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ABSTRACT 
In the last two–three decades, glass facades have gained more popularity due to their highly impactful esthetic and sustainable 
applications. However, their constitutive glass components are rather vulnerable and require proper analysis strategies to design 
them efficiently in structural terms, especially against extreme loads, such as earthquakes. To save time and costs, numerical 
approaches and simulations represent a powerful and versatile technique that can be used to predict the seismic behavior of 
glass facades under several loading and boundary conditions. Besides that, the lack of specific guidelines to support the model 
assembly and calibration for these analyses makes these steps uncertain and rather challenging. Among other open issues, this 
study collects and revises a selection of literature studies that emphasized the use of numerical simulations for glass facades 
subjected to earthquakes. Attention is focused both on framed glass facades and frameless (point‐fixed) solutions. From the 
literature analysis, several modeling strategies emerge. Most importantly, difficulties and uncertainties in modeling complex 
glass facades are pointed out, especially with regard to the geometrical and mechanical optimization and the introduction of 
robust simplification approaches. It is observed that secondary components, such as setting blocks or gaskets, are often 
disregarded, which can have major consequences for the structural analysis and detailing of seismic effects in glass components.   

1 | Introduction 

In the modern world, when societies are grappling with en-
vironmental pollution, the construction industry is working to 
enhance the sustainability of building components. This is why 
glass facades have become more popular in the last two–three 
decades, not only due to esthetic purposes, but also for many 
other multiperformance benefits, which include also structural 
features. Glass facades, which are more common in tall buildings 
and skyscrapers, are usually associated with concepts of light-
weight and transparency, modern architecture with modularity 
and easy installation, illumination, energy‐saving features, and so 
forth. Despite all these features, glass facades are complicated 
systems due to their fragility, vulnerability to cracks, and needing 
careful handling and installation [1]. Therefore, even more 
complex tasks can be expected from the structural design and 
analysis of glass facades subjected to earthquakes [2, 3]. 

Several surveys and studies have disclosed that glass curtain walls 
suffer major damage due to interstory drifts caused by seismic 
events, even if the main structure experiences minimal damage. 

Figure 1 shows some historic examples of glass facades that 
experienced severe damage during the Northbridge earthquake 
(1994), the Chile earthquake (2010), and the Christchurch earth-
quake (2011), whilst the main building was still safe. Such dam-
ages can usually be associated with the incompatibility between 
the deformation in the main structure and facade components [1], 
which is further emphasized by the brittle behavior of glass. 

Specifically, talking about the structural performance of glass fa-
cades implicitly recalls several solutions for its constituent com-
ponents, first of all, the glass panels. Their behavior depends, in 
fact, upon many basic and interconnected features, such as the 
type of glass (annealed, heat‐strengthened, and fully tempered), 
the system adopted for the glass panel (monolithic, Laminated 
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Glass [LG], Insulated Glass Unit [IGU], and Laminated‐Insulating 
Glass Unit [L‐IGU]), the type of connection between the glass 
panel and the supporting members (i.e., framed systems based on 
transoms and mullions, or point‐fixed glass facades [PFGFs], etc.). 
Additionally, at the material level, connectors and secondary 
components play a critical role, given that glass is rather weak in 
tension, and must therefore be protected against premature stress 
peaks. Annealed glass has the lowest tensile strength (45 MPa in 
terms of characteristic nominal value), heat‐strengthened glass 
offers a nominal tensile strength equal to 70 MPa, and fully 
tempered glass is the strongest, with 120 MPa strength against 
tensile forces [2]. 

At the system level, LG and IGU solutions behave rather 
differently under typical mechanical loading and boundary 
conditions. LG elements, in which two (or more) glass panels 
are packed together by using an interlayer (see Figure 2), do 
not shatter into pieces after breakage and behave as a single 
sandwich unit. On the other side, IGUs can be composed of 
two (or more) glass panels (either monolithic or LG) that are 
separated by a cavity between them, which represents a 
further influencing parameter for their mechanical analysis. 
Finally, the seismic response is strongly sensitive to different 
connection systems. In a point‐fixed system, large stresses are 
developed near the fixings and the glass holes [3], while 
framed connection systems are typically associated with 
maximum stresses at two opposite corners of the glass 
panel [1, 4]. 

Combining all the above parameters can generate hundreds 
of different solutions for glass facades, which indeed should be 
possibly analyzed and verified by following generalized 
modeling steps. Moreover, since glass facades are different in 
shape, size, connection, restraining systems, and so forth, it is 
always important to understand their structural behavior when 
subjected to seismic loads, and efficiently take advantage of 
numerical modeling strategies to optimize the simulation cost, 
but at the same time preserving the robustness of simulations, 
in reproducing and predicting the real mechanisms and effects. 
Major risks from improper seismic analysis and design of glass 
facades are associated with the consequences of drift between 
storeys, which can cause the breakage of glass panels and their 
fall apart from the building [5]. Such a situation is a priority 
because it has a great impact on the economy, but especially on 
the safety of the population. 

Researchers have also suggested that even when glass facades 
are accurately designed at the component level, their analysis as 
a part of more complex buildings cannot be omitted or roughly 
simplified, particularly from the seismic design of high‐rise 
buildings. Such a simplified assumption may, in fact, cause a 
crucial underestimation in the dissipation capacity of the 
building, as well as in many other local effects. 

According to [6] around 82% and 92% of total building costs are 
utilized in nonstructural elements for office buildings and 
hospitals, respectively. This is largely covered by facades, which 
indeed can be properly optimized by using reliable simulation 
techniques and design assumptions. 

To assess the real structural response of a glass facade, designers 
can take advantage of complex experimental setups and mock‐ 
ups that must resemble the actual boundary conditions and 
should provide accurate results. However, modern techniques 
such as numerical simulation tools have gained increasing 
popularity and have proved their potential for the seismic 
analysis of such complex facade systems. These techniques not 
only extend and validate the available experimental results, but 
also allow for saving time and cost of analysis, and further 
optimize the design detailing. 

Indeed, the numerical modeling of glass facades is still uncertain 
and hardly generalizable. The application of numerical techniques 
and finite element analysis (FEA) for seismic considerations 

FIGURE 1 | Examples of structural damage observed in real glass facades after earthquakes. Figures reproduced from [4] with permission from 
Elsevier©, license number 6110680457389 (September 2025).  
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FIGURE 2 | Schematic representation of constituent layers in 
(A) Laminated Glass, and (B) Laminated‐Insulated Glass Unit. The 
authors own the copyright.  
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depends upon the complexity of the model and computational 
cost. Although there are numerous numerical approaches that 
have been utilized by different researchers, the question is 
whether such approaches are robust and can be extended for 
their general application to glass facades. Hence, this paper 
will provide a systematic review of all such studies that have 
used numerical approaches and also identify the most 
important challenges faced by researchers while analyzing 
different glass systems. 

2 | Literature Selection Methodology 

A systematic literature review was conducted to identify relevant 
research studies available on the seismic behavior of glass façade 
systems. The research articles were collected from databases, 
such as Scopus (ScienceDirect), Web of Science, ResearchGate, 
Academia, Google Scholar, and others using the combinations of 
keywords, such as “Seismic analysis of Glass facade,” “Curtain 
Wall,” “Finite analysis of Glass Façade,” “framed glass façade,” 
“Point‐Fixed glass Façade,” “laminated glass,” “Numerical Anal-
ysis of Glass Façade,” and so forth. Research papers were pub-
lished only in the English language in various peer‐reviewed 
journals and conferences were included. Only the articles focusing 
on the structural performance of glass facades, particularly against 
the seismic forces, were included, while articles dealing with 
architectural design without considering structural analysis were 
excluded. The collected research articles were further screened 
based on their relevance to modeling approaches, practical ap-
plications, boundary conditions, current trends, and material as-
sumptions, and various studies were then analyzed and compared. 
A scheme of the adopted review strategy is shown in Figure 3. 

3 | Numerical Tools and Techniques for the 
Seismic Analysis of Glass Façades 

3.1 | Software Packages for the Seismic Analysis 
of Glass Façades 

For decades, the FEA has been known to represent an efficient 
strategy to find approximate solutions to even complex 

mathematical problems, including those typical of the building 
engineering field. Similar to various technical applications, the 
structural (and other) performance of glass facades can be 
efficiently assessed by using different numerical tools and 
approaches. For instance, the study presented in [7] and others 
used ABAQUS computer software for the thermal analysis of 
building envelopes, while [8] and others utilized COMSOL 
Multiphysics for similar purposes. Accordingly, for the seismic 
analysis of glass facades, many software packages are generally 
adopted to capture the most important local and global 
mechanisms, especially for research‐oriented applications, as 
well as to derive robust, simple modeling strategies of practical 
use for design activities. 

The ANSYS software was used by [9, 10] and others for ana-
lyzing the seismic responses of glass facades, while the ABA-
QUS software was employed by [1, 11, 12] and many others. 
The SAP software has also been utilized by many researchers 
for the seismic analysis of facades, such as [13, 14]. However, 
these studies implicitly remark how the obtained numerical 
results can be strongly dependent on the adopted modeling and 
calibration strategies. 

For instance, the seismic response of a single‐story building 
with a glass and aluminum front was evaluated by [15], and 
two software packages were employed (ABAQUS and SAP90). 
The selected system was an example of framed connection 
(see also Figure 6), but it was roughly described as a simple 
glass panel without considering mullions, transoms, and other 
frame accessories, which are indeed important for obtaining 
more realistic results. Additionally, the analysis was con-
ducted in two ways: in the first case, gravity load was ex-
cluded, while in the second case, gravity load was included. 
Afterwards, the ground motion was applied in two directions 
(perpendicular and parallel to the glass surface). However, by 
adopting the same strategies in different software packages, 
some discrepancy in results was recorded. It was found, for 
example, that the in‐plane drift calculated by ABAQUS and 
SAP90 differed considerably when ground motions were 
applied perpendicular to the plane of the glass panel. Better 
agreement was observed with ground motions applied parallel 
to the plane of the glass panel. The maximum displacement 

Review 
Strategies

Introduction to 
seismic response  
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FEA used for 
metal framed 
glass facades

FEA used for 
timber framed 
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FIGURE 3 | Adopted review strategy. The authors own the copyright. FEA, finite element analysis; PFGFs, point‐fixed glass facades.  

23 Earthquake Engineering and Resilience, 2026 

 27705706, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eer2.70033 by U

niversita D
i T

rieste, W
iley O

nline L
ibrary on [09/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



obtained from the ABAQUS model, taking the gravity load 
into account, was 36% lower than the maximum displacement 
obtained from SAP90. Similarly, the maximum drift in the 
glass panel obtained from ABAQUS software, taking gravity 
load into account, was 61% lower than the maximum drift 
obtained from SAP90 software. This huge difference in results 
was possibly justified by different features: the element type 
(such as shell elements for SAP90 and three‐dimensional [3D] 
solid elements for ABAQUS), the meshing size (which was 
not explicitly mentioned for the glass panel), and even pos-
sible interpolation functions. It is hence evident that many 
factors influence the numerical results, first of all, the model 
assembly and physical/kinematic description of glass facade 
components. Although numerical results save time, cost, 
and manpower, the numerical techniques must be properly 
implemented and refined to get exact results [16]. 

3.2 | Numerical Approaches to Analyze Facades 

The seismic analysis of glass facades by numerical approaches can 
take advantage of a robust framework for predicting their 
response, both in‐plane and out‐of‐plane. However, a key role is 
assigned to the detailed modeling and calibration of its compo-
nents, so that such a kind of simulations could allow a detailed 
assessment of local and global behaviors [17]. 

Among the most used fixing systems for glass facades (i.e., the 
framed, Figure 4A) and the PFGF system (Figure 4B), there are 
major differences and expected mechanical contributions from 
the basic components. 

Each connection solution has, in fact, specific applications and 
is characterized by different types of complexities and technical 
challenges that should be properly taken into account for 
modeling purposes. 

In the point‐fixed connection system, the glass panels are 
usually supported by bolts at corners, and sometimes even at 
the midspan section of long‐span edges. The hole inside the 
panel can be cylindrical or have tapering inner and outer 
diameters, such as in the study presented by [18]. Other 
typical accessories include the spider arms, the supporting 
shafts, and so forth. 

At the same time, the framed solution (which is also called the 
stick system) consists of several elements, such as aluminum‐ 
type transoms (horizontal supporting members) and mullions, 
silicon‐type gaskets, rubber setting blocks, and so forth. In both 
cases, the seismic performance of glass facades mainly depends 
upon the interaction between glass panels and the supporting 
components. 

Moreover, literature studies, have also revealed that the friction 
between the glass panels and gaskets, and the stiffness of the 
connection system, can strongly influence the overall facade's 
behavior when subjected to seismic forces [19]. Accordingly, 
a roughly simplified numerical description of these small 
components can have major consequences on the numerical 
estimates. 

3.3 | Seismic Analysis of Metal Framed Glass 
Facades 

In the last few decades, the seismic performance of framed glass 
facades has been investigated using both experimental and ana-
lytical approaches. The fundamental “limit states” for analyzing 
their typical seismic response were established by crescendo tests 
introduced in 1996. This approach highly influenced testing 
standards, such as [20] for framed systems, and had a great 
influence on industry standards, such as AAMA 501.6 and ASCE 
7–16. In parallel, the FEMA 461 remained a fundamental seismic 
testing protocol for similar systems. However, the modern world 
needs nondestructive and efficient numerical approaches to pre-
dict the behavior of glass facades. Such approaches are not only 
replacing and minimizing the role of experimental methods, 
but also extending higher levels of accuracy and reducing 
the complexity of conventional experimental and analytical 
methods. To get accurate results through numerical approaches, 
researchers must take into consideration the real behavior of 
framed glass against seismic forces. Figure 5 shows how the 
framed glass facade behaves when it is subjected to in‐plane lat-
eral forces. This section, in particular, focuses on the literature 
research contributions summarized in Table 1. 

One of the first published studies on the seismic response of 
glass facades was conducted at the University of California in 

FIGURE 4 | Examples of (A) framed glass facade, and (B) frameless/PFGF. Figures reproduced from [17] under terms of the CC BY 3.0 license. 
PFGFs, point‐fixed glass facades.  
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1960 [31], revealed that the frame used to support the glass 
panels has a strong influence on the seismic response of curtain 
walls. Consequently, the researchers have concluded that framed 
glass panels have large movement potential, and the relative in-
terstory drift depends not only on the size of the glass panel but 
also on the clearance between the frame and the glass panel. A 
new experimental work conducted in 2011 at the University of 
California revealed that the way of application of load on the 
panel, as well as the panel geometry, also has a strong influence 
on the maximum relative drift of curtain walls [32]. 

It is important to note that in similar systems (see, e.g., 
Figure 6), the metal frame components and especially the sec-
ondary components, such as the setting blocks, gaskets, and so 
forth, are basic devices that generally have a significant impact 
on the overall (local and global) performance of a given facade. 
For instance, once the gaskets start experiencing the plastic 
deformations, a reduction in the lateral stiffness of the façade 
can be expected. Consequently, in the subsequent stages, 
the behavior of the glass facade is also highly influenced by the 
stiffness of the metal frame. So, care should be taken while 
modeling the curtain walls for assessing their seismic behavior. 

Whilst there are many scholars who have studied the behavior 
of framed glass facades against earthquakes using numerical 
approaches, standardized modeling strategies still lack for these 
building systems, and any modeling assumption could implic-
itly affect the simulation results. This section critically reports 
the numerical approaches employed for seismic response of 
framed glass facades, irrespective of which type of panel (LG 
and/or IGU) has been used in the analysis. 

A numerical strategy to predict the seismic response of framed 
insulating glass facades was reported by [9, 22]. The ANSYS 
software was used for the FEA. The glass panel was modeled by 
using six degrees of freedom (DOFs) per node, based on four‐ 
node shell elements. Two‐node beam elements were used to 
model the aluminum transoms and mullions, with two trans-
lational DOFs and one rotational DOF per node. The glass– 
frame interface was modeled by using two‐node link elements, 
with three DOFs for each node. 

However, intolerable discrepancies were observed between the 
experimental results and the presented numerical results. The 
comparative results in terms of maximum principal strain not 
only differed in magnitude but also in the mechanical behavior 
(i.e., compression and tension). For instance, the maximum 
principal strain at the top of the glass panel was found to be 
+0.0001258 (tension) from the experiment, while the numerical 
analysis resulted in −0.000039 (compression). Despite such a 
difference in the comparative results, the authors did not 
mention any reason to justify this scatter. This difference could 

indeed be associated with improper modeling assumptions of 
the numerical model. Additionally, the authors did not consider 
the importance of proper modeling of the connection compo-
nents, given that the numerical study ignored the presence and 
mechanical contribution of the setting block. Moreover, during 
simulations, the rigid body movement of the system was also 
disregarded, and the researcher did not consider the friction 
offered by the gasket to the glass during the movement of the 
glass to the frame. However, the frictional resistance and local 
stiffness that the gaskets provide until the clearance between 
glass and frame is covered cannot be ignored. 

On the other hand [23], presented a numerical simulation for 
similar purposes, and the authors took into consideration the 
behavior of connection components to predict the mechanical 
response of the glass panel against the imposed drifts. The FEA 
of the curtain wall panel was performed by using ANSYS. The 
side blocks and setting blocks were also modeled as four‐node 
shell elements. Suitable link elements were used for defining 
the behavior of the aluminum frame, the friction effect of the 
gasket, and to simulate the connection between the metal frame 
and the glass panel. The monotonic in‐plane drift was applied at 
the top of the mullion‐transom connection. Boundaries for this 
panel were set as rigid for the bottom mullion‐transom con-
nection nodes (Ux = 0, Uy = 0, Uz = 0), while for top mullion‐ 
transom connection nodes, the in‐plane displacement in the 
x‐direction was kept free (Uy = 0, Uz = 0), see Figure 7. 

The influencing factor in this study was the properties assigned to 
the Link elements used for the rubber gasket and the properties of 
Link 10 modeled for the connection between the glass and frame. 
The FEA results also confirmed that the seismic response of the 
facade highly depends upon the geometry and aspect ratio of the 
panel as well. For instance, for a glass panel with dimensions 
1219 mm high × 2438 wide, the first and second contact between 
glass and frame occurred at a drift value of 20–25 and 30–35 mm, 
respectively. And when the panel was laid as a glass panel with a 
size of 2438 mm high × 1219 wide, the first and second contact 
between glass and frame occurred at a drift value of 40 and 
80 mm, respectively. The difference between the results of the two 
geometrically different panels is clearly visible in Figure 8A,B. 

The influencing factor in this study was the properties assigned 
to the Link elements used for the rubber gasket and the 
connection between the glass and frame. For instance, the 
model was checked by varying the modulus of elasticity (E) and 
stiffness (K) values. Starting from tentative values of E (691, 
1000, and 2000 kPa) and K (50, 35, 25, and 14.6 kN/mm), the 
numerical and experimental results approximately matched at 
E = 1000 kPa and K = 25 kN/mm. Although the overall predic-
tions were close to experimental results, about a 16%–20% 

FIGURE 5 | Schematic representation of the response of a framed glass panel subjected to in‐plane lateral forces. Figure reproduced from [21] 
under the terms of the CC BY‐NC‐ND 4.0 license.  
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discrepancy was found, and a scatter above 10% can be ques-
tionable. It is evident from the research conducted by [21], 
where SAP2000 software was used for analyzing the interstory 
drift of an LG panel supported by a frame. When the possible 
movement of frame supports was considered in modeling, 
about 15% of error was observed between the comparative 
results. Thus, the supports were considered perfectly rigid to get 
approximately closer comparisons. Additionally, the transom‐ 
mullion connection was considered rigid. However, such 
an assumption raises the question of whether this behavior 
actually matches the real phenomenon or not. 

To assess the importance of proper modeling of gasket and con-
nection behavior for the seismic response of the facade, a study 
was conducted by [19] on the LG facade. The authors used 
SAP2000 software and modeled transoms and mullions using 
“beam” elements. To this aim, the cross‐section of transoms and 
mullions was modeled with equivalent inertial features to repro-
duce their real properties, while shell elements were used for the 
glass panels (with a monolithic thickness equal to the sum of all 
layers). To conduct a nonlinear pushover analysis, a lateral force 
was applied to the mullion, and the schematic approach shown in 
Figure 9A was employed for the analysis. Similar to other studies, 
the analysis took into account the interaction between glass, 
frame, gaskets, and other components. The analysis was per-
formed on two different facades (A and B types) with different 
stiffness values for the gaskets and connection behavior. In facade 
A, a fixed connection was considered between mullions and 
transoms, while in scheme B, the connection was assumed to be 
hinged. Most importantly, the gasket‐to‐glass friction contribution 
was taken into account. The scatter between numerical and ex-
perimental results was found to be about 5%–10% in both cases. 

Although the numerical and experimental results were in good 
agreement, the two facades behaved differently in terms of gasket 
and frame response (see Figure 10). The frame of facade A was 
found to be much stiffer than that of facade B. This might be due 
to a change in thickness, cross‐sections, and stiffness properties 
assigned to connections in the two facades. Especially, the gasket 
in facade B added more initial stiffness and strength than the 
gasket in facade A because in facade B, the gasket was provided 
along the whole edge in and out, unlike facade A, where the 
gasket was provided on the inner glass layer only. This study 
again emphasized the importance of the gasket and the correct 
modeling of the gasket and connection behaviors that highly 
affected the overall final result of the analysis. Although the 
researcher checked the seismic response of facades with different 
properties of connection components and connection behavior, 
the comparison between the two facades could have been better if 
the transom‐mullion connection had the same behavior, either 
hinged or fixed, to correctly judge the impact of the gasket on the 
final load‐drift results. Additionally, the setting block was not 
modeled. The setting block contributes to the initial stiffness and 
direct load transfer even before the gasket, and a better match has 
been obtained by modeling this element. 

The same strategy was originally used by [13] for the analysis of 
insulating double‐glazing units with LG panes having 0.38 mm 
PVB, and the authors also took setting blocks into account using 
a zero‐gap element value. A refined meshing size was imposed 
on the model components to get accurate results. The schematic 
approach shown in Figure 9B was used for the analysis. It is 
important to observe that a previous study conducted by [19] T
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compared two facades using a transom‐mullion hinge and a 
fixed connection, respectively. In that case, the hinge connec-
tion was found to be more suitable and realistic. The model 
was, in fact, found to be able to get approximately equal ex-
perimental and numerical results. 

However, this research did not take into account the 
postbreakage behavior of the glass panel (an indefinitely 
linear elastic mechanical model), and thus, a similar 
modeling approach can be useful only until the first cracks 
occur [34]. 

FIGURE 6 | Example of (A) refined numerical modeling of a framed glass facade, with (B) glass‐to‐mullion and (C) glass‐to‐transom details 
(cross‐sections with dimensions in mm). (A) Reproduced from [7] under terms of the CC BY 4.0 license, and (B, C) reproduced from [4, 13] with 
permission from Elsevier©, license number 6110680457389 (September 2025).  
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At the same time, the modeling lacked precision to get an accurate 
local behavior of the glass panel. Although the experimental work 
showed glass breakage at the bottom left corner due to local con-
centration of shear and normal stresses, this mechanism was not 
perfectly interpreted in the FE model. Nevertheless, the model 
identified the region of maximum principal stress where glass 
breakage occurs. Additionally, the study in [13] found for such a 
modeling simulation that the numerical models and the experi-
mental results had a good match until ± 50 mm, whilst the FE 
results were not reliable for larger displacements (see Figure 11). 
The same simulation strategy was also followed by [33], but without 
considering the setting blocks, which indeed offer a resistance 
support to prevent the possible risk of premature glass cracking. 

Nevertheless, to detect the local behavior, the interactions 
between different frame parameters and their effects on the 
overall facade response should be properly considered. For this 
purpose, a numerical simulation was performed by [11] using 
ABAQUS to simulate the seismic behavior of monolithic glass 
panels of typical use in curtain walls. Like in the previously cited 
studies, researchers focused on the rotational stiffness of the 
transom‐mullion connection, clearance between glass and frame, 
gasket behavior, and glass‐to‐frame interaction. The analysis was 
performed by considering both material and geometrical non-
linearities, and C3D8R (eight‐node linear brick) type elements 
were used for glass, transoms, mullions, and so forth. The sche-
matic approach shown in Figure 9A was followed. The numerical 

FIGURE 7 | General view and assembly details for the finite element analysis of a glass panel extracted from a curtain wall. Figure reproduced 
from [23] with permission from ASCE©, license number 1651978 (September 2025).  

FIGURE 8 | Force‐to‐drift graph obtained from the finite element analysis of glass facade panels with different aspect ratios: (A) 2:1, and (B) 1:2. 
Figures reproduced from [23] with permission from ASCE©, license number 1651978 (September 2025).  
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predictions were found to be more in line with the experimental 
results, and the model also depicted the local behavior of the 
facade. However, the authors did not mention anything about the 
setting blocks, and a question also arises whether the modeling of 
the setting blocks is important or not, for the presented results. 
Although the minimum number of elements, the minimum will 
be the computational cost, but inclusion of the setting block in 
modeling should not be ignored, particularly when the local 
response of the facade is also important. 

A study to predict the seismic behavior of an IGU was also 
conducted by [24, 26]. The authors modeled the glass panel 
(with an interposed cavity) as an equivalent monolithic shell, 

while the frame was modeled by using 1D elements with a 
box cross‐section in ABAQUS. Mechanical joints (connectors) 
were used to simulate the glass‐and‐frame connection and the 
glass‐to‐gasket connection. The important thing worth noting 
was that the authors mentioned the behavior of connectors such 
as “Cartesian + rotation” to simulate glass‐to‐frame connec-
tions. Although the setting block was not modeled, the study 
indicated that assigning the proper behavior to connectors in 
ABAQUS (or equivalent link elements in SAP) is the key aspect 
of getting a true seismic response of similar glass facades. 

Accordingly [28], assessed the seismic behavior of glass 
facades using ABAQUS and SAP software packages. A special 

FIGURE 9 | Experimental setup for the experimental in‐plane seismic response assessment of glass facades according to [4, 19, 33], and 
reproduced in [7] for numerical simulations: (A) quasi‐static cyclic, and (B) crescendo dynamic tests. Figures reproduced by [7] under the terms of 
the CC BY 4.0 license. IGU, Insulated Glass Unit.  

FIGURE 10 | Comparison of experimental and numerical results from the study carried out by Caterino et al. [11, 19]. Figures reproduced from 
[11] with permission from Elsevier©, license number 6198230368250 (January 2026). FEM, finite element method.  

30 Earthquake Engineering and Resilience, 2026 

 27705706, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eer2.70033 by U

niversita D
i T

rieste, W
iley O

nline L
ibrary on [09/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



importance was given to modeling the facade components, such 
as accurate reproduction of IGU, frame details (gasket, setting 
block, transom, mullion), pressure plates, and so forth, and 
their mechanical interactions when subjected to in‐plane seis-
mic loads. While using ABAQUS, the authors selected a static 
general step followed by a dynamic implicit solution rather than 
an explicit solution. Dynamic implicit might have been selected 
by the authors to avoid possible computational errors and high 
computational costs. Only one‐fourth of the whole facade was 
considered, and the facade was subjected to in‐plane displace-
ment at the top nodes of connection. While using ABAQUS, the 
C3D8R‐type elements were used for the glass panel and frame 
elements. The surface‐to‐surface contacts with penalty and hard 
contact options were introduced along all relevant interfaces. 
However, the study did not explicitly explain how the behavior 
of the gasket‐to‐glass contact, frame‐to‐glass connection, and 
setting block was simulated. When using SAP2000, the authors 
followed strategies set by [13] and shell elements were used for 
the glass panel, and link elements for frame components. 

This study revealed that the results obtained from the ABAQUS 
had a good match with experimental results throughout the 

load–displacement curve, except at the final stiffness value 
(40 mm), see Figure 12. However, the SAP2000 simulation un-
derestimated stiffness and strength, particularly in the range 
between 5 and 30 mm. The study showed that a better match in 
results can be obtained while using ABAQUS than SAP2000; 
however, this cannot be concluded on the basis of a single 
comparison. Additionally, these underestimated and over-
estimated results show why the proper modeling of facade 
components and their interaction is important. Also, the 
refinements in mesh size and properties of frame components 
also affect the final results, and thus, sensitivity analysis can 
make results more reliable if all elements are properly modeled. 

A similar pattern was also followed by [1], and unexpected 
discrepancies were found in results obtained from the analysis 
using the SAP2000 and ABAQUS software packages, particu-
larly the difference of results in the rotation and displacement 
curves (see Figure 13). However, the most important part of this 
study was a sensitivity analysis that was conducted to check the 
difference in facade response with changing: coefficient of 
friction between glass and gaskets; in‐plane lateral stiffness of 
the aluminum frame, the clearance between frame and glass, 

FIGURE 11 | Numerical strategy employed in [13] using SAP2000: (A, B) model features, and (C) comparison of experimental and numerical 
results. Figures reproduced from [13] with permission from Elsevier©, license number 6110680457389 (September 2025). FEM, finite element 
method.  
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and stiffness of the setting block. The results revealed that the 
response of the facade is extremely influenced by the frame in‐ 
plane lateral stiffness, glass‐to‐frame clearance, and setting 
block stiffness. For instance, when the stiffness of the setting 
block changed from 2 to 50 MPa, the load resistance capacity of 
the facade increased by 29%. Similarly, when the clearance 
between glass and frame was reduced from 6 to 4 mm, results 
indicated the glass would touch the frame at a 26% smaller 
displacement than at 6 mm, and when the clearance between 
glass and frame was increased from 6 to 8 mm results indicated 
the glass would touch the frame at a 23% more displacement 
than at 6 mm. This meant that for the facade in the first case, 
glass quickly gained an increase in stiffness compared with the 
glass in the second case. This study also identified the impor-
tance of the properties of various frame components that impact 
glass behavior under seismic actions. Second, the results of this 
study also showed that the accuracy of the results was not 
highly influenced by the simulation tool, but by the proper 
modeling of facade components. For instance, the maximum 

concentration of principal stress in the glass panel obtained by 
[1] using ABAQUS was found at the same region (right top and 
left bottom corners), as reported by [13]. 

Most of the above‐mentioned research focused on the in‐plane 
seismic response of glass facades. However, studies like [30] 
also assessed the out‐of‐plane seismic response of the facade 
using the same strategy of [29] and many others. The glass 
panels, transoms, mullions, setting blocks, gaskets, and con-
necting plates were modeled in ABAQUS using C3D8R ele-
ments, and pressure loads were applied on the connecting 
plates to simulate the local effect of bolts. Certainly, such a 
strategy consumes more computational time than the modeling 
of frame components as a connector or 1D beam elements. To 
avoid a further increase in computational time, the authors 
used connector elements to simulate the semi‐rigid relation of 
transom‐mullion connections. The rubber and steel compo-
nents were modeled as elastic materials, while the aluminum 
frame was modeled as an elastic–plastic material. Unlike other 

FIGURE 12 | Comparison of experimental and numerical results from the study presented in [28]. Figure reproduced from [28] under terms of 
the CC BY 4.0 license.  

FIGURE 13 | Comparison of experimental and different numerical results (using SAP200 and ABAQUS models) in the study presented in [1]. 
Figure reproduced from [1] under the terms of the CC BY 4.0 license.  
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research, the tie constraints were used between different in-
terfaces. A local meshing refinement strategy was implemented, 
and the setting blocks were reduced to a 2‐mm meshing size, 
while the mesh size at the diagonal corners of the panel was 
kept at 25 mm, that is, half of the maximum meshing size for 
the glass panel (50 mm). The diagonal corners of the glass panel 
were assigned a finer mesh size because the higher stress con-
centration was expected to occur there. Boundary conditions 
like [23] were applied to connections. The results revealed a 
good match between the force–displacement experimental and 
numerical results (see Figure 14); however, a similar trend was 
observed as reported by [28] for the last step. Additionally, 
results contradicted the experimental and analytical approach 
and showed that the first glass‐to‐frame contact happened at the 
top right corner, followed by the bottom left corner. Contrary to 
experimental results where 3 out of 20 glass panels got damaged 
at a 3.9% drift ratio, the numerical results showed no glass panel 
yielded to the maximum principal stress exceeding the tensile 
strength of glass. Such errors are expected because prior mi-
crocracks in panels are not considered in modeling. Moreover, 
the top and bottom glass panels in the facade did not show the 
same behavior in terms of principal stress; this might be 
because not the same connection properties were assigned to 
the top and bottom transom‐mullion connection nodes. Despite 
all such possible errors, the FEA using this strategy can also be 
a useful tool for predicting the approximate seismic response of 
the glass facade. 

The study in [4] proposed a detailed strategy for the seismic 
response analysis of glass facade, with an effort to get better 
results with minimum computational cost. In studying the 
behavior of Gasket, setting block, interactions between glass and 
frame, and the transom‐mullion connection was simulated by 
using different connectors, that is, Axial connectors were used for 
the setting blocks, hinge connectors for the transom‐mullion 
connection, and “Cartesian” connectors for the interaction 
between the glass and the gasket, as well as for the interaction 
between the glass and the frames. However, the selection of the 
Cartesian connector for simulating interaction between glass 
and gasket, and also for interaction between glass and frames, 
contradicts the simulation approach reported in [24, 26], where 
“Cartesian + rotation” joints were selected, and their relative 

rotations were restrained. In this case, researchers allowed the 
rotation between two nodes, but it was unclear whether the 
rotation was free until the glass corner touched the frame or was 
totally free throughout the analysis. A displacement‐controlled 
scheme as used by [19] was employed, and a static general step 
followed by a dynamic implicit step was applied using ABAQUS. 
The results showed discrepancies, particularly a high difference 
in terms of the cyclic–force–displacement curve. The mean 
scatter between the comparative results was found to be about 
12%. However, for the last cyclic load, the scatter was equal to 
36%, and thus beyond the tolerable range. 

Overall, the literature found that the accuracy of the numerical 
model depends upon the pattern in which force or displacement 
is applied, the selection of simulation elements, like, 3D, 2D, or 
1D, and most importantly, the connection components (such as 
gaskets, setting blocks, etc.) involved in modeling. 

3.4 | Seismic Analysis of Timber‐Framed Glass 
Facades 

One of the innovative approaches to sustainable solutions in the 
construction industry is the introduction of timber frames in 
facades. This approach not only serves esthetic purposes but 
also exhibits improved mechanical properties against various 
loads, including seismic forces. Figure 15 presents some 
examples of glazing details of a timber‐framed glass facade and 
its connection system. According to [36], Cross‐Laminated 
Timber–glass facades demonstrated better response against 
earthquakes. 

Furthermore, many researchers, such as [37, 38], have also 
found that glass timber frames successfully receive loads from 
glass panels and can mechanically behave similarly to a tradi-
tional metal frame system. Additional examples are discussed in 
[35, 39]. Therefore, the seismic response of timber‐type frames 
has been evaluated numerically and experimentally to further 
optimize the concept and ensure the structural safety of such 
facades. However, also in this case, numerical results highly 
depend upon proper modeling of the timber frame and its 
connection with the glass components. 

Unlike a metal frame, timber is an orthotropic material and 
modeling needs properties in each direction, which is why 
timber simulation requires proper attention; otherwise, results 
can be inaccurate. 

This review document drew attention to the literature works 
recalled in Table 2. 

For instance, a study was conducted by [35] in which the 
seismic response of the timber‐framed glass panel was also 
modeled using ABAQUS; however, the authors did not find 
correct results due to an improper strategy of modeling the 
framed glass panel. Most of the researchers (including [36, 39]) 
modeled the glass panel as 3D solid elements; other accessories, 
like, purlins, bolts, and so forth, have also been modeled as solid 
3D elements. 

The nonlinear FEA for the in‐plane loading was conducted in 
[39], where solid elements were used for glass and timber 
members, and adhesives were modeled by using HYPER86 
(eight‐node solid) elements. The interaction between glass 
and timber members was represented by surface‐to‐surface 

FIGURE 14 | Validation of experimental and numerical results in 
the study in [30]. Figure reproduced from [30] with permission from 
John Wiley and Sons©, license number 6174110289274 (December 
2025). FEA, finite element analysis.  
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nonlinear contact elements, and meshing was calibrated until 
results came closer to experimental results. Both the numerical 
and experimental results were in good agreement. This study 
also identified the importance of the adhesive layer used 
between the glass panel and timber members, and the position 
of the glass in the frame. It was observed that the closer the 
glass is to the midplane of the frame, the more even the stress 
distribution is. 

The shaking table and cyclic loading analysis of a timber‐ 
framed glass structure were conducted by [40], in which IGU 
was modeled as a shell, and the Timber frame was reproduced 
using solid 3D tetrahedral elements in SolidWorks software. 
Two models were assessed for analyzing the seismic response: a 
single IGU as a one piece, and another model with the same 
dimensions, but with two IGU panels separated by a stud 
between them. To reduce computational cost, the connection 
between frame and glass was modeled using linear springs; 
similarly, the axial connectors were used by [45] for adhesion 
layers. The top timber purlins were assigned roller support 
properties, while the bottom purlins were kept fixed. The study 
declared that the mathematical modeling showed good agree-
ment between experimental and numerical results for the single 
panel, while for the double panel assembly, the results showed 
discrepancies. Contrary to this study, another numerical anal-
ysis was carried out by [42] on the double skin glass facade in 
which the timber members were modeled using a 1D beam 
element rather than a 3D solid element, glass as a shell com-
posite, and adhesive glazing as spring link elements. Addi-
tionally, even though the timber is an anisotropic material, it 
was considered as an isotropic material, and the average value 
of the modulus of elasticity was assigned to it. The racking 
performance of the facades was evaluated, and the results were 
obtained. The study showed that the racking performance of the 
facade changed with the dimensions of the adhesive layer. 
Furthermore, the researchers found that although this adhesive 
layer had been modeled as a link element in SAP2000, this 
increased the computational cost of the simulation. 

Similarly, Šilih and Premrov [43] also used SAP2000 software 
to model timber members as isotropic 1D beam elements, 
and the IGU for the double skin facades was modeled as a 
composite shell element that allowed multilayered simula-
tion of the IGU. In addition, the adhesive bonding layers and 

bolts were also reproduced using linear link elements. Only 
6% difference in the experimental and numerical results was 
observed (see Figure 16) for the load–displacement curve and 
racking value, but the researcher did not provide details 
about the computational cost of the analyses. A similar 
pattern was followed by [44]. 

Although some researchers identified a good response of the 
timber frame against seismic forces, more work is required to 
be carried out on this frame, particularly including the whole 
facade rather than on panels. 

3.5 | Seismic Analysis of PFGFs 

The PFGF solution (see Figure 17) has become more popular due 
to its esthetic appearance and transparency. Nevertheless, when 
compared with a framed facade system, PFGFs are more vul-
nerable to drifts. Therefore, when checking building safety against 
earthquakes, it should be ensured that the building's drift demand 
does not exceed the maximum in‐plane capacity of the facade. It is 
important to note that in PFGFS, a polymer material is provided 
between the glass panel and steel bolt to avoid a direct connection 
between the glass and bolt and maintain uniform distribution of 
tensile stresses around holes. The clearance between the bolt and 
glass edges also highly affects the overall seismic response of the 
glass facade. Additionally, the seismic behavior of PFGF is highly 
influenced by the type of spider arm and diameter of the glass 
hole and bolt (whether circular or slotted). Thus, the behavior of 
polymer material, clearance provided between glass panel and 
steel bolt, type of spider, and the diameter of bolt, cannot be 
ignored in numerical modeling as well. 

Like framed glass facades, the seismic response of PFGFs for a 
long time had been evaluated through experimental and ana-
lytical approaches only. However, numerical approaches have 
also gained more popularity in the last 10–15 years. In parallel, 
numerical approaches also have gained fame for the analysis of 
PFGFs against thermal [47], seismic, and other forces. For 
instance [46], conducted a study using all three approaches 
(experimental, analytical, and numerical) and assessed the in‐ 
plane load response of PFGFs, specifically focusing on the stress 
concentration near the holes. MSC Visual Nastran (an older, 
Windows‐based version of the MSC Nastran FEA software) was 

FIGURE 15 | Examples of (A) timber‐framed glass facade, and (B–D) glass‐to‐timber connection. Figure (A) reproduced from [35] under terms of 
the CC BY‐SA 4.0 license. The authors own the copyright of figures (B)–(D).  
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used for numerical simulations. The researcher obtained results 
closer to analytical and experimental ones and concluded that 
the numerical model must be verified step by step. PLATE 64 
(finer mesh) elements should be used rather than PLATE 32 in 
the circumference of the holes; and 3D SOLID elements should 
be used rather than 2D elements. 

This document drew attention to the literature works recalled 
in Table 3. 

The seismic response of PFGFs was presented in [48–50] using 
ANSYS software. The analysis incorporated the bending and axial 
effects from the countersunk bolts. However, the bolt head and 
hole in glass were considered to have uniform diameters instead of 
a countersunk bolt head. Shell‐type elements were assumed for the 
glass panel and the bolt head. The hole in the glass panel was also 
assumed to be cylindrical with the same diameter. Different types 
of springs were used to model the spider arm, support structure, 
and connection between two elements (see Figure 18A). The 
nonlinear springs were used to model the behavior of the spider 
arm to rotate when interacting with the internal frictional force at 
the structural support connections. The Silicon‐sealant was also 
modeled by using the Blatz‐Ko formulation, a material model 
specified in the ANSYS [58]. The BEAM3 element types were used 
to model the shank of the bolt fittings. Spider arm was modeled as 
linear elastic to avoid complexities. 

According to Figure 18, spiders and structural supports were 
connected using three COMBIN39 nonlinear spring elements, 
where springs in x and y were modeled using a load–displacement 
curve, and the spring in z was kept rigid to restrict out‐of‐plane 
movements. Keeping the geometrical nonlinearity into consider-
ation, a 60‐mm displacement was applied at the top of the 
structural frame with restraining support frame and spider arm in 
the x‐, y‐, and z‐directions, and restraining rotation of bolt and 
spider arm about x and y at the spider arm bases (see Figure 18B). 
The experimental and numerical results were found in good 
agreement, see Figure 19A. From the analysis results, the bending 
stresses developed in out‐of‐plane were observed as the key factor 
for the glass failure, and such stresses were extremely influenced 
by the properties of the spider arm. The same modeling pattern 
was followed by [51, 10], for results see Figure 19B. 

The seismic behavior of PFGFs was assessed by [52] using the 
ABAQUS software. Different LG panels (a few of which had a 
composition of 10 + 1.52 + 8, and some with 12 + 1.52 + 12 sec-
tions) were used in the study, with different types of interlayers 
(PVB and SentryGlas). The LG section was modeled by using 3D 
eight‐node elements. The global mesh size for the glass panel was 
kept at 20 mm, while near the glass holes, it was reduced to 
10 mm. The researcher did not define the exact boundary condi-
tions, and these were selected using a hit‐and‐trial rule until the 
results represented the actual support condition. The beam ele-
ments were used to connect the panel to the support. Although the 
authors concluded the results were in good agreement with ana-
lytical results, they did not show the comparison between the two 
results to identify the discrepancies. Additionally, meshing near 
holes does not look like it was properly done, and such a meshing 
shape does not provide accurate results and causes convergence 
problems as well. 

The study reported in [53] analyzed the in‐plane behavior of 
bonded and bolted LG panels. The top of the LG panel was sub-
jected to the distributed load of 8 kPa. The facade was subjected to T
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in‐plane and out‐of‐plane displacement. The C3D8R elements 
were used for the glass panel and bolts. However, this article did 
not provide an explicit detail of the analysis and whether the 
results accurately matched the experiment or differed by a certain 
percentage. Similarly, the behavior of bolted‐type LG panels was 
analyzed by [12] for seismic loads. The C3D8R elements were used 
to model glass, interlayer, steel shaft, and bolt head. The interac-
tion properties for bonding the interlayer and glass were done 
using surface‐to‐surface interaction, and for allowing the bolt's 
head to have rotation capacity when interacting with glass, a two‐ 
node linear beam element was used with MPC constraints. Max-
imum mesh size was selected as 20 mm, with two elements per 
layer thickness of the layers. Following the experimental setup, the 
shaft was considered to have a fixed boundary condition at its 
outer faces. It was a comparative study between dissipative (with 
clearance) and nondissipative (fixed) spider arms, and the main 
aim of the study was to investigate the seismic response of the 
bolted (countersunk) LG panels subjected to quasi‐static lateral 
loads. Although the bolt head and shaft were modeled as solid 
elements, to assign clearance behavior of dissipative spider arms, 
connectors were used between the shaft and the bolt's head. The 
results identified lesser stresses near holes while using dissipative 
spider arms than vice versa. The important part of modeling for 
getting true results was the proper selection of connectors and 
properties assigned to them. Although the authors did not define 
which type of connectors were employed, Cartesian connectors 
seem more reasonable for modeling the behavior of dissipative and 
nondissipative spider arms. 

The researchers in [54] also conducted a comparative study on the 
traditional connection holes to innovative (slotted) connection 

holes using SAP and ABAQUS software packages. ABAQUS was 
used for analyzing the frictional behavior of different elements, 
while SAP200 was used for analyzing the seismic response of the 
overall facade. The panel size was considered 2 m × 3.8 m, with 
12‐mm‐thick toughened glass. A 2D nonlinear modeling was done 
for experimental works using linear shell elements for glass (elastic 
material) and multilinear link elements for silicon sealant 
(elastic–plastic material). To cut computation cost, the multilinear 
elastic link elements were used in SAP2000 to replace nonlinear 
shell elements in ABAQUS. The countersunk type bolts and bolt 
fixings were adopted and modeled using shell elements. The bolt 
shank was modeled using frame elements, and nonlinear link 
elements were used for modeling the interaction between bolted 
fixing and the spider arm. The static pushover analysis was per-
formed using the force‐displacement curve of the PFGFs. 
Although the results of the overall facade with an innovative 
solution showed improvement in the interstorey drift ratio of 
the facade, this simulation was only recommended for a similar 
type of facade having the same dimensions, because facade 
response depends upon panel dimensions and aspect ratio. A 
similar type of simulation strategy was followed by [14] with the 
same panel size and aspect ratio. 

The numerical simulation approach was also performed by [3] 
for the PFGFs. The glass panel, shaft, nylon rubber, and bolt 
were modeled using C3D8R elements. All materials (glass, 
EVASAFE, and steel) were described as linear elastic materials. 
The tie constraints were used between interlayer and glass, 
Nylon cap (used between glass and bolt), and glass, while MPC 
beam type contact was used for the interaction between beam 
and bolt's head, and shaft end to beam (see Figure 20). All the 

FIGURE 16 | Validation of experimental and numerical results from the study in [43]. Figure reproduced from [43] under terms of the CC BY 4.0 
license. DSF, double skin façade.  
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translations and rotations were restrained at the shaft's face, 
and different uniform distribution pressure loads (2, 4, and 
8 kPa) were applied on the outer face of the LG panel. The panel 
was analyzed for out‐of‐plane displacement and longitudinal 
strain. The FEA results were compared with experimental 
results. The discrepancies in longitudinal strain and out‐of‐ 
plane displacements were found near the edges of the LG panel 
for a load above 4 kPa. This study also declares that modeling 
all elements as a C3D8R increases the computational cost. The 
simulation in this study did not define whether dissipative‐type 
spiders were used or fixed‐type. The most significant point in 
FEA was that the researcher conducted a mesh sensitivity 
analysis and identified the impact of mesh size on the results. 

The ABAQUS software was used by [55] for the global (the 
whole building) model and the sub‐(glass panel) models, 
MATLAB tools were used to analyze results after the modeling 
had been done. Different structural elements of the building 
were modeled by using both the shell and beam elements. The 
two‐node beam elements were used to model beams and col-
umns of the building, while three‐node beam elements were 
employed to model spider joints. Additionally, the slab and 

glass panel were modeled by using S4R and S8R elements, 
respectively. In this comparative study, innovative connectors 
were found to be stronger than conventional. However, in this 
study, the sealant contribution was ignored, and the study only 
focused on the seismic response of the glass and connector 
system. Moreover, a rubber‐type material is usually placed 
between the glass and the bolt modeled by other researchers; 
this study suggested that modeling such a bushing material was 
not necessary. This analysis was also not validated by any ex-
perimental setup, and only an in‐plane analysis was carried out. 

Unlike [55], where ABAQUS was used for the global model, the 
ANSYS tool was used by [56] for the submodel, and ETABS was 
used for the global model to assess the behavior of the glass facade 
against earthquake. Additionally, the researcher did not neglect 
the silicone sealants in modeling, and they were modeled using 
shell elements. The spider connectors were modeled using a frame 
for the spider arm and link elements for bolts in ETAB. The 
connection between the glass panel and connectors was made 
using a shell‐thin element, and the clearance between the glass 
and connection was maintained at an offset of 5 mm. The shell 
element was meshed at connection points to ensure connectivity 

FIGURE 17 | Example of numerical modeling strategy for a cable‐supported point‐fixed glass facade system: (A, B) assembly and connection 
details according to [46], and (C) numerical modeling strategy. Figures reproduced from [46] under terms of the CC BY 3.0 license.  
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between the spider screws and the links. The overall results of the 
facade subjected to in‐plane seismic loadings were similar to pre-
vious findings. The ANSYS software was used to detect seismic 
response at the micro level, while ETAB was used to analyze the 
whole building. ANSYS was used only for analyzing connectors; it 
might be because for the whole building analysis, ANSYS would 
have a high computational cost as compared with ETABS. This 
hybrid‐type analysis approach was used to balance the accuracy 
and practicality of the analysis. 

According to [57] analyzing the seismic response of PFGFs is a 
complex job to do because the behavior of PFGFs depends upon 
many things, including material properties, semi‐rigid joints, 
soft‐core sandwich‐type glass elements, nonlinear dissipative 
mechanisms, and so forth. Furthermore, to deal with geometrical 
and material nonlinearities, the nonlinear analysis is performed for 
predicting the true response. On the other hand, current design 
codes do not provide simplified design tools for PFGFs when 
subjected to earthquakes. Therefore, it is essential to develop 

simplified models for a pre‐design of the PFGFs. However, such 
modeling needs a strong basis to correctly develop models to get 
true predictions of behavior [57]. modeled and the PFGFS for 
seismic response using SAP2000. The two PFGFs connection sys-
tems were evaluated, that is, partially through the bolt fixing system 
and fully through the point fixing system. Unlike studies done by 
[56, 55] where ETAB and ABAQUS were used for the global model, 
here SAP2000 was used for the same. All materials except glass 
were assigned bilinear mechanical properties. The steel frame was 
modeled using beam elements with six DOFs per node. 

Furthermore, the spider arm and bolt shank were also modeled 
using link elements, while the glass was modeled as a shell, but 
ignoring the lamination. It is important to note that the glass 
was modeled as a monolithic panel equal to the total thickness 
of LG; this was done to reduce computational cost, and the total 
computational time was limited to 2 h. Although the model was 
simple, the maximum drift percentages obtained using FEA 
were reasonably closer to those obtained by laboratory work for 

FIGURE 18 | Examples of modeling strategy and details: (A) assembly of the connection system, (B) boundary conditions, and (C) out‐of‐plane 
movement of the façade. Figures adapted by the authors from ©Sivagnanasundram et al. [48–50]. The authors own the copyright.  

FIGURE 19 | Examples of comparison between experimental and numerical results in the study by [48, 49]. Figures adapted from (A) ©Sivanerupan 
et al. [51] and (B) ©Sivagnanasundram [48]. The authors own the copyright. FE, finite element.  
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both cases. However, the model did not fully reproduce the 
same results for the nonlinearity of the hysteretic as the 
experimental results (see Figure 21). 

Overall, the reviewed literature revealed that in the case of 
PFGFs, which includes spider, bolts, washers, shafts, columns, 
and so forth, modeling all such elements not only makes the 

modeling complex but also time‐consuming. However, to make 
the analysis easy and quick, the behavior of connection com-
ponents, such as columns, bolts, washers, spiders, and so forth, 
can be modeled by using connectors or link elements, and such 
a quick and easy analysis can be a unique approach for re-
searchers working on the PFGFs. 

FIGURE 20 | Numerical strategy for point‐fixed glass facade employed in [3]. Figure reproduced from [3] under the terms of the CC BY‐NC 4.0 
license.  

FIGURE 21 | Examples of comparison between experimental and numerical results in the study by Inca [57]. Figure reproduced from [57] under 
the terms of the CC BY 4.0 license.  
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4 | Identification of Modeling Generalized 
Strategies 

Many researchers have used the FEA analysis approaches for 
validating the experimental results of seismic analysis for glass 
facades. Although different software packages (ANSYS, ETAB, 
SAP, ABAQUS, etc.) have been used, the model simplification, 
refinement, and computational cost have been given high 
importance. Furthermore, the panel size and loading schemes 
may vary for the said purpose, but the modeling procedure 
should be such that other researchers should not feel difficulty 
and follow the same strategy as done by prior researchers. This 
section identifies whether the researcher followed the same 
modeling strategy or if there is no generalized set of rules for 
each glass facade system. 

Literature revealed that not all the authors followed the same 
simulation strategy for the same purpose, even using the same 
software package for both framed and frameless glass facades 
(see Table 4). When modeling the framed glass facade, high 
importance should have been given to frame components, such 
as gasket, setting block, and so forth. However, some authors 
modeled connection components, and others neglected behav-
ior of such components in modeling. For instance, studies re-
ported in [9, 19, 22, 33] did not include the setting blocks in 
modeling, while [19, 23] did, for obtaining a more accurate 
facade response. Moreover [21], considered the transom‐ 
mullion connection to be rigid, while many others, like [4] 
assumed this connection as a hinge. It should be noted that if 
the transom‐mullion connection was considered fixed, it 
showed less drift than the hinge with the same load. It was also 
observed by researchers that when the glass and frame come in 
contact during simulation, the stiffness increased drastically; 
however. In reality, the gradual increase in stiffness was 
observed. 

Additionally, the interaction between different components of 
facades can have a high influence on the associated numerical 
outcomes, particularly on the results of dynamic or seismic 
analysis, yet different interaction properties have been used by 
many scholars. Some researchers, like [30] reproduced the 
interaction between different frame elements, such as gasket, 
setting block, transom, and mullion, using tie constraints, while 
some authors, like [11] used surface‐to‐surface contact by 
means of master to slave interfaces, allowing the relative sliding 
interaction. However, using tie constraints for the gasket and 
setting block can be unrealistic because such elements are not 
rigidly connected to glass, and using surface‐to‐surface inter-
action between the interlayer and glass can underestimate the 
global stiffness and composite action as well. 

Similarly, for timber‐framed glass facades, some authors 
assumed purlins as link elements, while others assumed 3D 
elements. Although assigning a calibrated mechanical behavior 
to links or connectors can be a complex task, authors have also 
found that using spring elements in timber frame modeling 
increases the computational time. 

A similar unlikeness was also observed in the seismic analysis 
of PFGFs. A study was conducted by [12], where surface‐to‐ 
surface contact between glass and interlayer was assumed, 
while [3] used tie constraints for all elements (glass, interlayer, 
bolthead, Nylon cap). Additionally, silicone sealant provided 
between glass panels plays a vital role, and if not provided, T
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may alter seismic behavior [59]. Even though silicone sealant 
contributes to energy dissipation and stress transfer, many re-
searchers like [1, 4, 18] did not include it in modeling. However, 
while analyzing the PFGF, the [56] did not neglect the silicone 
sealants in modeling, and they modeled it using shell elements. 

Furthermore, frame elements have been modeled by using 2D 
shell elements [4], 3D brick elements [1], and a 1D beam [13] by 
different scholars. The selection depends upon the accuracy 
required and computational cost. Additionally, 2D shell ele-
ments and 3D brick elements have been used for modeling the 
LG and IGU [31]. Many authors, such as [28], have modeled the 
IGU as a 3D brick element while using ABAQUS and provided 
a cavity, while in SAP2000, the IGU was modeled as a simple 
single shell with equal thickness of all the elements. However, 
modeling the IGU as a monolithic shell element can be one of 
the reasons that the results obtained by [4] were not reasonable, 
particularly for the last step. Such a modeling approach does not 
take into account the role of the interlayer. 

Overall, the literature indicated that, although experimental 
and numerical results in many cases did not show high dis-
crepancies, different strategies affected the local behavior of the 
facade. It is also evident from prior research work that facades 
are complex to model, and generalized modeling strategies do 
not exist. 

5 | Conclusions 

Glass is a fragile material, and due to its brittle behavior, it is 
always difficult to perfectly predict its response, particularly 
against seismic forces. Although the experimental work carried 
out in laboratories is a common technique to analyze the seis-
mic behavior of glass facades, numerical approaches also pre-
dict the seismic response of the glass facade if a proper 
modeling strategy has been followed. 

There are two different types of glass facades, such as framed 
glass facades in which the frame can be metal or timber and 
PFGFs, also called frameless glass facade. The two systems not 
only vary in connections but also in force resistance response 
and displacement accommodation capacity. 

Therefore, their accurate modeling, including their compo-
nents, can produce more accurate results. 

Thus, keeping the accuracy and computational time of analysis 
into consideration, a literature review was carried out in this 
study. The literature revealed that connection components, 
such as for a framed glass facade the setting block and gasket 
for a framed glass facade, play a vital role and cannot be ignored 
in modeling. If improper properties, dimensions, or even 
meshing size are assigned to such components, huge discrep-
ancies can be observed between numerical and experimental 
results. 

In some research, errors due to the improper position of the 
setting block were also observed. However, some researchers 
did not include a setting block in the analysis, and there is a 
need to check how much difference in results can be obtained 
with and without modeling the setting block. Similarly, setting 
blocks and gaskets have been modeled as 3D solid elements by 
some researchers, while others have modeled them as link 
elements in SAP2000 or connectors in ABAQUS, but it is 

unclear which strategy produced the minimum errors. Addi-
tionally, literature revealed that in some cases, numerical 
analysis failed to capture the local behavior of the glass facade. 

Similarly, for the numerical analysis of PFGFs, some researchers 
modeled each connection element, which was a complex and 
time‐consuming strategy. The same analysis can be conducted by 
using only the link elements or connectors by assigning the same 
behavior as the behavior of bolts, washers, and spiders, and so 
forth. On the other hand, the silicone sealant, which is provided 
between two glass panels, also contributes resistance to tension, 
compression, shear, and in‐plane and out‐of‐plane forces and 
according to the literature it has been ignored by many scholars 
while carrying out facade simulation. 

Overall, the literature revealed that not all authors followed 
the same simulation strategy; therefore, no generalized strat-
egy exists irrespective of the connection system. Additionally, 
literature showed that limited work has been done on seismic 
analysis of timber‐framed and PFGFs using numerical 
approaches. 

However, from the reviewed literature, it is evident that ABA-
QUS (or similar) software provides more refined results than 
other software. LG can be associated to better results if modeled 
as 3D solid elements. To capture the realistic response of the 
frame and connection components (such as gaskets, setting 
blocks, etc.), it is suggested to model them as 3D elements as 
well. However, to minimize the computational cost, such 
components can be reduced to 1D beam elements and con-
nectors, while paying more attention to assigning properties 
(especially to connectors). Similarly, in the case of PFGFs, glass 
members should be modeled as a 3D solid, to more accurately 
capture the local behavior near fixings. The other elements 
(such as spider arms, bolts, and washers between the glass 
panel and each bolt) should also be modeled as 3D solids for 
more accurate results. However, especially when only the global 
response of the facade is more concerned, the shell element 
solution is also suitable for glass panels. In a nutshell, solid 3D 
elements give more accurate results but have a high computa-
tional cost. On the other hand, shell elements are computa-
tionally efficient but cannot predict the true behavior of 
laminated members, and should be consequently used with a 
clear view of these intrinsic limits.  
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