Challenging Glass Conference Proceedings — Volume 10 — June 2026 — Louter, Bos & Belis (Eds.)
International Conference on the Architectural and Structural Application of Glass 1 O
Challenging Glass Conference 10 — 15-17 June 2026 — TU Delft — The Netherlands

Seismic Performance of Point-Fixed Glass Facade
Systems

Seyed Amin Hosseini ?, Sandra Jord3o 2, Carlos Rebelo ?, Chiara Bedon ®, Rohola Rahnavard ?

University of Coimbra, ISISE, Department of Civil Engineering, Portugal
s.amin9068@gmail.com, sjordao@dec.uc.pt, crebelo@dec.uc.pt, rahnavard1990@gmail.com
University of Trieste, Department of Engineering and Architecture, Italy
chiara.bedon@dia.units.it

Abstract

Point-fixed glass fagcade systems (PFGFSs) are widely used as modern building envelopes. This type of
facade is particularly susceptible to seismic action; however, its seismic performance hasn’t been
sufficiently quantified. To address this challenge, the seismic behaviour of a 3D steel moment-resisting
frame (SMRF) with PFGFS was evaluated. The model includes the SMRF, laminated glass panels (LGP),
spider arms, and substructure. The numerical model was analysed for 15 pairs of earthquake
acceleration spectra at three levels of intensity. The results clearly indicate that the PFGFS experiences
substantially higher seismic demands than the main structural frame. Specifically, inter-storey drift
ratios (IDRs) and peak floor accelerations (PFA) values in the facade system were up to 70% and 80%
greater than those of the SMRF, respectively, particularly at upper storeys and under Near Collapse
(NeC) level earthquakes. These results indicate that the PFGFS does not simply follow the response of
the primary structural frame. Instead, the fagade system experiences amplified dynamic effects under
seismic loading. Therefore, fagade systems require independent seismic assessment rather than
relying solely on structural frame response.
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Introduction

Glass Fagade Systems (GFSs) have become a common feature in modern constructions, offering
significant advantages in terms of architectural, aesthetic, thermal and lighting aspects (Takeuchi et al.,
2006, 2009). Nevertheless, due to the brittle behaviour and relatively low tensile strength of glass
panels, they are the most vulnerable components of buildings (Bedon et al., 2018).

Based on connection details, the GFSs are categorised into two groups of facade systems: Framed Glass
Facade Systems (FGFSs) and Point Fixed Glass Facade Systems (PFGFSs), as shown in Fig. 1 (S. A.
Hosseini et al., 2022; Inca-Cabrera et al., 2025). The main difference in these systems lies in how the
glass panels are supported. FGFSs use continuous aluminium framing systems to attach the glass to
the main structure, whereas metal spider arms are the typical connections in the PFGFSs (Sivanerupan
et al., 2014).

Fig. 1: Glass facade systems: FGFSs (left) and PFGFS (right).

The seismic performance of GFSs highlights the important safety and economic concerns (Pantelides
et al., 1996). First, the failure of glass panels during an earthquake may endanger occupants and
pedestrians by causing broken glass to fall. Because of the glass materials' brittle behaviour, damage
to the facade can occur suddenly and without significant warning. Therefore, GFSs require a higher
reliability level than many other non-structural components (Code, 2014). Second, fagade damage can
result in substantial economic losses, including repair costs and service interruption of the building
during rehabilitation works (Pantelides et al., 1996).

Earthquake-induced damage to non-structural components generally occurs through several
mechanisms: A. Inertial or vibration effects, B. Damage to the connection between non-structural and
main structure due to structural displacements, C. Pounding or separation between two individual
buildings causes damage that appears in non-structural components between the structures, and D.
interaction between two separate non-structural systems (FEMA E-74, 2012). For example, during the
Alaska earthquake (1964), two people died due to glass failure (Pantelides et al., 1996). Severe glass
failure caused a reduction, up to 50%, in the serviceability of Sea-Tac Airport (2001 Nisqually,
Washington) (Filiatrault et al., 2001). Surveys after the 2011 Christchurch Earthquake showed that
approximately 50% of GFSs had glass damage, and 39% had a falling-glass hazard. In this event, heavy
damage to PFGFSs was reported. Fig. 2 shows the damage to PFGFSs during the 2011 Christchurch
Earthquake. This damage was likely due to stress concentration around the spider where it was
connected to the glass panes (Baird et al., 2011). Also, several other GFS failures were reported after
moderate to severe earthquakes worldwide (Baird et al., 2014; Behr et al., 1995; Fierro et al., 2011; M.
Hosseini, 2005; Miranda et al., 2012).
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Fig. 2: Seismic damage to PFGFSs (Baird et al., 2011).

The objective of this paper is to evaluate the seismic behaviour of a building with PFGFSs. A five-storey
steel moment-resistant frame (SMRF) incorporating PFGFSs is numerically analysed. The building is
subjected to 15 pairs of far-field earthquakes, scaled according to Eurocode 8 Part 1 (EC 8-1). The
seismic behaviour of SMRF and PFGFS is evaluated using global and local engineering demand
parameters (EDPs). The inter-story drift ratios (IDRs) and peak floor accelerations (PFAs) are used to
assess global and plastic deformation in connections used as local EDPs.

Case study building and selected earthquakes

Case study

A five-story SMRF office building incorporating PFGFS was selected as the case study building. The
buildings fall under Category B according to Eurocode 1 part 1, and they were designed according to
the European standards. The height of the first story was 4.0 m, while the remaining storeys were 3.5
m high. The structural layout consisted of 5 bays in the X-direction and 3 bays in the Y-direction, giving
overall plan dimensions of 30 m X 21 m.

The building was assumed to be in a high-seismic hazard region. The seismic actions were defined
according to EC8-1 for the soil Type C and a Type 1 spectrum, with a reference peak ground
acceleration of agr = 0.25g (where g is the acceleration of gravity). A behaviour factor (q) of 6.5 was
adopted for SMRFs with a high ductility class (HDC). The design was controlled by limiting the IDR to
1.00% at the Damage limitation state.

Columns were designed using square hollow sections (SHS), while beams were assigned IPE profiles.
All beams and columns are made of S355 steel. All column bases and beam-column joints were
assumed to be rigid, and rigid diaphragm behaviour was considered at each floor. Fig. 3 illustrates the
plan and elevation views of the building. The detailed information regarding design considerations is
presented in reference (S. A. Hosseini et al., 2024).
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Fig. 3: Plan and elevation view of index buildings.

Numerical model

The three-dimensional nonlinear finite element model was developed in Abaqus software. All beams
and columns were simulated using beam elements with cross-sections similar to the design sections.
The gravity load was applied as a point mass at the top flange of the beams. The model consists of
11,176 beam elements with an average length of 150 mm. The steel material was represented using
an elastic-plastic model. The material characteristics are presented in Table 1.

The PFGFSs were modelled by explicitly representing the laminated glass panels (LGPs), spider arms,
facade substructure, and their interaction with the main structural frame. In total, 90 LGPs were
arranged in a 10 x 9 configuration. Each LGP measures 2090 x 1990 mm and has a total thickness of
17.52 mm, consisting of two tempered glass plies bonded by a 1.52 mm EVASAFE interlayer. The inner
and outer glass plies are 6 mm and 10 mm thick, respectively. A 10mm gap separates adjacent panels.

All LGPs are connected to the fagade substructure through stainless steel spider arms. The facade
substructure comprises circular hollow-section (CHS) steel members, with columns of 60.30 x 5 mm
and beams of 139.7 x 8 mm cross-section. Fig. 4 illustrates the main structure, facade substructure
and the connection zone.

Each LGP uses a composite shell element, S4R, with three plies (Glass—EVASAFE—Glass) and three
integration points per ply. Per panel, 512 S4R elements (linear quadrilaterals) and 16 S3 elements
(linear triangles) are employed. To capture stress concentrations around the bolt holes, the mesh
density is refined locally near the glass—spider connection zones. The columns and beams of the facade
substructure and the SMRF are modelled using B31 beam elements. The substructure is connected to
the main structure using square hollow-section (SHS) members at each storey level. These members
were modelled using B31 beam elements.

The spider arm assembly is divided into two functional components: (i) spider support, modelled using
beam elements (B31); and (ii) spider bridge connection, linking the support to the LGP hole using
connector elements. The connector system consisted of two components: (i) Cartesian + Align
connector, positioned between the spider support and the glass hole; and (ii) Join-Rotation connector,
assigned to the link between the spider arm and the edge of the LGP hole to account for the 8 degrees
of freedom associated with in-plane rotation.

The fagade substructure and main structure are made of carbon steel, while stainless steel is used for
the spider arms. The mechanical characterisation of all materials is summarised in Table 1.
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Fig. 4: Numerical model of SMRF with PFGFS.

Table 1: Material characterisation.

Material Density (ton/mm3) E (GPa) v(—) £, (MPa) F. (MPa) ep ()
Glass 2.6E-09 70 0.23
EVACES 1.07E-09 0.010 0.49
Stainless steel 7.85E-09 202.04 0.30 208.37 757.01 0.36
Steel S355 7.85E-09 202.47 0.30 427.19 590.18 0.09

E: Modulus of elasticity; v:  Poisson’s ratio; f,: Yield stress; f.: Ultimate stress; «,. TATiuaTe oTpoLy

In this study, 15 pairs of far-field earthquakes were selected from the PEER Strong Motion Database
(PEER). Referring to EC8, the selected ground motion records were scaled to three seismic intensity
levels, corresponding to Damage Limitation (Dal), Significant Damage (SiD), and Near Collapse (NeC)
states (S. A. Hosseini et al., 2025). The 0.2T and 2.0T are the ranges of spectrum considered for the
matching process (T is the SMRF fundamental period). The spectrum of the selected earthquakes and
the comparisons with the design spectrum of EC8-1 are presented in Fig. 5.
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Fig. 5: Elastic spectrum of selected earthquake events.

The results of the numerical simulations were assessed for both global and local levels. IDR and PFA
were evaluated for both the main SMRF and PFGFS. Furthermore, the plastic behaviour of the spider
arm connectors was evaluated, given their importance in maintaining the integrity during strong
ground motions.

Seismic response of PFGFS

Global seismic response

Fig. 6 illustrates the variation of IDR and PFA along the building height for both SMRF and PFGFS. The
vertical axis represents the relative height (z/h), where z is the height of the measured storey, and h is
the total height.

Across all seismic intensity levels, the PFGFS consistently experiences higher demands than the SMRF.
For both systems, the peak responses occur at the roof level (S5), indicating amplification effects
towards the upper storeys. In terms of IDR, the PFGFS shows substantially larger values. The IDR
demand in the PFGFS is around 50% higher than that of the SMRF at the DalL and SiD levels, and
increases to nearly 70% at the NeC level.

The results demonstrate that, across all earthquake intensity levels, the seismic demands on the PFGFS
are significantly higher than those on the SMRF. The maximum global responses for both systems occur
at the roof level (Storey 5, S5). PFAs follow the same patterns. The highest PFA values are recorded at
the roof level for all intensities. At the NeC level, the PFA of PFGFS reaches 1.87g, which is
approximately 80% higher than that of the SMRF. Even at lower intensity levels, the fagade PFA
exceeds the structural response by 38% (Dal) and 46% (SiD).

These findings demonstrate that the PFGFS undergoes notable dynamic amplification, particularly in
the upper storeys and under strong ground motions. The behavior conforms that PFGFS cannot be
assumed to follow the structural responses directly and should be evaluated independently in seismic
design.
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Fig. 6: Global response of SMRF and PFGFS (IDR and Acceleration).

Local behaviour of spider arms

To better understand local damage mechanisms, the plastic behaviour of the spider arm connectors
was examined. These connectors are critical components of the PFGFS's load-transfer mechanism. The
equivalent plastic motion (CUPEQ) was used as a quantitative measure of the deformation of
connector. CUPEQ stands for Connector Equivalent Plastic Relative Displacements/Rotations
corresponding to an Abaqus output parameter for the lamped assessment of accumulated plasticity at
a ductile connector during transient non-linear analysis.

At the Dal level, the maximum CUPEQ is approximately 20 mm; however, when the structures are
subjected to NeC excitation, the maximum value increases significantly to about 150 mm. This sharp
increase highlights the strong nonlinear responses of the connectors under severe seismic actions.

Fig. 7 presents the statistical distribution of maximum CUPEQ values for all 15 ground motions using
box plots. The data is grouped by storey location (Ground to S5). The box represents the interquartile
range; a horizontal red line indicates the median; and a green marker shows the mean.

At storey 5, the median values rise from 6.45 mm (DalL) to 31.09 mm (SiD) and reach 92.53 mm (NeC).
Connectors at the upper storeys, particularly near story 4, experienced the highest deformation
demands. This can be attributed to acceleration and drift amplifications at higher elevations. A CUPEC
threshold of 3.0 mm, corresponding to the connector yielding displacement, was defined. While only
some connectors exceed this limit under Dal at higher storeys, most connectors surpass it under SiD
and NeC, indicating significant plastic behaviour.

Conclusion

This research evaluated the global and local seismic responses of a five-storey SMRF with PFGFS using
nonlinear finite element analysis. The results consistently showed that the PFGFS is subjected to
significantly greater demands than the primary structure. IDR and PFA values in the PFGFS exceeded
those of SMRF by up to 70% and 80%, respectively, particularly at higher stories and under NeC-level
earthquakes. These results show that the PFGFS do not simply follow structural responses but may
experience amplified dynamic effects that warrant independent consideration.
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Fig. 7: CUPEQ distribution of connectors under EQ5 at Dal level, SiD level, and NeC level.

At the local level, the spider arm connectors exhibited pronounced nonlinearity, with CUPEC increasing
significantly with increasing seismic intensity. The statistical evaluation across multiple ground motions
confirmed that upper-storey connectors are particularly susceptible to damage. A reference CUPEC
threshold based on the connector yielding displacement was adopted. The results show that, using a
yielding-based CUPEC threshold, some connectors exceed it under Dal, while most exceed it under SiD
and NeC, reflecting plastic behaviour. The finding underlines the importance of explicitly modelling
PFGFS and their connectors in seismic assessments and suggests that current design practices may
underestimate facade vulnerability. Future research should be focused on experimental validation and
the development of simplified amplification factors for practical design applications.
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