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ARTICLE INFO ABSTRACT

Keywords: Facades represent complex and vulnerable components for buildings, due to the intrinsic fragility and brittleness
Glass Curtain Walls (GCWs) of glass, and require specific design and calculation tools, both for ordinary and extreme design loads. In this
Earthquakes

context, the availability of consolidated and strategic modelling strategies is of utmost importance for structural
safety considerations and optimal decisions. In this paper, the attention is focused on the assessment of different
modelling strategies for the global and local behaviour analysis of Glass Curtain Walls (GCWs) under in-plane
seismic loads. Benefits and limitations are discussed for a more refined (but expensive, “MREF”) and a simpli-
fied (and computationally efficient, but weak in capturing local phenomena, “MSIMP”) model assemblies
developed in ABAQUS and SAP2000, respectively. Careful consideration is given for typical mechanisms, local
responses, key performance indicators for the facade components (i.e., stress and deformation peaks) for a
reference GCW under monotonic and cyclic loads, as well as for major effects due to general input parameters (i.
e., contact mechanisms, clearance, friction, bare frame features, secondary components, etc.), based on a
parametric sensitivity investigation. The parametric comparative results are critically discussed, with the support
of an experimental prototype test from literature, and the most influencing parameters are emphasized, to

Finite Element (FE) numerical modelling
Monotonic response

Cyclic response

Global and local mechanisms

improve and facilitate the development of further design and modelling optimization strategies.

1. Introduction

Glass Curtain Walls (GCWs) are a typical component of modern
buildings, providing them a sleek and modern aesthetic. Besides, glass
facades are also a well-known criticality for buildings, and require
specific design strategies under ordinary and extreme loads. The main
reason is represented by the brittle behaviour of glass, which makes
these “non-structural” composite systems highly susceptible to damage,
and thus a potential hazard for customers life.

According to EN 13830 [1], GCWs consist of vertical and horizontal
structural frame elements, usually made of aluminium, connected
together and anchored to the load-bearing structure of the building at
the floor levels. The light load-bearing framework supports pre-
fabricated infill glass panels, used to form a continuous envelope which
guarantees all the basic functions of an external wall. The system can
consist of components assembled on site (i.e., stick system) or of
pre-assembled interconnected modules (i.e., unitized system). Typically,
GCWs are not expected to offer the load-bearing characteristics of the
primary building structure, and therefore they are usually classified as
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“non-structural” elements. Despite this secondary role, however, the
behaviour of GCWs subjected to seismic action represents a major
threat, since a possible failure is associated to serious risks for occupants
and to a major source of economic loss.

In this regard, several surveys conducted after natural earthquakes,
as well as extensive laboratory experimental campaigns, highlighted the
high vulnerability and susceptibility of CGWs to major damage
following large inter-story drifts, even in those buildings that have suf-
fered minimal damage in structural members [2]. This damage is
generally due to an intrinsic incompatibility between the deformation of
the primary structure and the facade components. As such, there is a
major need to develop analysis strategies and technological solutions
that are able to optimise the capability of GCWs to satisfy such a huge
displacement demand caused by seismic actions.

So far, several research efforts can be found in literature in support of
a detailed understanding and/or optimisation of facade mechanisms
under earthquakes. Lee et al. [3] numerically addressed the seismic
response of curtain walls equipped with displacement control fasteners.
The concept is similar to [4], where special control devices were
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proposed and numerically / analytically addressed for the performance
improvement of curtain walls under seismic events. In parallel, full-scale
experimental investigations on typical GCW prototypes subjected to
in-plane seismic actions were extensively discussed in [5-8], with
careful attention for the effect of specific structural features and details
under both moderate and severe earthquakes. The parametric experi-
mental investigation reported in [9] for seven different GCW units
highlighted the possible failure mechanisms and their sensitivity to
design parameters, by considering possible variations in key dimensions
and features of components (glass, spandrels and joints). An extensive
review on seismic demands and experimental observations was pro-
posed in [10], while considerations and results for fragility curves of
curtain walls under seismic events have been elaborated in [11,12]. To
support the elaboration of optimal design and seismic vulnerability
assessment procedures for GCWs under earthquakes, simple analytical
and numerical methods have been also proposed in [13-16].

Actually, the in-plane seismic response of a conventional GCW is in
fact a well-known complex mechanism, which involves a combination of
geometrical and mechanical features, the multiple interaction of pri-
mary and secondary components composed of different materials, the
possible propagation of damage mechanisms in materials and
components.

According to literature, more in detail, the effect of an imposed inter-
story drift on a glass facade can be approximately schematised as shown
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in Fig. 1, where the deformation of a glass panel within the metal frame
is described in three different stages [17,18]:

1. following the in-plane lateral load application / inter-story drift, the
glass pane translates rigidly until it makes contact with the frame;

2. the lateral deformation of the frame causes the closure of the glass-
frame clearance at two opposite glass corners, and consequently
the panel starts rotating;

3. the panel rotates until the two glass corners make contact with those
of the surrounding frame.

In the last stage, due to its interaction with the frame, the glass panel
acts like a diagonal strut. This final configuration may result in either a
compressive crushing failure of glass, or in the falling out of the intact
glass panel, due to the progressive loss of supports along the edges.

Currently, from a practical point of view, the available standards do
not provide specific guidelines for the evaluation and optimisation of the
behaviour of glass facades subject to seismic action. In this regard, two
different strategies are generally proposed: the first involves limiting
inter-storey drifts [18], while the second aims to provide adequate gaps
between glass and frame components, in order to absorb the relative
displacements [19]. Therefore, the seismic performance of a facade
prototype should be necessarily assessed only through experimental
tests on full-scale samples, e.g. according to recommendations provided
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Fig. 1. Typical response of a glass panel under in-plane seismic action [17,18].
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by the American Architectural Manufacturers Association (AAMA
501.4-00 [20] and AAMA 501.6-01 [21]). On the other side, the po-
tential and efficiency of FE numerical tools and simulations to minimise
the need of complex full-scale experiments is increasingly confirmed and
supported by successful applications for the virtual analysis of curtain
walls under seismic test protocols [22-26]. In any case, engineering
knowledge on the governing parameters and phenomena is still needed
for these vulnerable systems.

For this reason, the present study aims to investigate the seismic
behaviour of stick systems, to improve the technical knowledge of these
systems and assist the development of a reliable modelling strategy that
could help minimizing the use of experimental tests. To this aim, a glass
facade prototype selected from literature is taken into account, and
briefly presented in Section 2. Two different modelling strategies —
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characterised by variations in geometric accuracy and computational
efficiency — are described in Section 3 for the in-plane seismic perfor-
mance assessment of the facade. Sections 4 and 5 present a comparison
between the collected numerical results and the reference literature
experimental data, and a sensitivity parametric analysis to assess the
global response of the system under monotonic or cyclic quasi-static in-
plane lateral displacements. The latter, in particular, is carried out to
identify possible limitations of simplified modelling approaches for the
prediction of such a complex mechanical response and interaction of
multiple components, which is of utmost importance especially for
structural safety purposes under extreme loads. In parallel, the sensi-
tivity study is an efficient way to evaluate and quantify the effect of
typical input parameters on the global response (both monotonic and
cyclic) of similar glass facades, in order to define a robust modelling
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Fig. 2. Reference experimental test [27]: (a) front-view of the GCW, (b) glass-to-mullion and (c) glass-to-transom details (dimensions in mm).
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procedure of general validity. Finally, a further comparison of the two
numerical assemblies is conducted in Section P6 in terms of local per-
formance assessment, with a specific attention to local effects in glass.

2. Case-study GCW

For the present numerical investigation, the typical stick system and
the experimental setup presented in [27] was taken into account as a
reference. The facade, which is 7.80 m high and 5.38 m wide (Fig. 2(a)),
is characterised by a supporting aluminium frame composed of five
mullions and twenty transoms, that are mutually connected by U-shaped
steel joints.

The glass panels, 1300 mm wide x 1900 mm high, consist of Insu-
lating Glass Units (IGUs) with 44.2/16/44.2 resisting section, in which
two laminated layers (composed of two annealed glass panels (4 mm
thick) and bonded by means of a polymeric interlayer (two PVB foils
with a thickness of 0.38 mm each)) are spaced by a 16 mm cavity. The
clearance between the frame and IGUs is 6 mm (Fig. 2(b)). Each IGU is
then held in position by means of aluminium pressure plates that are
screwed to the frame (Fig. 2(c)). Furthermore, each IGU is supported by
two elements that are placed at the ends of transoms, consisting of an
aluminium plate (setting blocks) with a layer of plastic material (rubber
pads) on top (see Fig. 2(c)).

For the experimental investigation presented in [27], the mullions of
the aluminium frame were fixed to the test facility at three different
levels, spaced 3.4 m from each other (Fig. 2(a)). This choice was
implemented in the experimental setup in order to simulate the effect of
a typical inter-story height, as for the facade system rigidly connected to
a building and subjected to in-plane seismic actions. The typical facade
prototype from [27] was then subjected to a series of eleven in-plane
cyclic and dynamic tests, carried out under displacement control.

For the purpose of the present numerical study, only the test “VI”
from the series in [27] was taken into account. It consisted in a
quasi-static sequence of increasing ramps of horizontal displacement,
that were applied to the intermediate movable beam of the test facility
(i.e., the 2nd level of connection to the in Fig. 2(a)), with a constant
velocity of 1 mm/s. The imposed displacement time-history for the in-
termediate beam, which reached a maximum of 45 mm (corresponding
to approximately =1/175 of the facade height), is plotted in Fig. 3.
Finally, it is worth noting that glass breakage was not reported in [27]
for the selected test.

3. Finite element numerical analysis

Currently, the reference approach to assess the behaviour of a facade
subject to seismic action consists in experimental tests on full-scale
samples and prototypes like in [27]. This approach — whilst necessary
for structural safety purposes — is clearly expensive and time consuming.
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Fig. 3. Imposed horizontal displacement time-history for the reference exper-
imental test [27].
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Therefore, it is often preferable to develop a reliable FE numerical
strategy to support designers and manufacturers in the optimal detailing
and realisation of such systems. On one side, the numerical accuracy is
particularly critical, to capture the mechanical interaction of primary
and secondary components for a general GCW. On the other side, the
need of high computational efficiency suggests major simplifications in
the model assembly, which could introduce possible unfavourable
mechanisms or lose critical phenomena that are needed for structural
safety purposes.

For this reason, two different approaches are discussed in this study
to predict the in-plane seismic performance of a stick system. The two
strategies differ in terms of geometric accuracy and computational ef-
ficiency, with the aim of identifying possible limitations and under-
standing the degree of approximation of simplified approaches
compared to more refined ones. First, a highly refined model is pre-
sented in Section p3.1.

3.1. Refined model in ABAQUS

A refined micro-model (MREF) of the tested facade was first devel-
oped in ABAQUS/Standard [28]. It consisted of three-dimensional solid
brick elements (C3D8R type), that were used to accurately reproduce the
geometry and interaction of each facade component.

Given the high computational cost required by such an adopted
modelling strategy, only 1/4th of the experimental prototype was taken
into account for the purpose of the present study, with appropriate
boundary conditions to consider the remaining portion of the facade.

More in detail, see Fig. 4(a), the maximum dimension of MREF as-
sembly was determined as 2 x 2 IGUs in width and height, which
resulted in 3.9 m high mullions. The 2nd and 3rd level connections to
the test machine were numerically reproduced in the form of equivalent
nodal restraints. At the same time, a symmetry axis condition — with Uy,
=0, URy = 0 and UR, = 0 — was applied at the top section of mullions.

It should be clarified that such an assumption represents a robust
approximation that well reproduces the in-plane lateral mechanical
response of the investigated facade system, when subjected to the
examined setup only, as the horizontally moving beam is located at
+ 3.4 m rather than at the top mullion section (+3.9 m). This simplifi-
cation, in particular, was adopted as a trade-off between simplicity and
efficiency of modelling, and accuracy of results. To this aim, the sym-
metry condition strategy as in Fig. 4(a) was properly validated by pre-
liminary simulations carried out on a full-height MREF assembly of the
same facade system (i.e., with 2 IGUs in width x 4 in height). The
preliminary comparative analysis of the measured in-plane lateral dis-
placements of mullions (at their +3.9 m control section) was quantified
in less than 6 % scatter up to the maximum imposed deformation of the
system (i.e., 45 mm at the 2nd level connection, in accordance with
Fig. 3). For this reason, the 1/4th MREF assembly was used as a refer-
ence for further global and local analyses.

Its primary advantage is that in the modelling phase a particular
attention was paid also to the description of the various facade com-
ponents, including the accurate reproduction of IGUs [29,30], as well as
to the possible mechanical interactions under the imposed in-plane
lateral displacements. In order to facilitate the numerical description
and assembly of facade components, and their reciprocal interactions,
the geometry of basic elements was only slightly simplified, as it can be
seen from the details in Fig. 4(b) and (c).

Regarding the possible mechanical interactions of the facade com-
ponents under external loads, surface-to-surface contact properties with
penalty and hard contact options were defined along all interfaces of IGUs
and rubber pads. The penalty friction formulation of ABAQUS library is
based on the Coulomb’s law, and therefore requires the definition of a
friction coefficient. As known, this parameter is influenced by many
variables and thus its quantification is quite complicated and uncertain.
For the present investigation, the friction coefficients shown in Table 1
were iteratively calibrated to obtain the best agreement and fit with the
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Fig. 4. Refined numerical model in ABAQUS (MREF): (a) 3D-view, (b) glass-to-mullion and (c) glass-to-transom details.
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Table 1
Friction coefficients for the refined FE model (MREF).

Surface materials (GCW component) Friction coefficient

Glass (IGU) Aluminium (Frame) 0.20
Glass (IGU) EPDM (Gasket) 0.23
Glass (IGU) PVB (Rubber pad) 0.20
PVB (Rubber pad) Aluminium (Setting block) 0.23

reference experimental results.

In relation to the interaction between IGUs and gaskets, it is worth
noting that the contact pressure required by the friction formulation was
reproduced by applying a —0.6 mm thermal distortion to the screw
lengths. For the remaining mechanical interactions, such as frame-
gasket and screw-pressure plate, a set of Tie constraints was finally
used (i.e., null relative displacements and rotations).

The mesh size was defined to avoid distortion of the facade elements,
especially the more flexible components affected by severe local de-
formations under the applied load, with a minimum edge size of 0.3 mm
(2.9 mm the average). Such a need resulted in a highly expensive FE
assembly. The MREF numerical model corresponding to 1/4th of the
facade consisted in fact of about 431,000 solid brick elements and
1510,000 degrees of freedom. Such an approach was chosen to inves-
tigate in detail the multitude of possible interactions between compo-
nents, as well as to assess the role of each component on the global
response of the facade.

Regarding the solving approach, based on the experimental protocol
described in [27], a dynamic implicit analysis in displacement control
was performed. Given the high computational cost of the MREF analysis,
the imposed displacement was applied monotonically with the same
strain rate of the literature test, until a maximum value of 45 mm
(Fig. 3).

3.2. Simplified model in SAP2000

A geometrically simplified and computationally efficient numerical
macro-model (MSIMP) - inspired by the modelling strategy discussed in
[24] — was also implemented in SAP2000 [31] for the same facade. The
model consisted of generic 1D beam elements with nominal section
properties, to accurately represent the geometric and mechanical
properties of mullions and transoms of the aluminium frame (Fig. 5(a)).
According to [27], the latter was assumed to be hinged at both ends.
Monolithic 2D shell elements were employed to describe the reference
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IGUs (with some major simplifications compared to accurate models
[29,30]), and their total thickness was set to correspond to the sum of
glass layers only (thus disregarding the cavity thickness, the PVB layers
and the presence of edge spacer connections). Finally, two different link
types available in SAP2000 were used in parallel to qualitatively
reproduce the mechanical interaction between the different components
of the facade (Fig. 5(b)). In particular:

e "Gap" links were used to represent any contact between IGUs and
frame members, following clearance closure (i.e., Fig. 1). To account
for the presence and mechanical contribution of setting blocks, the
Gap link was set to Fixed for all the links introduced in the corre-
sponding region (i.e., glass panels and frame were described as
already in contact by means of the setting blocks).

e "Wen" links were used to characterize the mechanical behaviour of
gaskets. To avoid the out-of-plane displacement of glass panels, the
typical Wen link was set to Fixed for the transversal direction.

The link parameters were calibrated as shown in Table 2. It is
important to note that the values of such parameters were chosen with
the aim of achieving the best agreement between the numerical results
and the experimental data, since a reliable local correlation with the
facade features is not yet available. Moreover, due to the high compu-
tational efficiency of this second modelling strategy, it was possible to
describe the entire geometry (4 x4 IGUs) of the experimental prototype.
In doing so, the mesh size of shell elements was defined as a 22 x 22 cm
grid, with a local refinement in the region of the setting blocks (Fig. 5
(a)). This choice resulted in about =~ 1000 shell elements, ~ 450 frame
elements and ~ 1200 link elements.

To reproduce the experimental test, finally, the reference numerical

Table 2
Calibration of Link parameters.
Link Gap Link Wen Link
Clearance Setting block
Direction U1 U1 U1 U2 U3
Stiffness [kKN/mm)] 0.075 Fixed 0.5 0.5 Fixed
Open [mm] 6 - -
Post Yield Stiffness Ratio - 0 0
Yield Strength [kN] - 0.05 0.05
Yielding Exponent - 1 1
Frame
x — = x
£ T open £
- | o -
& 5
o :E K s
= .
Glass

(b)

Fig. 5. Simplified numerical model in SAP2000 (MSIMP): (a) front-view and (b) detail of Gap and Wen links.
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simulation was defined as a nonlinear Direct-Integration time-history
analysis in displacement control. Given the low computational cost of
the MSIMP model and its analysis, the imposed displacement was
applied both monotonically and in accordance with the cyclic time-
history shown in Fig. 3.

3.3. Material properties

The material properties for the MREF components were calibrated as
shown in Table 3. It is worth noting that a linear elastic constitutive law
was taken into account for most of materials. In this regard, the post-
processing stage was carefully focused on the stress peaks evaluation
of all facade elements, to ensure the correctness, for the purpose of this
study, of the linear elastic material characterisation. Only for
aluminium, an elastic-plastic material behaviour with hardening was
used, with f, = 120MPa the yielding stress, f, = 160MPa the ultimate
stress and £, = 0.08 the corresponding elongation.

It is also interesting to observe that an orthotropic material (i.e.,
Silicone in Table 3) was used for the spacer connections of the IGUs in
order to take into account the spacer bar and the sealant with a
simplified approach. Specifically, a Modulus of Elasticity (MoE) of
100 MPa was considered in the direction orthogonal to the glass plane to
replicate the stiffness of the spacer bar, while a MoE of 2 MPa was used
in-plane to reproduce the behaviour of the sealant. For MSIMP, given the
evidence of a linear elastic behaviour obtained by examining the results
of MREF, glass and aluminium were both described as linear elastic,
with input values from Table 3. For both models, the post-breakage
behaviour of glass was not taken into account as no failure occurred
during the experimental test.

4. Discussion of numerical results
4.1. Monotonic load-displacement response

Fig. 6 shows the comparison between the experimental response
from [27] and the results of the two presently developed FE numerical
models. At first sight, thanks to a detailed assembly and robust cali-
bration of MREF and MSIMP models, both the presented models show a
good agreement with the experimental curve, and therefore look
apparently able to effectively reproduce the global response of the
examined facade in terms of load-displacement curve.

Despite the similar recorded path, the MREF and MSIMP models
show indeed some local discrepancies in the global load-displacement
curve of the system. In detail, the MSIMP assembly results stiffer than
the MREF in the initial phase, while it appears less stiff — and conse-
quently less resistant — at the end of the path. In addition, the MSIMP
tends to underestimate the expected resistance compared to the exper-
iment and the MREF model, in the range of 5 - 30 mm. Such a result
suggests that, despite the final overestimation, the overall best fit of the
experimental response is obtained with the refined model developed in
ABAQUS. Its final overestimation, which takes place in large displace-
ments only, can be reasonably attributed to the approximate description

Table 3
Material properties.

Material Density [kg/ Modulus of Elasticity Poisson’s coefficient
m?] [MPa] [
Steel 7850 210,000 0.30
Aluminium 2700 70,000 0.30
(6060 T5)
Annealed 2500 70,000 0.23
glass
PVB 1200 2 0.40
EPDM 1000 2 0.40
Silicone 1400 In-plane: 2 0.40

Out-of-plane: 100
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Fig. 6. Monotonic load-displacement response of MREF (ABAQUS) and MSIMP
(SAP2000) models, compared to the reference experiment.

of boundary conditions that were introduced — in the 1/4th MREF facade
model - to numerically describe the remaining portion of the system and
its structural continuity.

The deformed shape of the facade at the maximum imposed
displacement, as obtained from the refined ABAQUS model, is shown in
Fig. 7. The deformed configuration highlights the typical behaviour of a
glass panel within a frame, when subjected to in-plane seismic action,
and finds good correlation with the schematic drawing of Fig. 1. In fact,
the MREF model shows that each glass panels exhibits an in-plane
rotation due to the contact with the frame at two opposite corners.
This rotation also causes the detachment of the panel from one of the
rubber pads, with the consequent compression of the other rubber pad.
In this regard, Fig. 8 shows the evolution of vertical reaction forces for a
selected couple of rubber pads, as a function of the imposed in-plane
lateral displacement. As shown, the right rubber pad, which is com-
pressed due to the glass panel rotation, reaches a maximum vertical
reaction of almost =~ 2.7 kN, and the reaction force clearly increases
with the imposed displacement. On the other side, it can be seen that the
glass-rubber pad detachment (i.e., reaction force equal to zero for the
left rubber pad) takes place for a rather small imposed lateral
displacement, in the order of approximately ~ 2 mm. This finding sug-
gests that the glass panel rotation begins before any contact of glass with
the supporting frame.

4.2. Cyclic load-displacement response

Due to its computational efficiency, the simplified model in SAP2000
was further exploited to investigate the cyclic response of the system. As
shown in Fig. 9, the experimental response exhibits an almost sym-
metrical behaviour, without a significant decrease in stiffness due to
subsequent cycles. The good agreement of MSIMP results with the
reference test confirms the goodness of the modelling strategy proposed
in [24], and further elaborated in [27] for predicting the global seismic
behaviour of a traditional stick curtain wall. The calculated scatter be-
tween experimental and numerical results are detailed in Table 4, which
compares the load-displacement values obtained for each imposed cycle.
In terms of measured load, it is interesting to observe the good agree-
ment between the maximum value and the residual one, as recorded at
the end of the test. Moreover, the calculated percentage scatter in
Table 4 does not exceed the 10 %, which also confirms the stability and
accuracy of the model, and its potential for global performance assess-
ment purposes.

Fig. 10 shows the deformed shape of the facade, as obtained in
SAP2000 for an imposed displacement of —45 mm. The result in Fig. 10
(b) indicates that the MSIMP assembly is capable of replicating the
movement of glass panels within the frame, although there is a signifi-
cant difference compared to the MREF results. More precisely, the major
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Fig. 7. Deformed shape of the MREF model (ABAQUS) at the maximum imposed displacement of 45 mm (values in mm). Scale factor = 1.
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Fig. 8. Typical vertical reaction forces in the rubber pads of the MREF model,
as a function of the imposed in-plane lateral displacement (ABAQUS).
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Fig. 9. Cyclic load-displacement response of MSIMP (SAP2000), compared to
the reference experiment.

difficulty and limitation of the MSIMP in capturing the mechanical
interaction between IGUs and frame members is highlighted in Fig. 11,
where the rotation of a reference glass element is shown for both the

Table 4
Comparison between experimental and numerical absolute load peaks (MSIMP).
Displacement [mm] Load [kN] Difference
Experimental Numerical (MSIMP)

+15 7.5 7.4 -1.3%
-15 7.5 7.5 0.0 %
+ 30 11.5 121 +52%
-30 11.1 12.2 +9.9%
+ 45 16.1 17.6 +9.3%
—45 17.5 17.5 0.0 %
0 5.2 5.3 1.9%

MREF and MSIMP numerical assemblies. The remarkable discrepancy of
comparative results confirms a major limitation of the simplified
approach for local assessment purposes, and thus its careful use for
structural design considerations.

5. Sensitivity analysis
5.1. Basic mechanisms and major influencing parameters

The post-processing analysis of parametric results was focused on the
detailed analysis of basic mechanisms and major influencing parame-
ters. The present numerical study highlighted — as also in accordance
with [24,27] — that the load-displacement response of the examined
facade can be schematised in three different branches, as shown in
Fig. 12. Moreover, for each branch, the facade response is affected by
different parameters/mechanisms.

In detail, the first branch of Fig. 12 (AB) is mainly governed by
friction phenomena between the glass panels and the gaskets. Only
when the tangential stress at the interface exceeds the critical value
(which is defined according to the classical Coulomb formulation), the
friction contribution becomes negligible. This means that the behaviour
of the facade is successively governed by the in-plane lateral stiffness of
the bare aluminium frame, as it can be seen in the branch BC of Fig. 12.
Finally, the last branch (CD) is characterised by a moderate stiffness
increase for the system, which is due to the contact between the glass
panels and the frame. Starting from point C, which ideally corresponds
to the first glass-to-frame contact, also the glass panels start to efficiently
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Fig. 10. Deformed shape of the MSIMP model (SAP2000) at the imposed displacement of —45 mm: contour plot of displacement components along (a) x (scale factor

= 1) and (b) z (scale factor = 200) directions (values in mm).
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Fig. 11. Rotation of a glass element as a function of the imposed in-plane
lateral displacement, as obtained with MREF (ABAQUS) and MSIMP
(SAP2000) models.

contribute to the global stiffness of the facade.

In order to identify the principal factors with a relevant effect on the
global response of the facade and to possibly quantify their influence, a
sensitivity analysis was thus carried out on the two numerical assem-
blies. In detail, the refined MREF model in ABAQUS was used to evaluate
the effect of input parameters on the monotonic load-displacement
response of the system, while the cyclic response sensitivity was inves-
tigated using the MSIPM assembly in SAP2000. The key input features
considered for each analysis are summarised in Table 5.

5.2. Friction between glass and gaskets

The typical response shown in Fig. 12 is initially characterised by a
relatively high stiffness for the first branch, which is due to friction
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Fig. 12. Schematization of the facade response, with reference branches and
key mechanisms.

Table 5
Sensitivity analysis parameters (v: included; x: disregarded).
MREF MSIMP
(ABAQUS) (SAP2000)
Friction between glass and gaskets v v
In-plane lateral stiffness of the aluminium v X
frame
Clearance between glass and frame v v
Local stiffness in the mechanical interaction v v
between glass and frame
Rubber pad stiffness v X

between the gaskets and glass. The friction contributes to the facade
stiffness until the tangential stress exceeds the critical value and a
relative sliding occurs at the interface. Starting from point B in Fig. 12,
the stress can be assumed greater than the corresponding critical value
and the contribution of glass-gaskets friction to the system response
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becomes almost null.

The effect of glass-gasket friction coefficient on the first branch was
thus object of sensitivity analyses, as depicted in Fig. 13 (a). Starting
from the reference/average value of p = 0.23 (Table 1), a maximum
+ 10 % deviation was taken into account in the present study, given that
gaskets for facades are typically low-friction, soft components required
to cushion the glass in the frame and facilitate the relative deformation.
From the proposed load-displacement curves of Fig. 13 (a), it can be seen
that the increase or decrease of this friction coefficient does not lead to a
significant change in the slope of the first branch of the force-
displacement curve. Indeed, this change results in a slight and less
than proportional variation of the corresponding initial resistance for
the facade system, which can be quantified in + 5 % for about + 8.7 %
friction variation (Table 6).

Most importantly, the change in glass-gasket friction does not affect
the stiffness of the system after the relative sliding takes place, as also
confirmed by the cyclic responses reported in Fig. 13 (b). In this latter
case, it should be noted that the effect of friction was taken into account
in the MSIMP assembly through the yield strength parameter of the Wen
link. The latter represents the critical value of friction force that de-
termines the relative sliding of the involved components. For the cyclic
load-displacement curves plotted in Fig. 13 (b) — where the friction force
is modified up to + 50 %, it can be seen that the major effect is a vari-
ation in the amount of energy dissipated in each cycle, that can be
quantified in up to 275 % for the limit values considered.

Considering that gaskets are typically low-friction components and
are used to mitigate the glass elements from severe premature stress
peaks, minor effects can be expected in terms of mechanical response of
the system.

5.3. In-plane lateral stiffness of the aluminium frame

In the second branch of the reference path, the global in-plane lateral
stiffness of the facade system is greatly reduced and its mechanical
behaviour is mainly governed by the stiffness of the bare frame alone.
The latter, moreover, is strictly dependent on the inter-story height of
the facade (i.e., the distance between the three beams of the reference
test facility, for the present study).

To qualitatively assess such a complex mechanical interaction, the
MREF model was geometrically modified to increase or decrease
respectively the reference inter-story height, introducing a + 15 % de-
viation (Table 7).

The effect of the frame stiffness on the global response is shown in
Fig. 14, in which the load-displacement response is reported for different
inter-story heights. It is evident that the frame stiffness is the parameter
with major influence on the second branch, and the measured slope is
more than inversely proportional to the inter-storey height of the

n=0.23 n=0.21

Load [kN]
w oo

[’}
!

(=1
\

1.5 2 2.5 3
Displacement [mm]

(@
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Table 6
Effect of glass-gasket friction.

Input property Input value Variation Major observed effect

Friction coefficient 0.23 0.25 (+8.7 %)

0.21 (-8.7 %)

Initial strength +5%

—-5%

system.

It is also worth to note that the same parameter is mostly negligible
for the first branch of Fig. 14, which further confirms that the glass-
gaskets friction is the most influential parameter for the initial phase
of the global response.

5.4. Clearance between glass and frame

The last section of the load-displacement curve schematically shown
in Fig. 12 presents a further increase in the global stiffness of the facade,
due to the contact initiation between glass and frame components.
Among other geometrical features, the amplitude of the imposed in-
plane lateral displacement that determines this contact strictly de-
pends on the clearance between them. The different gaps considered in
the present parametric analysis are shown in Fig. 15 and Table 8.

The effect of clearance on both the monotonic and cyclic response of
the system is depicted in Fig. 16 (a) and (b), respectively. As expected,
the minimization of this gap amplitude results in the anticipated contact
of glass and aluminium components (i.e., for a smaller imposed in-plane
lateral displacement). It is also interesting to observe that the three
numerical load-displacement curves of Fig. 16 are identical, until the
first contact between glass and frame occurs. At the same time, it is
worth noting that decreasing the glass-frame distance leads to a signif-
icant change in the mechanical response of the facade, with a maximum
strength increase up to ~ 85 % for the configuration with minimum
clearance.

Regarding the cyclic response in Fig. 16 (b), an increase in maximum
strength (very similar to the monotonic curves) can be observed by
changing the open parameter of the Gap link for the MSIMP assembly.
However, compared to MREF, it can be seen that the recorded residual
value at the end of the cycle is not affected by the clearance change, in

Table 7
Effect of inter-story height.

Input property Input Variation

value

Major observed effect

Second branch -21%

stiffness

3400 mm 3900 mm
(+15 %)
2860 mm

(15 %)

Inter-story
height
+ 48 %

————— 0.075 kN 0.05 kN 0.025 kN

Load [kN]
(=1

-20 0 20 40
Displacement [mm]

-60 -40 60

(b)

Fig. 13. Effect of glass-gaskets friction: (a) monotonic (MREF) and (b) cyclic (MSIMP) load-displacement responses.
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3900 mm

3400 mm 2860 mm
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Table 8
Effect of glass-frame clearance.

Load [kN]

0 T T T A T
10 15 20

Displacement [mm]

25

Fig. 14. Effect of bare frame in-plane lateral stiffness on the monotonic load-
displacement response (MREF).

the same way of the energy dissipated by the cycle. Also in this case,
such a global effect could be justified by the poor mechanical interaction
of glass and frame components, that the MSIMP assembly cannot be
efficiently captured like for MREF.

5.5. Local stiffness and mechanical interaction between glass and frame

The effect of the glass and frame local stiffnesses on the third branch
(CD) of the reference load-displacement response was successively
considered. Under the progressive displacement and rotation of glass
components in a global mechanisms like Fig. 1, the aluminium mullion
that are directly in contact with IGUs are in fact affected by a local
deformation in compression, which is a function of the component ge-
ometry and the material mechanical properties. In this specific stage of
the facade response, due to the relative position of glass panels (see the
schematic model of Fig. 1)), the contact is strongly asymmetrical and —
as the local deformation of the aluminium frame increases - it is local-
ised at the inner edge of IGU. This typical behaviour is emphasised in
Fig. 17, where the contact region for glass (top inner edge) is shown as a
function of two different amplitudes of imposed displacement, in terms
of contact pressures (CPRESS) exerted by the lateral surface of mullion.

By taking into account the above considerations, the effect of local
frame stiffness on the MREF global response was investigated by locally
varying the MoE assigned to the mullion wall (see the cross-section
detail of Fig. 18 and Table 9). The material properties were in fact
modified for a reduced set of brick elements (i.e., mullion wall in the
region of model directly involved in the contact mechanism), rather than
for the entire components.

More in detail, a fictious aluminium MoE corresponding to weak
(—99 %) or ideally rigid (+200 %) local contact was taken into account
for the mullion wall. In parallel, the effect of local stiffness on the side of
glass was also taken into account, by changing the in-plane MoE

(b)

Fig. 15. Glass-frame clearance amplitudes taken into account in the sensitivity analysis.
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Input Input Variation Major observed effect

property value

Clearance 6 mm 4 mm Contact —26 %
(—33.3 %) displacement
8 mm +23%
(+33.3 %)

assigned to the interposed Silicone material (Tables 3 and 9). In this
second case, the fictious MoE of soft Silicone was modified to equal
glass/aluminium, or even doubled.

The effect of both frame and glass local stiffnesses is shown in Table 9
and Fig. 19 (a) and (b), respectively. It can be noted that for both the
considered parameters, any change of the examined MoE values leads to
a negligible variation in terms of global stiffness and resistance of the
facade, in particular for the final branch (CD) of the load-displacement
response, where the glass-frame contact is crucial.

The local stiffness of mullion walls minimally impacts on the pre-
dicted maximum load (less than 5 % variation with an ideally rigid wall,
see Table 9 and Fig. 19 (a)). The local effect of the silicon bad on this
contact interaction is even less pronounced (Table 9 and Fig. 19 (b)). As
such, it can be concluded that this local effect does not significantly
influence the mechanical interaction of glass and frame components
under monotonic loading, and the resulting global response under in-
plane lateral loads.

In the MSIMP assembly, the effect of local stiffness in the glass-frame
contact mechanisms was also properly considered. In this case, however,
such a variation was taken into account in terms of stiffness parameter
for the description of the Gap link. In contrast to the MREF monotonic
response, the cyclic load-displacement curves in Fig. 20 show a relevant
increase in the maximum load sustained by the facade, which is
approximately linearly proportional to the Gap stiffness increase (up to
+24 % load increase when the local stiffness increases +33.3 %).
However, even in this case, the energy dissipated in the typical cycle,
and the residual value of load, exhibit a negligible variation, which was
measured in less than 1 %.

5.6. Rubber pad stiffness

Finally, the role of rubber pads was also investigated. These “soft”
elements play a mechanical role of primary importance for the facade as
a whole, since they are expected to facilitate the interaction of glass
panels with the frame, preventing any premature stress peak and failure
of glass. For this reason, rubber pads are typically subject to high reac-
tion forces when the facade is subjected to seismic actions.

In the present study, the effect of rubber pad stiffness was addressed
by considering increase MoE values for their mechanical characterisa-
tion (Table 10).

The increase of MoE for the rubber pads, as shown in Fig. 21, was
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6 mm 4 mm
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(b)

Fig. 16. Effect of glass-frame clearance: (a) monotonic (MREF) and (b) cyclic (MSIMP) load-displacement responses.

observed associated to two different effects. First, a locally augmented
stiffness leads to an increase of the in-plane lateral stiffness of the facade
that can be estimated up to + 43 % for the first branch of the path. This
is not the case of the second branch, which results mostly unaffected by
this input variation. The effect of rubber pad MoE is again evident in the
final branch of the load-displacement curve, which shows an increase of
in-plane lateral stiffness for a lower imposed displacement, as the MoE
increases. Such a mechanism was found associated to a moderate final
strength increase for the system (up to +29 % when rubber pads are stiff,
see Table 10).

5.7. Summary of parametric results

In conclusion, Table 11 summarizes the parameters considered for
the sensitivity analysis, and their corresponding major effect on the
load-displacement response of the facade system.

The obtained results, as shown, confirm the fundamental role of the
aluminium frame and in particular its lateral stiffness, as well as the
glass-frame clearance and the rubber pad stiffness, in defining the global
in-plane lateral response of similar facades. In particular, the relevant
impact of rubber pads highlights the key role of "secondary” compo-
nents, and further confirms the complexity of this type of systems, as
well as the need of refined computational strategies for an accurate
modelling and structural design procedure. This effect is further quan-
tified by the sensitivity measure in Table 11, which accounts for the

CPRESS

1.07
! 0.98
0

(a)

Fig. 18. Aluminium mullion wall (in red) in contact with the glass panel, under
the applied in-plane lateral displacement (ABAQUS).

observed phenomena and expected impact of the considered parame-
ters. In consideration of these evidences, further experimental studies
are necessarily needed to evaluate the effect of different types of rubber
pads and setting blocks to accommodate the movement of glass panels

CPRESS

(b)

Fig. 17. Contact point on the glass panel as a function of the imposed in-plane lateral displacement (ABAQUS): (a) 27 mm and (b) 45 mm (values in MPa).
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Table 9
Effect of glass-frame local contact.

Input property Input value Variation Major observed effect
Aluminium 70,000 MPa 1000 MPa (—99 %) Maximum —0.8%
frame MoE 210,000 MPa load +42%
(+200 %)
Silicone (in- 2 MPa 70,000 MPa (like Maximum +0.8%
plane) MoE glass/aluminium) load
140,000 MPa (x2) +0.9%

without overstressing them, and to optimise further the presented nu-
merical strategy.

6. Local performance assessment

A final attention was paid to the local performance assessment of the
examined system.

Despite the rather good agreement obtained with the experimental
results for both MREF and MSIMP models, the analysis of local phe-
nomena highlighted possible major consequences and limitations with
critical effects for structural safety considerations and assumptions. In
particular, it is well recognized that the evaluation of stress peaks in
IGUs are of primary importance to verify the possible glass failure under
the assigned mechanical loads. In this regard, Fig. 22 shows the principal
compressive stress distribution that was numerically obtained in the
most stressed glass elements for MREF and MISMP assemblies, when
subjected to a maximum imposed in-plane lateral displacement of
45 mm.

Due to the glass-frame contact, the MREF in Fig. 22 (a) shows a
compression strut along the diagonal of glass pane, with a stress con-
centration at the corners, which reminds the schematic mechanisms of
Fig. 1. As expected, the maximum principal stress was in fact numeri-
cally recorded at the contact point with the frame, and resulted in
approximately ~ 38 MPa in tension and = 32 MPa in compression. It
should be noted that the principal tensile stress is perpendicular to the
compressive stress along the diagonal, due to the contact mechanism.
Most importantly, both these stresses values resulted lower than the
reference strength of annealed glass, for which a tensile strength of
45 MPa, and about ten times higher in compression, can be taken into
account as characteristic values. Such an outcome well agrees with the
results of the experimental test presented in [27], in which no breakage
was observed in the glass elements at the maximum imposed displace-
ment of 45 mm. Finally, such an assumption further justifies the use of
linear elastic material properties for the present numerical
investigations.

For MSIMP, see Fig. 22 (b), the diagonal propagation of stresses that
was properly identified in MREF is not clearly detected. Moreover, the
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————— 0.1 kN/mm  ——— 0.075 kN/mm 0.05 kN/mm

Load [kN]

-60 -40 -20 0 20 40 60
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Fig. 20. Effect of glass-to-frame contact stiffness on the cyclic load-
displacement response.

Table 10
Effect of rubber pads.

Input property  Input value  Variation Major observed effect

PVB MoE 2 MPa 10 MPa (+400 %)

50 MPa (+2000 %)

Maximum load +19%

+29 %

N]

Load [k

50
Displacement [mm]

Fig. 21. Effect of rubber pad stiffness (MoE) on the monotonic load-
displacement response.

stress concentration is mostly located in the region of setting blocks, and
achieves a maximum peak of about ~ 8 MPa in compression, which is
approximately in the order of four times lower than MREF. This distri-
bution and amplitude of stress prediction for glass is the main

70,000 MPa 2 MPa

Displacement [mm]

(b)

Fig. 19. Effect of (a) frame and (b) glass local stiffness (MoE) on the monotonic load-displacement response.
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Table 11
Sensitivity analysis results (MREF model). Sensitivity: x = low; xx= high.
Parameter Variation Major observed effect Sensitivity
Glass-gaskets friction +8.7% 1st branch (AB) Strength +5% X
—-8.7% —5%
Frame in-plane lateral stiffness +15% 2nd branch (BC) Stiffness —-21% XX
—-15% + 48 %
Glass-frame clearance —-33.3% 2nd branch (BC) Contact displacement —26 % XX
+33.3% +23%
Glass-frame mechanical interaction —99 % 3rd branch (CD) Maximum load —0.8% X
(local contact) + 2000 % +4.2%
Like glass/aluminium 3rd branch (CD) Maximum load + 0.8 % X
x 2 + 0.9 %
Rubber pad stiffness + 400 % 3rd branch (CD) Maximum load +19% XX
-+ 2000 % +29%

S, Min. Principal

0.03
. -2.62
5126

-7.9
m -10.55

(a)

(b)

Fig. 22. Compressive principal stress distribution in glass elements for (a) MREF and (B) MSIMP at the maximum imposed displacement of 45 mm (values in MPa).

consequence of MSIMP concept assembly, and derives from the fact that
the mechanical interaction between IGUs and frame members is not
correctly captured by the simplified numerical model, which is not the
case of MREF. In this regard, it is important to note that such an intrinsic
limit was also emphasized in [27]. Therefore, the MSIMP assembly looks
computationally efficient to predict the global load-displacement
response of similar facade systems, but not sufficiently accurate and
robust for conservative design considerations at the component level. A
more accurate model is necessarily required to capture the local
behaviour of glass panels and describe the stress concentration which
derives from the imposed in-plane lateral displacements.

Such a result also further highlights that careful consideration should
be taken into account in the use of approximate modelling strategies for
the structural performance assessment of similar systems, especially in
terms of mechanical interaction between IGUs and frame components.

7. Conclusions

Facades are complex and vulnerable building components due to the
intrinsic fragility and brittleness of glass. Therefore, specific design and
calculation tools are required, especially under extreme conditions. In
this paper, the attention was focused on the behaviour of Glass Curtain
Walls (GCWs) subjected to a horizontal in-plane seismic action. In
particular, the use of two different numerical modelling strategies to
evaluate the in-plane seismic performance of a literature glass facade
prototype was addressed. The global in-plane lateral performance was

rather well captured by both the herein developed refined and simplified
numerical assemblies. The global response was described in three
branches, detecting for each of them the most influential parameter. In
detail:

o the first branch is characterised by a relatively high stiffness, which is
mainly governed by the friction between the glass panels and the
gaskets;

e the second branch is governed by the lateral stiffness of the bare
aluminium frame and shows a marked stiffness decrease, compared
to the first branch;

e the third branch is mostly affected by the localised contact between
the glass panels and the frame and exhibit an additional increase of
in-plane lateral stiffness.

The influence of the aforementioned mechanisms and parameters
was quantified through a sensitivity parametric analysis, conducted
both on the refined and simplified models. The following parameters
were considered:

e Friction between glass and gaskets;
o In-plane lateral stiffness of the aluminium frame;
e Clearance between glass and frame;

e Local stiffness in the mechanical interaction between glass and
frame;
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e Rubber pad stiffness.

Among others, the parametric analysis allowed to identify the key
role of the rubber pads, and in general of “secondary” components, on
the complex mechanical interactions that govern the structural behav-
iour of facades. However, further experimental tests are necessary to
investigate the effect of different types of rubber pads and setting blocks.
Finally, possible safety risks related to simplified modelling strategies in
terms of local performance analysis were highlighted. In detail, a scatter
up to 4 times in the predicted compression stress peaks in glass was
obtained, confirming the intrinsic limitations of simplified numerical
approaches and the need of refined computational strategies for a reli-
able modelling of the mechanical interaction between glass and frame.
In this regard, further efforts are needed for the optimization of refined
numerical strategies and the definition of efficient approaches for the
description of “secondary” components. At the same time, the use of
simplified models to predict the global load-displacement response is
still possible, but requires further investigations to establish a reliable
correlation between the facade features and the model without the use
of full-scale prototype experimental tests.
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