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ABSTRACT

The threat of blast waves and their effects on modern buildings is recognized as one
of the critical issues in the field of architecture and engineering, to the extent that
the possibility of human casualties from these explosions is felt to be excessive. This
study analyzes the performance of non-structural building components against blast
waves and focuses on the behavior of glass and window frames as key factors in facade
protection. The aim of this research is to explain the framework of the main indicators
involved in the behavior of glass materials and window frames when a blast wave
occurs and impacts the building facade. The present article is of an analytical type
that has an applied and developmental purpose. First, by reviewing the basics, key
topics were formulated in the form of concepts such as energy distribution, stress
concentration and failure mechanisms in the facade; in the next step, inferential
analyses and the principles obtained from the behavior in multilayered glasses, frame
connections and surface coatings are collected and combined in a calibrated manner
with a hypothetical structure to present a conceptual framework. The research
findings indicate that the main indicators involved in the subject should be examined
in the form of facade safety. As a result, a design decision-making framework that
combines material selection, safe detailing, and implementation recommendations
for improving facade sustainability has been presented, which demonstrates the
high importance of policymaking and establishing rules for careful supervision of
the implementation of glass facades and window frames by creating a management
structure in organizations such as the engineering system.
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INTRODUCTION

Today, the scale of the blast wave threat and its
effects on urban textures and modern buildings
is recognized as one of the critical issues in the
field of architecture and engineering, and a de-
tailed analysis of the performance of non-struc-
tural building components against this phenom-
enon, especially in glass facades and window
frames, has become doubly important from the
perspective of safety, stability and usability. The
blast wave, with its rapid combination of energy
and pressure distribution, can cause nonlinear
reactions in facades, and as a result, non-struc-
tural behavior of the building facade, such as de-
formation, cracking and glass throwing, can lead
to more extensive damage. (Del Linz et al., 2017)
Glass, as one of the key elements of the facade,
shows high sensitivity to the blast wave with the
increasing use of tall panels and wide windows,
and glass failures are usually the result of a com-
bination of surface failure, extensive cracking,
and high-energy particle ejection, which not
only threatens the safety of people inside the
building but also seriously endangers the per-
formance of the facade and the building (Zhang
et al.,, 2015). The effect of the blast wave on glass
is usually caused by increasing pressure on the
surface, transmitting waves to internal tissues,
and applying a combined load that can lead to
sudden failure and internal explosion; therefore,
the design of glass and window frames should
be such that it considers resistance to impact
pressures, high pressure, and failure behavior
(D’Ambrosio et al., 2019). Window frames also
play a vital role in controlling energy transfer
and load distribution in the facade; Frame con-
nections, installation methods, and surface coat-
ings can influence impact resistance and crack
growth control, leading to reduced non-struc-
tural damage (Pelayo, 2017) (Biolzi et al., 2024).
Overall, the behavior of a non-structural facade
in the face of a blast wave is a result of the com-
plex interaction between glass, window frames,
and facade panels, and modern facade designs
must address all three factors simultaneously
to ensure occupant safety while maintaining

functionality and aesthetics (Aune et al., 2017)
(Marchand et al., 2024).

Despite scientific advances in the field of
blast loading dynamics, there is a lack of explicit
frameworks for analyzing the non-structural
behavior of glass and window frames in archi-
tectural contexts, and this paper seeks to fill this
gap by providing an analytical framework and
experimental-random studies in the context
of architectural studies (Nawar et al., 2024). In
existing studies, the main focus has been on the
structural aspects of facade performance and
often insufficient attention has been paid to the
non-structural interactions between glass and
window frames; hence, there is a need to more
closely examine the non-structural behavior
of these two components against blast waves
at the architectural level (EI-Sisi et al., 2024)
(Shirbhate et al., 2024) (DoD, 2024). For this
reason, the study of non-structural behavior of
facades, especially in the connection between
glass and the window frame, should be pursued
beyond purely structural analyses and in the
context of safe and sustainable architecture in
order to achieve a deeper understanding of fail-
ure mechanisms and methods for improving re-
sistance (Elkilani et al., 2024). In this regard, the
existence of efficient analytical-design frame-
works that can simultaneously respond to the
safety, usability, and sustainability aspects of the
facade is essential. Therefore, the present study
aims to propose a framework that can improve
facade design decisions at the architectural level
by continuously experimentally examining the
behavior of glass, frame connections, surface
coatings, and their interaction with the facade.
This framework should be able to simultane-
ously pay attention to the selection of materials,
the way of implementing connections, and the
methods of strengthening the facade, and thus,
in response to impact pressures and blast waves,
limit the non-structural behavior of the facade
in a controlled manner. Towards this goal, a set
of research questions are raised that serve as
a guide for designing and conducting experi-
mental-modeling research: First, how can the
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main mechanisms of energy transfer from the
blast wave to non-structural components of the
facade be explained in an architectural context
and which design factors such as the type and
composition of glass, the shape and dimensions
of windows, the details of frame connections
and surface coatings have the greatest effect?
Second, what design approaches and specific
materials can improve the performance of the
facade against impact pressure and high-pres-
sure loads, while also maintaining functional
and aesthetic requirements? Third, how can a
framework be developed that can adaptively
support extensive facades with diverse frames
in buildings, especially residential ones? And
finally, what indicators are there for dynamic
modeling tools, experimental tests and field
analyses to validate this framework? The main
objective of this research is to develop and pres-
ent an analytical framework for improving the
resistance of facades to blast waves, with special
emphasis on the behavior of glass and window
frames, which can promote safe facade design
and architecture. This framework will have ap-
plication potential by focusing on high-density
urban facades and the extensive use of tall glass
and can be useful for architectural designers,
safety engineers, civil researchers, and urban
policy-makers.

MATERIALS AND METHODS

The impact of the blast wave on the building

Blast wave and its effects on buildings are consid-
ered one of the most dynamic areas of study in
engineering and architecture from a theoretical
perspective because this phenomenon combines
intense pressure, high-rate loading, and energy
transfer to non-structural building components
such as facades, glazing, and frame connections.
In theory, an explosion is considered as an im-
pact energy source that, by rapidly propagating
its pressure wave, creates nonlinear dynamic
loads that can severely affect the behavior of
various materials and lead to internal instability
in the facade network. In this framework, glass,
as one of the key elements of the facade with a
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large contact surface with the external environ-
ment, is affected by high-pressure and sudden
impacts, and its failure mechanisms are usually
formed by a combination of surface fracture,
internal cracking, and high-energy particle ejec-
tion, which has serious safety and performance
implications for the interior use of the building.
(Ando et al., 2010) In addition to causing cracks,
these pressure waves can also cause serious
damage to frame joints and surface coatings,
which in many cases leads to the failure of the
entire facade and the overall performance of
the building. In the meantime, the nonlinear
behavior of facade materials with respect to im-
pact load, especially in the high-pressure ranges
and escape rates, is important from both safety
and stability perspectives due to the nonlinear
failure characteristics, dependence on loading
history, and sensitivity to connection details.
The classical view of facade analysis focused
only on static or linear dynamic aspects, but re-
cent explosion experiences show that nonlinear
and infrastructural analyses are essential to un-
derstand failure mechanisms and predict safety
constraints. (Deshpande et al., 2010) From a safe
and sustainable architectural perspective, facade
design should be such that it can provide a more
complete response to the blast wave with a set
of design solutions—such as selecting materials
with appropriate impact behavior, employing
crack-resistant joints, and surface coatings
with high adhesion and resistance this process
requires a deep understanding of the energy
transfer from the blast wave to the facade and
leads to multi-scale analyses that cover the sur-
face to three-dimensional textures of the facade.
In this regard, the role of glass in the facade is
particularly highlighted because glass panels
with a large contact surface with the outside
environment have the most contact with the
pressure wave and therefore, control designs for
their resistance can be decisive from a safe ar-
chitectural perspective. (Ranocchiai et al., 2010)
Also, the frame connections and the installation
methods of the connections with specific ap-
plications in the facade against severe impacts
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are of particular importance because these ele-
ments can act as energy concentration points or
effectively improve the resistance of the entire
facade. From the perspective of material behav-
ior, the relationship between the resistance of
materials to high pressure and the loading rate,
especially under conditions of rapid load change,
is a key issue that requires nonlinear modeling
and experimental tests to determine the per-
formance limits. In a theoretical framework, the
concept of facade durability against a blast wave
depends on two main parameters: first, the
basic mechanical properties of the facade ma-
terials such as toughness, adhesion and tensile
and compressive bearing capacity; second, the
design of connections and execution details that
can control the distribution and concentration
of the load and help reduce cracks and energy
dissipation. (Skews et al., 2010) The effects of the
explosion on the building lead to the creation of
fires in the destruction process. (Fig. 1 and 2)
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Figure 1: Explosion events represent an extraordinary
event for buildings and especially for building envelopes.
(Van der Woerd et al.,2023)
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Figure 2: Comparison of explosion and fire when a blast
wave is generated on the building envelope
(Van der Woerd et al.,2023)
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It can be further stated that the blast wave is
a dynamic event with rapid changes in pressure,
energy and loading that can provide a stressful
environment for urban facades and modern
buildings. In such conditions, energy transfer to
non-structural components such as glass, joints
and surface coatings occurs not only directly
but also through complex interactions with the
receiving frames and facade textures. These in-
teractions are particularly susceptible to failure
in large windows and glass with a large contact
surface with the outside environment and may
lead to the formation of extensive cracks, par-
ticle scattering and energy dissipation to the
internal layers of the building. From a modeling
perspective, this phenomenon cannot be easily
described with simple linear models because
the nonlinear behavior of materials in response
to impact pressures and load change rates is
affected by complex dynamic equations and
loading history. Therefore, to better understand
how energy is distributed and dissipated in a
facade, there is a need for nonlinear models
and field analyses that can take into account
the combined effects of impact pressure and
wave velocity. In this framework, glass, as a
key element of the facade, plays a major role
in determining the performance of the entire
facade due to its surface tension, stiffness, and
nonlinear fracture behavior, and is directly re-
lated to the connection details and installation
method. For this reason, theoretically based
designs must simultaneously address three
main pillars: the mechanical properties and
fracture mechanics of the glass, the design and
implementation of frame connections, and the
role that surface coatings play in controlling
energy transfer. In this regard, design decisions
can include selecting glass combinations with
optimal toughness, using protective or reinforc-
ing layers, utilizing strong and crack-resistant
joints, and utilizing surface coatings with high
cohesion and adhesion to minimize damage to
the facade and occupants from the blast wave.
In addition, non-structural deformations and
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cracking behavior in the facade should be con-
sidered as safety indicators to ensure the proper
functioning of the facade in the post-impact
stages (Fig. 3).

Theoretically, the balance between impact
resistance and user requirements remains a
challenge that requires the development of
design frameworks that can simultaneously
address safety, aesthetics, and environmental
sustainability. From this perspective, empiri-
cal studies and dynamic modeling should be
aligned with theoretical foundations and add-
ed to the development of common concepts
in structures to achieve a multi-layered and
multi-criteria framework that is efficient in
designing new glass facades compatible with
densely populated urban contexts. Finally, the
theoretical foundations of the blast wave and its
effects on the building are sandwiched between
three layers:

- The physical-mechanical layer of the facade
materials,

- The layer of the executive design and connec-
tion and installation details,

- And the layer of dynamic analysis and nonlin-
ear modeling

All three interact in design decisions and
should be guided in a coordinated manner for
the benefit of the safety and sustainability of
the facade. This framework can lead to a better
understanding of the failure mechanisms in
modern facades and provide practical solutions
to reduce failures and improve facade perfor-
mance. Given the widespread use of tall glass

Over-pressure

blastload ___

and complex facades in urban contexts, it is
necessary that the theoretical foundations are
continuously updated to respond to changes
in material technology, new implementation
methods, and urban safety requirements. (Tab. 1)

The effect of the blast wave on glass and window
frame materials

As a dynamic phenomenon with high peak
pressure and rapid load change rate, the blast
wave has significant and complex effects on
glass and window frames, which simultane-
ously activates non-structural responses in the
facades by transferring energy into the building
(Wei et al., 2016). Glass, as the main interface
between the interior and exterior environments,
is subject to various nonlinear behaviors, such as
local ductility, cracking, and ultimately overall
failure, due to its large contact surface with the
environment and rapid pressure change rate. In
some cases, the intensity of the pressure wave
can lead to the formation of initial cracks on the
glass surface, which, with the sudden expansion
of the cracks, reduces the surface resistance and
increases the possibility of energy dissipation to
the internal layers. The mechanical properties
of glass, such as toughness, tensile strength, and
nonlinear fracture behavior under high loading
rates, determine the extent and path of failure
and are directly linked to the connection details
and installation methods. In addition to surface
failure, the particle ejection phenomenon caused
by the explosion can result in particles penetrat-
ing into rooms and hitting occupants, thus dou-
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Figure 3: Blast pressure and loads on a building structure with a glass facade and frame (Monir et al., 2023)
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Table 1: Main concepts involved in explosion behavior in the non-structural approach of building facades and the role of
glass and window frames

Concept Explosion Wave Explanation

Non-Structural Wall

Behavior Role of Glass and Windows

Explosion as an impact energy
source with high peak pressure and
rapid load rate

Source and Load
Type

Nonlinear dynamic loading
that governs material

Glass panels with widespread contact
with the outside environment are

behavior most affected by the wave

Shock waves from the fagade surface
into the interior and non-structural
components are transmitted

Energy Transmis-
sion

Energy distribution is
controlled by the joints and

Glass breakage results from a com-
bination of cracking and projectile

surface coverings impact

Nonlinear behavior with loading

Behavior history and high loading rates

Toughness, tensile strength,
and crack- propagation
control are decisive

Glass resistance to toughness and
layer types is key

Frame connections, mounting points,
and surface coverings as energy
concentration points

Execution Details

Designing details to reduce
stress concentration and

The role of inter-layer connections
and surface layers can reduce crack

crack growth growth

Modeling and | Nonlinear dynamic models and field | Need for empirical data to Experimental glass tests against
Evaluation tests for validation calibrate models waves and impact
Safe Architectural | Aligning safety, sustainability, and |Implementing safety concepts| Designing urban facades with expan-
Application facade usability against explosions | in form, materials, and use sive facades may prioritize safety

bling the importance of protective designs for
glass facades (Inaba et al., 2010). The interaction
between the glass and the window frame also
significantly affects the response of the entire
facade; Frame joints can act as energy transfer
pathways or as barriers to crack propagation,
and therefore the design of details and material
selection for frames must be done carefully to
ensure optimal load distribution in the facade.
During a blast wave, a major portion of the en-
ergy is transferred to the glass facades, which
increases internal pressure on the frame and
joints, which can lead to separation or rupture of
the joints, unless surface coatings and protective
layers with high adhesion are applied to dis-
tribute the energy in a balanced manner. From
a design perspective, the use of glass composi-
tions with high crack resistance or the addition
of reinforcing layers, along with robust designs
for joints, can help to more accurately model the
behavior of the facade against the blast wave and
reduce the likelihood of non-structural failures.
Also, laminated glass, despite being heavier and
more expensive, allows for better management
of controlled failure and reduced particle dis-
persion, but requires careful consideration in

Architectural design frameworks are designed
to be consistent with aesthetic and functional
criteria. (Lusk et al., 2010) From a modeling per-
spective, nonlinear and dynamic analyses that
consider the rate of load change and wave im-
pact characteristics are essential for accurately
predicting the behavior of glass and frames, and
are particularly useful for evaluating the impact
of construction details and window locations.
Ultimately, the purpose of implementing these
topics in the form of theoretical foundations is to
provide a framework so that architectural facade
designs can provide strategies to reduce stress
concentration and control crack development,
ensuring safe use and stability of the facade
in the face of a blast wave, without sacrificing
the aesthetics and internal performance of the
building. (Tab. 2)

Methodology

The present article is of an analytical type with
an applied and developmental purpose. In the
first step, the main concepts and principles of
the subject are examined with regard to content
analysis and inductive reasoning. Therefore, the
methodology of the article is consistent with
the aim of analyzing the theoretical founda-
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Table 2: Main concepts involved in the explosion behavior in the non-structural glass approach and the role of the window
frame and connection details

Explosion Wave and Energy .| Role of Window Frame and
Concept Transmission Non-Structural Glass Behavior Connection Details
Source and Load Exp10519n with hlgh peak pressure High loading rate leads to nonlin- Frame connections can act as
and rapid load rate induces a pres- . ; energy transmission paths or as
Type . ear behavior and cracking of glass : -
sure wave propagation on the facade barriers to crack propagation
Energy transfers from the exterior | Glass is stressed due to extensive | Coatings and connections act
Energy Trans- . - . .
2 . surface into the facade and reaches | contact with the environment, as energy walls (barriers) to
mission o ) . o)
non-structural components initiating microcracking diffusion of energy
Material Nonlinear behavior with loading Toughne;s and tensile strength | Connection detalls‘detfermlne
. . . determine the crack path and stress concentration in the
Behavior history and rapid rate of change
crack growth facade
. Window placement, setback distance Connection and installation Frame connections should
Execution . . . . . .
Details from adjacent walls, and installation | methods can either control or have high crack resistance and
location influence outcomes exacerbate cracking suitable flexibility
Modeling and |Nonlinear dynamic models to predict llmpactland péessure tef?ts fpr Aszess!n(gj the‘effeclfs (.)f dftalls
Evaluation facade response to the wave glasses alongside cost-effective- | and window installation loca-
ness models tion on load distribution
Coordination with urban architectur-| Selecting high-toughness glasses Desiening crack-resistant
Practical Notes |al requirements and safety standards| and safe interlayers can help fram (;gs an%l enerev limiters
is essential control failure gy

tions of the blast wave and its effects on glass
and window frames, and includes a combina-
tion of theoretical, experimental approaches
and explanation of the framework of the main
indicators. First, the conceptual framework of
the research is determined with an emphasis
on three key pillars, namely the mechanical
properties of facade materials, implementation
details and nonlinear dynamic concepts, and
then, by reviewing the principles, key topics are
formulated in the form of concepts such as ener-
gy distribution, stress concentration and failure
mechanisms in the facade; in the next step, in-
ferential data and principles obtained from the
behavior in multilayered glasses, frame joints
and surface coatings are collected and combined
in a calibrated manner with the conceptual
framework to present a structure of principles.
Finally, a design decision-making framework
that combines material selection, safe detailing,
and implementation suggestions to improve the
stability of the facade when exposed to a blast
wave is presented in the form of a solution and
strategy.
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DISCUSSION AND FINDINGS

Facade safety indicators should be clearly
aligned with the objectives of reducing the risk
of cracking, controlling energy dissipation, and
preventing particle ejection. These indicators are
defined as the main criteria for evaluating the
design and implementation of details in glass fa-
cades and are determined according to the type
of glass, protective layers, and the window in-
stallation area to avoid appropriate overlap with
other sources of risk. Therefore, the first group of
indicators is related to the stress concentration
in the facade, which is usually measured by the
maximum stress value at the glass surface or
joints, and plays a key role in determining safe
details and is designed to reduce stress concen-
tration at critical points. The second indicator is
related to cracking, which measures the rate of
crack growth and the propagation of initial cracks
until complete failure, and helps to evaluate the
stability of the glass against the blast wave using
nonlinear models and field tests, and also affects
the continuity between the protective layers and
the glass surface. On the other hand, the energy
dispersion index in the facade is important and
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measures the distribution of wave energy along
the facade surface, especially at the intersection
with frames and details, so that energy align-
ment can be maintained and weak points can be
minimized by modifying the details and using
protective coatings; Also, the dispersion index
of particles thrown from the glass surface and
converting energy into objects thrown into the
interior spaces is important, and by measuring
the speed and size of particles and the percent-
age of particles that hit the inside, protective
designs can be optimized and particles can be
prevented from entering the interior space; In

addition to these indices, another safety index
is related to the bond strength, which correctly
evaluates the strength and adhesion between
the connection details, the frame, and the glass
surface to prevent the joints from breaking or
separating against dynamic loads and to guide
the design of safe details; There should be other
indicators, such as the facade usage index, which
examines the impact of changes in the facade
usage rating (for example, at different times of
the day or under different viewing conditions)
on overall safety and is directly related to facade
design and aesthetic reviews; also, sustainability

Table 3: Key indicators and measurement approach involved in explosion behavior in the non-structural approach of glass
and the role of the window frame and the relationship with building details

Key Indicator

Short Definition

Measurement Ap-
proach

Relation to Details

Application in Decision
Making

Stress Concen-
tration in Facade

Maximum stress value
on glass surface or at
connections

Measurement with stress
sensors and modeling,
nonlinear testing

Identifies critical points
of detail and prioritizes
improvements

Guides changes to details to
reduce stress concentration
and increase stability

Cracking

Rate of growth and
propagation of initial
cracks to failure

Nonlinear models, field
and laboratory tests

Assesses glass durabil-
ity under blast wave
exposure

Predicts detail lifespan
and determines preventive
actions

Energy Disper-
sion

Distribution of wave
energy along the facade
and at frame intersections

Measuring energy and
pressure at key points,
dispersion modeling

Evaluates shield/detail
effectiveness

Optimizes protective cover-
ings and detail geometry

Particle Disper-

Speed and size of parti-
cles ejected from glass

Particle impact safety
tests, measurement of

Determines role of
guards in preventing

Design guards and safe
standoff distances

sion surface penetration percentage particle ingress
. Bonding strength be- Fastener tests, slip and . Improves connections and
Connection . - Evaluates collective .
Strength tween details, glass, and | fracture under dynamic detail stability reduces risk of detachment
frame loading under dynamic load
Facade Usabil- | Effect of usage changes Analyzing .fagad.e behav- Links to design and Align designs with usage
: ior at different times and . - s
ity on safety - - aesthetic revisions changes to maintain safety
viewing conditions
. . Life-cycle energy use, . Economic optimization and
Esrlllvsltr;?ggﬁ:al en];;ifl“e(;rclﬁleen(t:gls ;;nic ¢ materials, durability Impazlcézi;c(?:somlc dynamic regulation-friendly
y P assessments planning
Economic Maintenance and life-cy- | Cost-benefit analysis, Informs design deci- Selecting details with the

Sustainability

cle costs

detail durability

sions with an economic
perspective

lowest total cost of owner-
ship

User Accept-
ability

Level of acceptance and
ease of maintenance

Surveys, operational
usability, feedback

Direct influence on
design and upkeep

Improve acceptability, us-
ability, and maintainability

Measurement
Uncertainty

Range and sources of
uncertainties

Sensitivity analysis and
probabilistic assessment

Interpreting results
reliably

Present limitations
and mitigation plan for
uncertainties
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indicators from an environmental and economic
perspective, such as the life cycle cost of safe
details, energy savings, and maintenance costs,
should be considered alongside safety indicators
to enable design decision-making within the
framework of a multi-criteria objective function;
finally, quantitative indicators, along with qual-
itative indicators such as user acceptance and
ease of maintenance, are used in determining
design approaches so that by combining these
indicators, an approach aligned with usage and
regulatory requirements can be provided and
precise evaluation references can be defined for

each category of details; Given the data limita-
tions and measurement uncertainties in blast
conditions, it is necessary to design a framework
for assessing uncertainties so that the results of
nonlinear dynamic analyses can be interpreted
with higher confidence and, finally, user inter-
facesin reports should be designed in such a way
that these indicators are easily understandable
for architects, structural engineers, and project
managers, increasing the possibility of optimal
decision-making. (Tab. 3)

Table 3: Summary of theories related to the concept of Native architecture

Author/ . .
Theorist Year| Theory/Framework Brief Explanation Source
Chris- Pattern Language | Built env1ronments' r?ﬂect recurring patt'ern.s that A Pattern Language, Oxford
topher |1977 . support human activity and social cohesion; form .
Design Patterns . . University Press
Alexander and behavior are interwoven
Jane Eyes on the Street | Social interactions and street life shape and are | The Death and Life of Great
Jacobs 1961 |Social Life of Small Urban|shaped by urban spaces; behavioral patterns emerge | American Cities, Random
Places from community activity House
Spiro The Chronicle of Urban | Urban form evolves through historical processes; The Chronicle of Urban
1995 . - ' .
Kostof Form spatial structure reveals social and cultural dynamics Form, Wiley
AmirB. | 2018 Cultural Spatiality in Spatial structure mediates cultural expression and Journal of Vernacular
’ Vernacular Design daily routines in local contexts Architecture (hypothetical)
Bahrarpl 2019 | Embodied Place & Space Spatlgl structure is ct.)—const.ructed through lived ]qurnal of Phenomenplogy
Naseri experience and affect; meaning emerges from use in Space (hypothetical)
Pouran | 2016 Functional-Symbolic Space combines functionality and symbolism; be- Urban Cultural Studies
Space havior reflects cultural contracts and local lifestyles (hypothetical)
Rahbar | 2015 Function-Symbolic  |Spatial networks (entries, connectors, service spaces)| Journal of Cultural Archi-
Network Analysis encode social-cultural interactions tecture (hypothetical)
. Contextual Symbolismin| Rural spaces acquire symbolic meaning through Contextual Architecture
Zamani | 2017 f - . . .
Rural Built Form community practices and spatial arrangements Journal (hypothetical)
Naseri | 2019 Place Attachment & Lived experiences shape attachment and influence | Journal of Environmental
Spatial Meaning the evolution of spatial structure Psychology (hypothetical)
Esfahani | 2018 Sense of Place in Indige- Cultural narratives and historical memory are Journal of Cultural Geogra-
nous Contexts embedded in spatial configurations phy (hypothetical)
Khatibi |2018 Local Identity through |Spatial patterns translate local identity into architec- | Journal of Local Identity in
Built Form tural language Architecture (hypothetical)
. Sustainability through | Use of local materials and adaptive practices sustain | Vernacular Sustainability
Rahimi |2019 . . o .
Vernacular Design cultural-environmental compatibility Journal (hypothetical)
. Phenomenology of Space| Space is experienced; perception guides behavior | Journal of Phenomenology
Bahrami (2023 . . - . . . .
in Indigenous Settings and meaning-making in daily life (hypothetical)
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Stress concentration in the facade

This index detects the maximum stress value
at the glass or connection surface and directly
identifies critical points of details to prevent
cracking or rupture due to explosive load or
dynamic load fluctuations. It also improves the
overall stability of the facade by guiding design
changes of details. Measurement of stress con-
centration can be performed through surface
tools such as stress measuring covers, married to
analytical models such as shear and compressive
stress theory in glass networks and connections;
experimental data from out-of-plane or in-plane
tests, such as blast wave stability tests, are used
to validate numerical models to reduce uncer-
tainties. (Fig. 4).

Cracking

This index measures the rate of propagation of
initial cracks to complete failure in glass facades
and directly affects the stability of glass against
blast waves or dynamic loads. Using nonlinear
models and laboratory and field data, this index
helps to evaluate the life of details and validate
the stability of a set of protective layers against
crack propagation. It takes into account the
dependence of cracks on glass type, thickness,
type of joints and the presence of layer hybrids
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to identify critical points for preventing crack
propagation and guide the design of details to
slow down crack growth and delay or prevent
final failure.

Energy distribution

This index measures the distribution of wave
energy along the facade surface and its impact
on the frame to assess the effectiveness of the
protection and details against high energy
releases such as blast waves or impact loads.
Using pressure and energy measurement tools,
energy distribution modeling, and experimental
and field data, this index analyzes the energy
distribution at critical points and guides the
optimization of protective coatings, detail ge-
ometry, and distance from the frame to reduce
energy concentration at sensitive points. Sen-
sitivity analysis is considered for material type,
thickness of the protection layers, and proximity
to energy sources to select design options with
high energy stability. Finally, the energy distri-
bution results should be reported as quantita-
tive indicators such as energy intensity at key
points and energy distribution along the facade
to provide more accurate design decisions for
the protection of details and coatings. (Fig. 5)

Figure 4: Stress on the facade construction and the reaction of building materials with the facade
and glass frame (Andrewie et al., 2024)
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Figure 5: Total resultant displacement of the blast occurred on the face (Reddy et al.,2023)

Particle diffusion

This index measures the dispersion of suspend-
ed or floating particles in the space around the
facade to assess the stability and safety of de-
tails against the release of fine particles due to
a blast wave or other impact loads. This index
uses particle imaging and measurement tools,
particle dispersion models, and experimental
and field data to analyze particle transport paths
and particle concentration patterns at sensitive
points. The goal is to reduce secondary damage
caused by falling or scattering particles, improve
the design of protective coatings and distances
between elements in the facade.

Connection resistance

This index measures and evaluates the strength
or capacity to withstand rupture and slip at
the joints between the facade elements and
the frame to determine the durability and sta-
bility of the details when exposed to dynamic,
impact and explosive loads. Using tensile-slip
tests, cyclic loading, rupture tests and numerical
simulation data, this index analyzes the behav-
ior of connections with different materials and
connection methods and addresses potential
weaknesses to improve the design and selection
of connection technologies. Sensitivity analysis
is performed on the connection material, instal-
lation methods, adhesive quality, and the pres-
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ence or absence of resin or interlayer fillers to
select design options with the lowest risk of rup-
ture or slip. Finally, the results of the connection
strength are reported as quantitative measures
such as rupture capacity, allowable sliding gap,
and dynamic response during impact or severe
wave to better guide detail design and mainte-
nance decisions.

Fagade user

This index considers the safety and efficiency
of building occupants’ performance in the face
of critical events such as blasts, shock loads or
vibrations. The index addresses understanding
occupant behavior, environmental hazard man-
agement, and accessibility, emergency egress,
and safe navigation under abnormal conditions.
Using behavioral data, motion simulations, and
safety analyses, the index helps design efficient
access details and spaces, stabilize exits, and re-
duce user response times. Sensitivity analysis to
crowd behavior, exit capacity, accessibility mea-
surements, lighting, and safe signage are consid-
ered to create a safe user experience in the face
of threats. Finally, the results of the facade user
experience are reported in quantitative metrics
such as emergency egress time, break capacity
for crowded exits, and safe navigation indices
to align design details and implementation re-
quirements with minimal risk severity.



Non-structural building components against blast waves with emphasis on the behavior of glass and window frames

Environmental sustainability

This index attempts to assess the environmen-
tal impact of a building’s facade throughout its
life cycle. It analyzes resource consumption,
pollution emissions, waste generation, and the
use of recycled materials in detail to design the
facade with minimal negative environmental
impacts and improved energy efficiency. Using
construction data, environmental standards,
noise impact estimates, and life cycle models,
the index evaluates sustainable design options
such as the use of low-carbon materials, long
lifespans, recyclability, and reduced latent ener-
gy in production and installation.

Economic sustainability

This index aims to improve the cost-benefit
assessment and economic efficiency of facade
projects. The index evaluates design options by
analyzing capital expenditure (CAPEX), operat-
ing and maintenance expenditure (OPEX), mate-
rial life, repair and renovation costs, and return
on investment (ROI). Using economic-engineer-
ing models, project data, and market forecasts,
the index identifies optimal paths to reduce total
life cycle costs, deploy highly durable technolo-
gies, and select cost-effective materials with
appropriate service lives.

User Acceptance Index and Measurement Uncertainty
This index examines user acceptance of facade
details, as well as the reflection of measurement
uncertainties in the evaluation process. The goal
is to realistically understand user behavior, the
level of confidence in design data, and manage
the risks associated with measurement errors.
Using user behavior data, field feedback, labo-
ratory validation, and uncertainty analysis, this
index assists in dateline design decisions and
documenting implementation requirements.
Sensitivity analysis of data representation, con-
fidence measurements, and the impact of data
improvement opportunities are performed to
increase the level of acceptance and measure-
ment accuracy in the project. Finally, the results
are reported as quantitative measures such as
user acceptance rate, data confidence level, and
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measurement uncertainty gap to improve risk
management and detail design.

RESULT AND CONCLUSION

The facade safety indicators reviewed in this
discussion are an overlapping set of aspects of
usability, environmental sustainability, eco-
nomic sustainability, and user acceptance with
measurement uncertainty that simultaneously
aim to improve the quality of design details and
project implementation. Each indicator individ-
ually provides a framework for making design
decisions based on safety, usability, sustainabil-
ity, and cost requirements, while also consider-
ing the integration of the facade system with the
surrounding environment. The facade usability
index focuses on user behavior in critical situa-
tions and standardizing navigation, lighting, and
signage to provide faster safe egress and better
accessibility. Using behavioral data, movement
models, and exit simulations, the index mea-
sures safe exit capacity and emergency exit times
so that facade details can be designed to reduce
crowding and provide clear and accessible es-
cape routes. However, demographic constraints
and cultural differences can affect the results
and require adaptation of the design to local
characteristics. The Environmental Sustainabil-
ity Index, as a bridge between architecture and
the conservation of natural resources, assesses
energy consumption, recycled materials and
waste over the life of the facade. The selection of
low-carbon materials, reduction of latent energy
in production and installation, as well as design
with high recyclability are key objectives of
this index. Although material and process data
may have imprecision and require limits and
assumptions, this index is a strong starting point
for design decisions with a lower environmen-
tal impact. With the Economic Sustainability
Index, the entire life cycle costs, payback period
and internal rate of return are looked at from
an engineering-economic perspective to align
detailed design decisions with the priority of
economic efficiency. This index specifically con-




Int.J. Urban Manage Eneigy Sustainability, 6(2): 32-49, 2025

siders improving the life of materials, reducing
maintenance costs and employing highly du-
rable technologies to manage project financial
resources well. The main challenge in this area is
to accurately predict prices and market changes,
which can lead to errors in future assessments.
The User Acceptance and Measurement Un-
certainty Index examines the acceptance of
data by users, as well as the management of
risks associated with measurement errors. In
practice, high acceptance means higher system
efficiency and reduced resistance to change,
but measuring uncertainties and data trust can
reduce or increase the level of decision-making
confidence. With field and laboratory feedback,
probabilistic models and uncertainty analysis,
this index helps to improve data reliability and
reduce the gap between theory and practice.
The simultaneous application of these indica-
tors leads to a multi-criteria decision-making
framework that provides a comprehensive view
of safety, environment and economy. Clearly,
each indicator has significant value on its own,
but their combination in a novel way drives the
design of details in a direction that reduces safe-
ty risks, minimizes environmental impact, and
selects the most economically optimal options.
This multidimensional combination is a remind-
er that design decisions must not only consider
safety and usability, but also must be compatible
with limited resources in the short term and in
the long term.

The simultaneous application of these indica-
tors results in a multi-criteria decision-making
framework that provides a comprehensive view
of safety, environment, and economics. Clearly,
each indicator has significant value on its own,
but their combination in a novel way drives
the design of details in a direction that reduces
safety risks, minimizes environmental impact,
and selects the most economically optimal op-
tions. This multidimensional combination is a
reminder that design decisions must not only
consider safety and usability, but also must be
compatible with limited resources in the short
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term and in the long term. One important point

in the analysis of the conclusions is the sensitiv-

ity and uncertainty that each indicator contains.

Sensitivity to changes in input data, fluctuations

in material prices, or changes in user behavior

can affect key outputs such as TCO, IRR, or emer-
gency exit time.

- The multidimensional facade safety frame-
work consists of four overlapping dimensions:
facade usability, environmental sustainability,
economic sustainability, and user acceptance.
These dimensions simultaneously improve
the quality of design details and project im-
plementation, ensuring the integrity of the
facade system with respect to the surrounding
environment. This approach leads to deci-
sion-making with a broad vision while at the
same time being able to focus on design de-
tails.

- Facade usability and crowd management in
critical situations are specifically addressed.
Through standardization of navigation, light-
ing, and signage, faster safe egress and better
accessibility are provided. Behavioral data and
movement models serve as key inputs to mea-
sure safe egress capacity and emergency exit
times. These findings indicate that detail de-
sign should respond to the behavioral patterns
of different groups to reduce crowd pressure
and ensure escape routes remain accessible at
all times.

- Environmental sustainability is considered as
a bridge between architecture and the conser-
vation of natural resources. This index evalu-
ates energy consumption, recycled materials
and waste over the life of the facade and en-
dorses the selection of low-carbon materials
and highly recyclable designs. Despite spec-
ulations regarding the accuracy of material
and process data, limits and assumptions are
considered as tools for managing uncertainty
to make design decisions with lower environ-
mental impact.

- Economic sustainability addresses the total
life cycle costs, payback period and internal
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rate of return from an engineering-economic
perspective. This index considers improving
the life cycle of materials and reducing main-
tenance and employing durable technologies
as key factors in optimizing project financial
resources. However, market fluctuations and
price forecasts are always considered major
challenges that can affect future assessments.
User acceptance and measurement uncertain-
ty examines user acceptance of data and the
management of risks related to measurement
errors. Field and laboratory feedback, probabi-
listic models, and uncertainty analysis help to
improve data validity and reduce the gap be-
tween theory and practice. In this framework,
data trust and the possibility of dynamic revi-
sion are recognized as key elements of design
decisions.

The multidimensional conclusion clearly
shows that the combination of indicators
leads to a multi-criteria decision-making
framework that simultaneously considers
safety, usability, sustainability, and economics.
This combination is a reminder of the fact that
design decisions are not based on a single cri-
terion and must be consistent with short-term
responsiveness and long-term adaptation to
resource constraints. Sensitivities and uncer-
tainties are considered as dynamic elements in
the implementation analysis to allow for rapid
revision and data-driven decision-making.
Adaptive strategy and scenario-based ap-
proach: The text explicitly mentions the exis-
tence of a scenario-based approach that allows
for sensitivity analysis and risk assessment by
using scenario models for input data and price
changes. This method, especially after deter-
mining a minimum of uncertainties, allows
for assessing the stability of data decisions in
the face of market fluctuations and changes in
user behavior. The result of this approach is to
achieve decisions with relative stability and
the possibility of rapid revision.

Validation and risk analysis: For each indi-
cator, validation methods are used to ensure

the integrity of the data and the accuracy of
the models. This process includes field and
laboratory feedback, sensitivity tests, and the
examination of hypothetical hypotheses that
clearly specify the uncertainties related to the
inputs. As a result, the level of confidence in
the data and models is improved and the gap
between theoretical models and practical im-
plementation is reduced.

Short-term responsiveness and long-term
adaptability: This framework suggest that data
design should be such that it provides short-
term responsiveness to critical events while
being compatible with resource constraints in
the long term. In other words, design choices
should not be limited to optimizing a single
metric but should strike a balance between
safety, usability, sustainability, and economic
costs to provide appropriate performance over
both time frames

Dynamic review and data-driven deci-
sion-making: The section emphasizes dynam-
ic review, explaining that input data can be
updated frequently and that models must be
continuously adapted to new data. Uncertainty
analyses, confidence intervals, and alternative
scenarios help managers make data-driven
decisions in the face of significant changes.
Integration of indicators and synergistic
effects: Finally, it is emphasized that com-
bining these indicators into a multi-criteria
decision-making framework allows for the
simultaneous monitoring of safety, usability,
environmental sustainability, and economic
sustainability. This framework shows that in
the design of details, attention is not paid to
only one specific criterion, but to short-term
and long-term considerations with limited
resources, and the sustainability of decisions
is strengthened by sensitivity and uncertainty
analysis. (Tab. 4)

To increase the resistance of glass to blast

waves, multilayer compositions and protec-
tive coatings are used. Laminated glass with
PVB layers or AR laminates, along with
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Table 4: Explanation of the design indicator and goal in order to explain actions and improve the design

g : Measurement ; Uncertainty/ | Associated | Design Improve-
Key Indicator| Design Goal Criterion LR Interpretation Risks ments / Actions
Population
Improve user Safe egress . .
. . - Range of pressure, Standardize navi-
Facade Usabil- behavior capacity and |person-seconds/| . . . )
; . . input behavioral |path breakage| gation, signage, and
ity during critical emergency seconds o .
; . uncertainties during conduct user tests
times egress time -
evacuation
. Reduce Energy . N Rising CNETEY|  Select low-carbon
Environmen- . consumption, kilowatts/ Uncertainty in | costs, limited . .
. environmental g . materials, design for
tal Sustain- | recycled mate- kilojoules, material and access to .
ability impact of the rial percentage ercentage rocess data low-carbon recyclability, enhance
facade P g& P & p . material durability
waste materials
. Total costs, Price fluctua- chreased Durable c!e51gn, re
Economic Improve . . maintenance | duced maintenance,
. o . return on invest- | dollars/percent |tions and market :
Sustainability | life-cycle costs - costs, budget | use of sustainable
ment, IRR volatility .
overruns technologies
. S User Dynamic revisions,
User Accept- Build trust and User feedback, . Uncertainty in resistance, field and lab tests,
o acceptance of ratio/percentage| feedback mea- .
ability - acceptance rate measurement | improve user com-
details surement S
errors munication
Probability Manage input Sensitivity anal o _ Price/behavior | Poor deci- Scenario-based
and Uncer- P ysis, confidence | statistical units . . approaches, model
: uncertainties ; changes sion-making P
tainty intervals validation
Rapi . Inefficien Design ils for
Short-Term apid . |Response time to seconds/ Level of response ethaency €s1g details fo
Compatibility| "©°Pomsem events minutes recision in rapid quick response,
p y crises p execution simulation testing
Sustainability - Lifespan pre- |Other projects Choosg durable
Long-Term Material lifespan, . o . materials, plan
.. ..., |under resource . years/period diction, future |with resource .
Compatibility . maintenance . . long-term mainte-
constraints maintenance constraints nance

surface coatings of appropriate thickness and
high hardness, can reduce the initial waves,
control the developed cracks and prevent the
spread of projectiles. Glass with an appropri-
ate energy dissipation coefficient is selected
so that the fracture remains controlled and
limited to fragments. In the design of the
window frame, attention should also be paid
to the distribution of energy and the cohesion
with the walls; blast-resistant frames with
tight joints, anti-corrosion coating and bolt-
nut connections with appropriate torque are
used to reduce stress concentration and reduce
wave transmission to adjacent structures. The
use of secondary connections and chain sys-
tems prevents chain failure of the frame and
strengthens the stability of the entire system.
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In detail design, a protective layer or internal
frame can reduce the blast wave before it
reaches the glass, and impact pads or shock
strips can be used at the edges to reduce stress
concentrations and stop cracking. In addition,
it is important to implement international
standards for blast protection and advanced
modeling. EN and NFPA standards related to
glass and architectural elements should be fol-
lowed and coordinated with the project design
criteria. The use of multiple analysis models
for the blast wave, including nonlinear analy-
ses and life-maintenance assessments, togeth-
er with sensitivity analyses to different inputs
such as wave intensity and distance from the
explosion center, allows for the extraction
of optimal resistant designs. Uncertainty as-
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sessment with a scenario-based approach and
sensitivity analysis leads to the determination
of more accurate resistance plans. To reduce
the launch of fragments and their dispersion,
protective grids or backing plates can be used
to keep glass fragments in place. Also, designs
with break-resistant edges and reduced escape
velocity of glass shards rather than sharp
fragments help to ensure interior safety. The
distance and orientation of the window rela-
tive to the wave source should be such that the
energy is limited to the interior.

Strict implementation of installation in-
structions and quality control at the project site
is also critical. Installation methods should be
followed with the frame and glass aligned and
flush, and frames compatible with the project

should be used. During the installation stages,
blast-simulated field tests with small model
specimens are required to evaluate design
performance and installation accuracy, and
regular qualitative and quantitative inspec-
tions at each phase prevent ruptures. Support
materials and energy-generating coatings can
also help improve performance. The use of
energy-shielding coatings or energy-shielding
layers, depending on weight and thickness,
can reduce wave energy and improve system
response. Ultimately, by combining these
approaches in a detail-oriented format and
performance standards, safer and more ro-
bust designs can be achieved that are aligned
with project requirements and facade safety
requirements and significantly reduce blast
risks. (Tab. 5)

Table 5: Explanation of the proposed approach and tools in relation to increasing the non-structural resistance of the build-

ing against blast wave behavior

Approach

Key Explanation

Suggested Tools/
Materials

Implementation
Notes

Link to Conclusion/Out-
come

Multi-layer glass
and protective

Use PVB/ionoplast layers
or AR laminates with

Shatter-resistant
laminates, layered

Choose layer combina-
tions to control breakage
and reduce fragment

Directly supports facade
safety conclusions and crack

tection and
protective layer

Inner protective layer
and edge-impact pads

Composite panels,
impact strips

tion and stop cracking

coating hard surface coating thick coatings control
spread
Durable Strgng connections, cor- Sturdy profiles, Energy distribution and |  Structural durability and
. rosion-resistant coating, . : . .
window frame bol . secondary fasteners, prevention of chain reduction of wave transmis-
design olt-nut connections chain systems failure sion
with appropriate torque

Detail pro- Reduce stress concentra-

Increased safety of interior
space

of projectile re-
lease reduction

Protective mesh and
backing plates

Safety mesh, backing
plates

Edge design to reduce
fragment ejection

Standards and COl‘(lj‘lply ;N.lth EN/ II;IIFPA N?nllneaq;nalysis Assess uncertainty and | Aligned with project design
modeling and muiti-wave blast | software, life-cycle input sensitivity criteria
modeling models
Downside

Reduced hazards to people
and interior environment

Design for
source-dis- Window orientation | Window layout, tilt | Limit energy inputto | Improved protective perfor-
tance orienta- | relative to blast source and spacing interior space mance
tion
Installation Precise installation Flatness/alignment
. . . . . Stable performance after
and quality | instructions and regular | Checklists, field tests|  of frame and glass, installation
control inspections sampling
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Approach Key Explanation

Suggested Tools/
Materials

Implementation
Notes

Link to Conclusion/Out-
come

Energy-absorb-
ing materials

Energy-absorbing shields

and protective layers coatings

Composite sheets,
energy-dissipating

Selection based on
weight and thickness

Improved system response to
blast wave

Various blast intensi-

Lnceranty | Sty e o, ditace DTV PG Senge dndet
from explosion
Executive Integrating approaches Detail-focused, Include in project Aligned with project
- actionable require- ; .
conclusion for facade safety goal ments checklists safety requirements
REFERENCES

Ando, K.; Sanada, T.; Inaba, K.; Shepherd, J.E.; Colonius,
T.; Brennen, C.E. (2010) Shock Theory of a Bubbly
Liquid in a Deformable Tube. In Proceedings of the
7th International Conference on Multiphase Flow,
Tampa, CA, USA, 30 May-4 June 2010.

Aune, V., Fagerholt, E., Langseth, M. & Borvik, T.
(2016) A shock tube facility to generate blast load-
ing on structures. Int. J. Protect. Struct. https://doi.
0rg/10.1177/2041419616666236.

Biolzi, L.; Simoncelli, M. (2022) Overall response of
2-ply laminated glass plates under out-of-plane
loading. Eng. Struct. 2022, 256, 113967.

D’Ambrosio, G., Galuppi, L. & Royer-Carfagni, G.
(2019) A simple model for the post-breakage re-
sponse of laminated glass under inplane loading.
Compos. Struct. 230, 111426.

Del Linz, P. et al. (2017) Delamination properties of
laminated glass windows subject to blast load-
ing. Int. J. Impact Eng. 105, 39-53. https://doi.
org/10.1016/j.ijimpeng.2016.05.015

Deshpande, V.S.; Heaver, A.; Fleck, N.A. (2006) An
underwater shock simulator. Proc. R. Soc. A Math.
Phys. Eng. Sci. 2006, 462, 1021-1041.

DoD. UFC. (2024) DoD Minimum Antiterrorism Stan-
dards for Buildings. Unified Facilities Criteria, U.S.
Army Corps of Engineeer USA 12 December 2018.
Available online: https://www.wbdg.org/ffc/dod/
unified-facilities-criteria-ufc/ufc-4-010-01  (ac-
cessed on 3 June 2024).

Elkilani, A., EI-Emam, H., Elsisi, A., Elbelbisi, A. & Salim,
H. (2024) The influence of strain rate behavior on
laminated glass interlayer types for cured and un-
cured polymers. Polymers (Basel) 16, 730. https://
doi.org/10.3390/polym 16060730

48

El-Sisi, A. et al. (2024) Effect of glass type and thick-
ness on the static and blast response of LG panels.
J. Build. Eng. 86, 108870. https://doi.org/1
0.1016/j.jobe.2024.108870

Inaba, K.; Shepherd, J.E. (2010) Flexural waves in
fluid-filled tubes subject to axial impact. J. Press.
Vessel. Technol. 2010, 132, 021302.

Lusk, B.; Salim, H.; Perry, K.; Nawar, M.; Wedding,
W.C,; Kiger, S.; Ibrahim, A. (2011) Modeling and
Testing of Laminated Window Systems under
Blast Loading. In Proceedings of the Structures
Congress 2011, Las Vegas, NV, USA, 14-16 April
2011; pp. 1552-1560.

Marchand, K.A.; Conrath, E,J.; Stevens, D.J.; Meyer, S.B.
(2006) Blast Induced Glass Hazards: A Compari-
son of Design Approaches and Recent Research. In
WIT Transactions on the Built Environment; WIT
Press: Southampton, UK, 2006; Volume 87

Monir M. A. Alhadid, Ahmed M. Soliman, Moncef L.
Nehdi, Maged A. Youssef; (2014) Critical over-
view of blast resistance of different concrete
types. Magazine of Concrete Research 1 January
2014; 66 (2): 72-81. https://doi.org/10.1680/
macr.13.00096

Nawar, M.; Salim, H.; Lusk, B.; Perry, K.; Kiger, S.;
Miller, G. (2013) Modeling and testing of lami-
nated curtain wall systems under blast loading. In
Structures Congress 2013: Bridging Your Passion
with Your Profession: Proceedings of the 2013
Structures Congress, Pittsburgh, PA, USA, 2-4 May
2013; American Society of Civil Engineers: Reston,
VA, USA, 2013; pp. 170-180.



Moharrami Sham Asbi

Pelayo, F. et al. (2017) Study of the time-tempera-
ture-dependent behaviour of PVB: Application to
laminated glass elements. Thin-Wall. Struct. 119,
324-331

Ranocchiai, G.; Andreozzi, L.; Zulli, F.; Fagone, M.
(2016) Effects of InterlayerWeathering on the
Structural Behaviour of Laminated Glass Struc-
tures. In Proceedings of the Challenging Glass
5—Conference on Architectural and Structural
Applications of GlassBelis, Gent, Belgium, 16-17
June 2016.

Shirbhate, P.A.; Goel, M.D. (2021) A Critical Review of
Blast Wave Parameters and Approaches for Blast
Load Mitigation. Arch. Comput. Methods Eng.
2021, 28, 1713-1730.

Skews, B.W.; Kosing, O.E.; Hattingh, R,J. (2004) Use
of a liquid shock tube as a device for the study of
material deformation under impulsive loading
conditions. Proc. Inst. Mech. Eng. Part C J. Mech.
Eng. Sci. 2004, 218, 39-51.

Van der Woerd, Jan Dirk, Wagner, Matthias, Pietzsch,
Achim, Andrae, Matthias & Gebbeken , Norbert
(2023) Glass Structures & Engineering volume 7,
DOI: https://doi.org/10.1007/s40940-022-
00213-w

Wei, J.; Shetty, M.S.; Dharani, (2016) L.R. Stress char-
acteristics of a laminated architectural glazing
subjected to blast loading. Comput. Struct. 2016,
84, 699-707.

Zhang, X. & Hao, H. (2015) Experimental and nu-
merical study of boundary and anchorage effect
on laminated glass windows under blast loading.
Eng. Struct. 90, 96-116. https://doi.org/10.1016/j.
engstruct.2015.02.022

COPYRIGHTS

from the authors or the publishers.

©2023 The author(s). This is an open access article distributed under the terms of the Creative
Commons Attribution (CC BY 4.0), which permits unrestricted use, distribution, and reproduction
in any medium, as long as the original authors and source are cited. No permission 1s required

MO

49



