curtain wall systems. The study
focused on various facade details designed following
the EN 1998-1 (2004) code (seismic force calcula-
tion), the UNI EN 13830 (2022) (testing protocol)
and JASS14 (1996) (deformation verification), includ-
ing dry vs. wet systems, joint dimensions and types
of glass and frames, through a series of experiments.
This section describes the various facade units tested,

the loading protocol considered and the performance
indicators monitored or derived analytically from the
experimental data.

2.1 Façade configurations

The properties of the façade specimens tested during
the experimental campaign are summarized in Table 2,
while the adopted connection detailing are presented in
Fig. 2.

Seven different facade systems (Types 1–7) under-
went testing, with variations primarily in dimensions
(glass, spandrel and joint). Type 1 configuration also
included an operable window in the unit, as depicted in
the sketch in Table 2. All configurations featured alu-
minum extruded profiles for the façade framing. Mul-
lions and transoms were connected via screwed con-
nections, while mullions of different units were linked
usingmale–female joints, incorporating thermal breaks
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Fig. 2 Connection detailing adopted for the façade configurations: a photo of Type 1; b connection of the unit to the upper seismic
beam; c connection of the unit to the bottom beam

and anti-buckling components. One facade system
(Type 2) employed a dry glazing (DG) configuration,
consisting of gaskets and mechanical restraints in the
connections, while the others had a SSG configuration.
DOWSIL™ 993 was uniformly used across all SSG
units, with variations in joint aspect ratio. Stack joints
along mullions and transoms provided proper clear-
ance to accommodate building movements. The frame
design aimed to withstand seismic movements, safe-
guarding silicone joints from damage (Design Case).
An angular steel plate was introduced in the align-
ment screw connection to prevent it from bearing on
the starter sill profile, thus avoiding horizontal slid-
ing of the bottom transom at lower drift levels. This
allowed for greater relative vertical movement capac-
ity of the bottom transom compared to the starter sill.
However, specific configurations (Type 4, 6, 7) featured
restrained bottom transoms, impeding partial rotation
and representing a worst-case scenario (Worst Case).

Connection to the main structure involved hooks,
brackets and adjusting bolts. The starter sill was con-
nected to the bottom transom using screwed alignment
blocks and shear keys. Each unit required two hooks for
upper anchorage, with one hook fixed using screws and
the other free to move horizontally. This arrangement

allowed units to adapt to differential building move-
ments, as well as construction tolerances. Vertical tol-
erancewas achieved through adjusting bolts, while hor-
izontal tolerance was ensured by the clearance between
the hook and steel plate.

2.2 Loading type

The seven facade specimens were tested in different
phases, each with specific objectives and experimen-
tal protocols tailored accordingly. For Type 1 and 2,
the focus was on typical code-compliant procedures,
assessing post-earthquake serviceability for air tight-
ness and water penetration. Types 3–7 were instead
subjected to both dynamic andmonotonic (quasi-static)
seismic loading to study the façade failure modes.

As indicated in Table 3, the following loading types
were considered during the experiments:

• Cyclic Tests: According to JASS14 (1996) and UNI
EN 13830 (2022), cyclic loading was considered at
different drift intensity levels. To have a more com-
prehensive performance assessment, seismic dis-
placements were applied separately in all directions
(x horizontal and y vertical in-plane, z horizontal out-
of-plane). Focusing on the x direction, these involved
10 cycles at ± 12 mm displacements (0.36% drift,
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considering the inter-storey height of the steel struc-
tural frame equal to 3360 mm) with a signal fre-
quency of 0.24 Hz, and 10 cycles at ± 24 mm dis-
placements (0.71% drift) with a signal frequency
range of 0.24–0.45 Hz.

• Crescendo Tests: Following AAMA 501.6 (2001)
standard, these tests involved a gradual increase in
loading amplitude, reachingmaximumdisplacement
determined by the test facility’s capacity, with fre-
quencies adjusted accordingly (0.4 and 0.8 Hz).

• Earthquake Records: Far-field (Friuli 1976, Umbria-
Marche 1997) and near-fault (Christchurch 2011)
earthquake records were simulated through inter-
story drift time series generated bynon-linear numer-
ical analysis on a multi-story reinforced concrete
building (Bianchi et al. 2020). These records were
scaled to achieve maximum drift amplitudes of
24mmand36mmand tested in themain x-horizontal
direction, as well as considering xy-combined hori-
zontal and vertical motion (synchronized horizontal-
vertical movement).

• Monotonic Tests: This test simulates a so-called
pushover analysis, typically used in numerical
simulation for defining the capacity of a build-
ing/component to horizontal loading. Horizontal in-
plane tests were conducted until reaching a maxi-
mumdisplacement of 200–220mm,due to the capac-
ity of the testing facility. After each loading step
(every 50 mm), testing was temporarily halted for
visual inspection of the façade and, particularly, the
silicone joint.

2.3 Performance indicators

The experiments comprised a total of 140 tests. Speci-
mens were mounted on a two-story steel support struc-
ture with a central seismic beam capable of horizontal
in-plane displacements of maximum± 75mm and ver-
tical displacements of maximum ± 50 mm, through a
hydraulic actuator integrated with a digital controller
(Bianchi et al. 2022). A comprehensive instrumenta-
tion layout was devised for each configuration to cap-
ture both in-plane and out-of-plane movements (e.g.,
Fig. 3a).

This setup included more than 30 displacement sen-
sors, such as potentiometers and linear transducerswith
strokes of 50mm, 100mm, and 200mm, to capture dis-
placements of glass panels and framing systems. Draw

wires and laser sensors tracked frame elongations and
seismic beam movements, while accelerometers mea-
sured accelerations on glass and brackets. Strain gauges
(excluding Types 1–2) recorded strains on the glass and
frame system. In addition to video recordings, cameras
captured multiple scans and acquired repeated point
clouds in specific locations on glass and silicone to be
used for Digital Image Correlation.

The following quantitative performance indicators
were obtained from sensor data:

• Direct measurements of horizontal and vertical dis-
placements at the corners of the glass, along with
accelerations at the center of the panels and strains
on the internal glass near the setting blocks. The dis-
placements were used to quantify the rotation of the
glass panel during seismic movements.

• Direct measurements of horizontal and vertical dis-
placements at the corners of the internal frame, along
with strains at one bottom corner on both the tran-
som andmullion, and diagonal or corner elongations
through draw wires for selected units. The recorded
displacements enabled the assessment of the rota-
tion, distortion and diagonal elongation of the frame
during seismic movements (Fig. 3b).

• Direct measurements of horizontal and vertical dis-
placements at the hook-bracket connection, as well
as accelerations and strain values for configurations
Type 4–7.

• Direct measurements of the horizontal displace-
ment of the seismic beam to be used for checking
the applied drift amplitude (and related drift ratio)
according to the testing protocol.

These performance indicators are herein used for
conducting a statistical analysis, deriving conclusions
and analysing trends across different units to assess the
effects of the design variables on the façade seismic
performance.

3 Research results

3.1 Statistical analysis of data

The experimental data provide a comprehensive under-
standing into how the facade responds to seismic load-
ing. When the units are subject to in-plane horizon-
tal seismic movements driven by drift amplitudes, a
racking motion is triggered characterized by the rigid
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Fig. 3 a Example of instrumentation layout for Type 4 (frame and glass only), tested in combination with Type 5 in the x-horizontal
direction; b Derived performance indicators for the unit; c seismic façade response

translation and rotation of the whole façade unit. The
vertical stack joint along the transoms accommodates
the resulting upward and downward differential seis-
mic movements. As the frame begins to deform at
higher drift levels, the unit leans to a rhomboidal shape
(Fig. 3c), raising the risk of contact between a corner of
the glass and the aluminium frame, and stress is intro-
duced into the SSG-joints due to the inter-story drift.

Focusing on this behaviour, a statistical analysis
of the experimental results, including means, standard
deviations and coefficients of variation for each inten-
sity level (drift amplitude level), was conducted to
understand the variability of seismic demand (displace-
ment) on the non-structural component. The assess-
ment covered only the SSG units, as the statistical anal-
ysis could not be conducted for the dry glazed system
(Type 2) due to an insufficient number of tests at each
shaking level (less than three). Tables 4 and 5 summa-
rize the results (mean values and Coefficient of Varia-
tion—CoV, representing the ratio of the standard devia-
tion to the mean value—of the maximum recorded val-
ues during the tests) for all SSG facade units for Level 1
(24mmdrift amplitude). These tables present statistical
data in terms of displacements at the top/bottomcorners
of both glass and frame, along with the corresponding
rotations, distortions and diagonal elongations. Greater

dispersion in data for each specimen is observed in
the vertical displacement recordings, where the CoV
exceeds 1, partly due to the measurements being in the
order of millimeters. In contrast, the lower dispersion
in the horizontal displacement recordings for Types 1
and 3 is attributed to the reduced number of data points
available compared to the other façade specimens. Sim-
ilarly, these results can be compared with data at higher
intensity levels (Level 2, 36mm drift amplitude) for
cases Type 4–7, as this intensity value was not initially
considered in the test phase involving Types 1 and 3.

Comparing and further analyzing the data through
regression analysis provides insights into how design
parameters influence the results (Fig. 4). It is evident
that the rotation of the glass increases with the glass
aspect ratio, showing around a 20% increase, with high
dispersion values at both lower (Level 1, 0.71% drift
ratio) and higher intensity levels (Level 2, 1.00% drift
ratio) (Fig. 5a, b). Conversely, the rotation decreases
with the silicone aspect ratio, with a decrease of around
30% particularly prominent when moving from 1.00
aspect ratio to 2.22 aspect ratio (Fig. 5c, d), while
the glass rotation is not impacted in between 2.22 and
3.00 silicone aspect ratio. When comparing rotations
within the unit (Tables 2–3), it can be observed that
the glass rotates less than the frame by approximately
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Table 4 Demand
parameters on the glass
(e.g., horizontal-x loading,
24mm)

SSG
Façade

Type of
value

Horizontal
displ.—top
(mm)

Horizontal
displ.—bottom
(mm)

Vertical
displ.—bottom
(mm)

Rotation
(°)

Type 1 mean 23.11 4.23 3.90 0.30

CoV 0.07 0.66 1.09 0.06

Type 3 mean 24.15 6.11 2.49 0.33

CoV 0.13 0.59 1.30 0.32

Type 4 mean 12.39 5.64 6.22 0.13

CoV 0.30 0.25 1.22 0.35

Type 5 mean 15.52 6.11 3.34 0.16

CoV 0.31 0.25 1.18 0.28

Type 6 mean 12.30 3.35 2.29 0.14

CoV 0.41 0.12 0.41 0.53

Type 7 mean 17.93 3.84 0.74 0.21

CoV 0.20 0.20 0.45 0.23

20–35%, except for Type 1 where the high unit aspect
ratio (2.71) seems to lead to a higher rocking motion
of the glass on its setting blocks. The relative displace-
ments between the two components remain within the
glass/frame internal gap dimensions (8mm).

Analyzing the CoV derived from normal distribu-
tions of the data, validated through a Kolmogorov–S-
mirnov (KS) test for some samples, CoV values in the
range of 0.2–0.5 are found for different façade types,
indicating moderate to high variability. The coefficient
of variation is a statistical measure of the relative dis-
persion of data points around the mean, and it is crucial
in sensitivity analysis to identify parameters with the
most significant impact on the output. In this case, the
impact of the silicone aspect ratio appears to be higher
than that of glass dimensions.

Focusing on the frame responses, the results indi-
cate that values (Table 5) exhibit less dispersion
when comparing different facade types. Higher rota-
tion/distortion and diagonal elongation are associated
with larger panels having a 1.35 aspect ratio. Figure 5
shows that there is no clear trend for the frame rotation
and distortion, with both slightly increasing or decreas-
ing, with a large dispersion in the outcomes. This vari-
ability persists evenwhen considering the same loading
type (e.g., only time-history analysis), especially for
distortion,where the intensity of variation is very small.
In contrast, a linear trend is evident for the elongation
value, highlighting a decrease of around 40%) with the

increase in unit aspect ratio. Examining theCoV, values
fall in the range of 0.3–0.5 for rotation, 0.7–0.9 for dis-
tortion and 0.6–0.7 for elongation, indicating high rel-
ative variability. For distortion and elongation values,
this indicates that the standard deviation is relatively
large compared to the mean, implying a wide disper-
sion of data points relative to the mean. Therefore, the
variation of unit dimensions significantly affects these
parameters.

When analyzing the strain gauge recordings, a simi-
lar statistical analysis can be conducted to assess strain
values. However, this analysis could only be performed
for certain units, primarily in the last experimental
phase (Type 4–7), where strains where recorded at
specific locations. By assuming reference strength val-
ues of 40 MPa, 160 MPa and 355 MPa for the glass,
aluminum frame and steel brackets, respectively, uti-
lization factors were derived by converting strains (ε,
recorded from strain gauges) into stresses (σ � E • ε,
with E Young’s modulus of glass/frame at 70 GPa and
steel at 210 GPa). For the two drift intensities used for
comparison across units (24 mm, 3 6mm), the results
indicated that both the glass and frame had utilization
factors of less than 10%, with higher values observed
for configurations (Worst Case) with limited displace-
ment capacities of the frame. Utilization factors for
the bracket system reached maximum values of 26%,
indicating higher sensitivity to peak seismic force and
acceleration values.
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Fig. 4 Variation of glass rotation for two intensity levels (Level 1: 24 mm, Level 2: 36 mm): regression curves (red plots) and probability
density functions when varying aspect ratio (AR) of glass (a, c) and silicone (b, d)

While statistical data were not available for all units,
analysis of results from monotonic and dynamic tests
at high levels provide insights into damage conditions
within the façade systems. It was observed that the
behavior of the frame system (Design vs. Worst Case)
significantly influenced the outcomes. As discussed in
Bianchi et al. (2024), when the frame was designed to
withstand higher drift amplitudes, allowing necessary
vertical movements during seismic shaking, failure pri-
marily resulted fromdislodgment of the façade from the
bracket connections (Type 3). In contrast, limited dis-
placement capacity of the frame, as simulated by fixing
the bottom transom in certain configurations (Type 4, 6,
7), led to higher stress on the silicone andpotential dam-
age. Upon cracking, the façade maintained its integrity

and withstood additional shaking before reaching fail-
ure due to glass detachment at higher drift ratios. How-
ever, these drift values significantly exceed the code-
compliant drift values typically used to evaluate the
safety of facades, which typically range around 1.00%
according to the experimental procedure outlined in
JASS14 (1996). Additionally, it is important to high-
light that while the silicone joints failed, it did not lead
to a catastrophic failure of the unit, suggesting that over-
all safety was not compromised.

The utilization factors at failure for all analyzed
specimens (Table 6) show that the glass utilization fac-
tors increase with reduced silicone aspect ratio, indi-
cating a higher probability of glass fracture, though
the maximum recorded value was around 72%. Sim-
ilarly, the frame’s utilization values decreases with
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Fig. 5 Variation of frame response for two intensity levels (Level 1: 24 mm, Level 2: 36 mm): regression curves (red plots) and
probability density functions for rotation (a, d), distortion (b, d) and elongation (c, f) when varying aspect ratio (AR) of façade unit

the increase of silicone aspect ratio. The lowest sil-
icone aspect ratio (1.00) also indicated a potential
shift in hierarchy of failure mechanisms, with the
frame exhibiting lower utilization than the glass. The
observed silicone failure occurred at the same drift
level for configurations subjected tomonotonic loading
(with silicone aspect ratios of 2.22 and 1.00). However,
in the case of Type 6 (with a silicone aspect ratio of
3.00), failure occurred at a lower drift level (2.9%) due
to the application of a time history with a maximum
amplitude of 100mm. This underscores the potential
significant influence of dynamic effects on these dam-
age states.

3.2 Further investigations

This section presents an overview of other find-
ings derived from the data analysis, focusing on the
behaviour of the facade in different seismic directions

(out-of-plane OOP horizontal and in-plane IP vertical),
the comparisonbetweendry andwet configurations and
the influence of loading type.

Experiments conducted on Types 1–3 allow for a
direct comparison of façade response in all orthog-
onal (x, y, z) directions. Vertical motion (y) induces
distortion in the unit, leading to higher elongation
and distortion of the frame compared to other loading
types (Table 7). For instance, elongations up to 20mm
are observed under a 12 mm vertical load, which is
5–6 times higher than those resulting from horizontal
loading, despite vertical loading having approximately
half the maximum intensity of horizontal inputs. Dis-
tortion is particularly pronounced, with frame corner
increments exceeding one degree, representing a 7–8
times increase compared to in-plane horizontal motion.
Regarding the OOP drift, this is accommodated by the
unit rotation at the hinge connections of the brackets,
with no displacement imposed to the SSG-joints by
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Table 6 Utilization factors on glass and frame at failure

Silicone aspect
ratio

Frame
type

Observed damage Drift ratio
(%)

Glass utilization
factor (%)

Frame
utilization
factor (%)

3.13 Design
case

Dislodgement of
the façade unit
from the upper
bracket

5.2 2.82 4.24

3.00 Worst
case

Silicone failure 2.9 10.06 13.19

Permanent
deformation of
frame

6.7 26.48 30.82

2.22 Worst
case

Silicone failure 3.8 24.96 –

Detachment of
glass

5.9 50.13 –

1.00 Worst
case

Silicone failure 3.9 71.93 40.51
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Table 7 Performance indicators for different loading conditions for Type1 unit

Loading type IP glass
rotation (°)

OOP glass
rotation (°)

IP frame
rotation (°)

OOP frame
rotation (°)

Frame distortion
(°)

Frame diagonal
elongation (mm)

IP horizontal (x)
12 mm

0.168 0.044 0.136 0.028 90.045 1.587

OOP horizontal (z)
12 mm

0.023 0.331 0.029 0.236 90.081 1.779

IP vertical (y)
6 mm

0.030 0.030 0.061 0.045 90.418 9.280

IP horizontal (x)
24 mm

0.279 0.027 0.279 0.052 90.144 4.415

OOP horizontal (z)
24 mm

0.018 0.635 0.024 0.514 90.449 6.607

IP vertical (y)
12 mm

0.067 0.020 0.127 0.027 91.112 21.743

such movement. Rotation values for both glass and
frame are 2 times higher than those observed during
IP loading, with glass rotation surpassing that of the
frame due to a higher rocking behaviour of the glass
panels on setting blocks.

The obtained results also provide insights into the
behaviour of dry vs. wet facade units, specifically con-
sidering Types 2 and 3, which share the same dimen-
sions. Type 3 was indeed designed to replicate an SSG
configuration equivalent toType 2. In general, SSG sys-
tems typically exhibit superior performance compared
to other glazing systems. Fragility data collected from
experimental testing supports this statement, as they
show that SSG solutions can withstand higher seismic
demands before reaching the same level of damage as
dry glazed systems (Memari et al. 2011; O’Brien et al.
2012). One key advantage of SSG systems lies in their
ability to minimize glass-to-metal contact during lat-
eral displacements. Moreover, SSG systems, particu-
larly when using laminated glass, can retain broken
glass and maintain structural joint integrity.

Analysing the sensor data and further elaborations
on rotations, distortions and elongations reveal that the
SSG unit exhibits higher rotation compared to the dry
unit (Fig. 6). This can be attributed to the flexible sil-
icone joints in SSG systems and different distribution
of seismic forces within the system, which allow for
greater movement compared to the more rigid connec-
tions typically found in dry glazed systems, such as
mechanical fixings such as gaskets or pressure plates.
The flexibility in SSG connections results in increased

distortion and diagonal elongation of the frame, which
could lead to permanent deformations at higher levels
of displacement.

When comparing results from different dynamic
loading types (Crescendo vs. Time-history), it is found
that themaximum recorded displacement values across
various sensors remain consistent at different intensity
levels. For instance, in Fig. 7a, horizontal displace-
ments on the glass for Type 4 façade exhibit similar
values, with combined xy displacements higher than
single x inputs, especially in the vertical direction. The
primary distinction in dynamic inputs is observed in
the time history responses when analyzing the three
signals (Fig. 7b). This is due to the different proper-
ties of the seismic records, with the near-field earth-
quake (Christchurch) characterized by higher accel-
eration and limited frequencies compared to far-field
earthquakes (Friuli andUmbria-Marche) which exhibit
higher frequencies. This difference in frequencies is
evident in the Fourier transform, which illustrates the
frequency content of the signals experienced on the
seismic beam during testing. Across all different earth-
quakes, the maximum amplitude is observed between
0.75 and 1.5 Hz. However, to investigate the record-
to-record variability and its impact on the façade sys-
tem, additional studies on a larger number of signals
are needed (Mattei and Bedon 2021). This could be
achieved through properly calibrated numerical mod-
eling of the tested specimens.

123



182 S. Bianchi et al.

Fig. 6 Response of dry vs. wet configurations during the cycling loading condition (12 mm; 24 mm or 36 mm)

Fig. 7 a Comparison of recorded glass horizontal displacements (mean values) for the different types of loading at both intensity levels.
b Fourier transform of the different earthquakes

4 Conclusions

This paper presented the key findings from an extensive
experimental campaign, conducted at thePermasteelisa
laboratory, to study the seismic response of unitized
glazed curtain walls. Considering both quasi-static and
dynamic loading conditions, different design variations
were tested, including variations in unit, glass and joint
aspect ratios, and framing systems with limited to high
displacement capacities. This study has focused on a
statistical analysis to quantify parameters such as glass
and unit rotations, frame elongations and distortions,
and utilization factors across different intensity levels.
This analysis offers insights into the behaviour of the
tested unitized curtainwalls,whichmaybe summarised
as follows:

• Glass rotation increases with its aspect ratio and
decreases with increasing silicone aspect ratio. The

glass rotates less than the frame except for cases
with high unit aspect ratios, displaying moderate to
high variability in response across different façade
types. Silicone aspect ratio has a higher influence
on performance than glass dimensions. Variations in
unit dimensions significantly affect rotations, elon-
gations and distortions of frame.

• Strain gauge analysis reveals low utilization fac-
tors for glass and frame. Failure mechanisms vary
between designs, with dislodgment of the facade
from bracket connections observed in configurations
designed for higher drift amplitudes. Silicone fail-
ure may be the dominating damage mechanisms in
designs having limited frame displacement capac-
ity, however at drift levels (3% or higher) which are
above standard requirements. Utilization factors at
failure highlight the influence of silicone aspect ratio
on glass and silicone behaviour,with dynamic effects
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potentially affecting failure thresholds. Specifically,
time history loading resulted in the same damage
condition, i.e., silicone failure, occurring at a lower
drift ratio (2.9%, still high compared to standard
requirements) than monotonic loading for a façade
with a higher silicone aspect ratio (3.00 vs. 1.00).

• Vertical movement induces significant distortion in
the unit, resulting in notably higher elongation and
distortion of the frame compared to other loading
types. Out-of-plane drift is accommodated by unit
rotation at hinge connections of the brackets, with
glass and frame rotation values twice as high than
those observed during in-plane loading.

• SSG units demonstrate higher rotation compared to
dry units due to the presence of flexible silicone
joints. The silicone joints in SSG systems therefore
allow for greater deformations without affecting the
glass, but this leads to higher distortion and diago-
nal elongation of the frame at higher displacement
values.

• Recorded displacement values across various sen-
sors remain consistent at different intensity lev-
els when comparing results from different dynamic
loading (Crescendo vs. Time-history).

• Fourier transform analysis highlights differences in
response due to the dissimilar frequency character-
istics between near-field and far-field earthquakes,
which might differently affect the dynamic response
of façades.

While this study offers preliminary insights into
the correlations between façade response and design
parameters, further investigations should be conducted.
It is essential to compare these findings against design
criteria provided by standards. Moreover, there is
a need for detailed analysis of accelerations/forces,
which were not covered in this paper, when compared
to code-compliant floor response spectra. Additionally,
deeper analyses are necessary to understand the com-
bined effects of vertical-horizontal loading and derive
the natural vibration period of the façade units. Uti-
lizing time series analysis techniques can provide a
more comprehensive understanding by analysing data
collected over time and predicting responses. Further-
more, incorporating more data from measurements
obtained through Digital Image Correlation would
enhance the robustness of the findings in terms of strain
and utilization values for the glass, including new data
for the silicone itself. The proposed studies represent

avenues for future research, which can refine this initial
assessment and offer deeper insights into how design
decisions influence facade responses.
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