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Abstract 

 

The mechanical performance of glass structures and load-bearing 

elements attracts the attention of several research studies, especially for 

those unfavourable or extreme operational conditions which may include 

possible degradation or even damage scenarios, and thus potential risk 

for customers. Severe damage and fracture of glass material for 

construction applications are typically regarded as accidental conditions 

which should be properly taken into account in design. Based on 

simplified considerations, it is assumed that any residual mechanical 

contribution of glass fragments can be fully disregarded. Glass fracture 

is in fact a rather complex phenomenon to assess and characterize, 

especially for existing structures, due to the combination of a multitude 

of influencing variables and unknown parameters. Knowledge and early 

prediction of possible damage is thus of utmost importance for these 

brittle elastic load-bearing elements. At the same time, the mechanical 

characterization of damage parameters can facilitate possible robust 

diagnostics and residual capacity estimates. In this chapter, the potential 
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and feasibility of in-field vibration frequency estimates, which are known 

to represent a preliminary but rather important diagnostic parameter for 

general constructional members, is verified for various glass elements in 

damage and post-fracture regime. Recent applications of non-destructive 

experimental methods and dynamic identification techniques are 

discussed. 

 

Keywords: structural glass, post-fracture behaviour, fracture mechanics, 

design, experiments, modelling 

 

 

Introduction 

 

The mechanical analysis and performance assessment of load-bearing 

elements under ordinary or accidental and extreme design actions is a priority 

of designers, regardless the material in use and the structural typology. In this 

regard, a major effort is required when material degradation or even severe 

damage may be experienced during life-time interval (Haldimann, 2006; Udi 

et al., 2023). This condition may especially affect unconventional 

constructional materials, or assembled systems, or even sensitive material 

components which could reflect particular degradation as a function of 

operational conditions. Among others, laminated glass (LG) structural 

solutions, in which glass panels are bonded together by interposed films, may 

suffer (in terms of individual components as well as assembled sections) of 

different mechanical issues (Feldmann and Di Biase, 2018; CEN/TC 250, 

2019a; CEN/TC 250, 2019b; CNR-DT 210/2013). This turns out – in case of 

unproper design assumptions or maintenance interventions – in potential risk 

for customers, and in the need of specific efforts to address the problem 

(Bedon and Noè, 2021). For load-bearing elements with direct interaction with 

final users (like for pedestrian systems proposed in Figures 1 (a) and (b)), a 

reciprocal modification of mechanical and dynamic parameters should be 

properly taken into account in the early design process. As a major risk, glass 

fracture could initiate for a multitude of reasons, and have potentially 

catastrophic consequences for customers (Figure 1 (c)). 

For glass systems under extreme design actions such as seismic events, 

explosions, impact or fire (Bedon et al., 2018), the load-bearing performance 

and post-fracture residual capacity assumes specific connotation which is 

strictly related to imposed loading, and could manifest in abrupt partial or total 

collapse of the system. In this chapter, major evidences are discussed for 
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simple glass elements under ordinary loads only. First, some basic concepts of 

material properties and fracture mechanics are recalled, followed by a 

summary of typical design assumptions for simple LG sections. Successively, 

some recent examples and applications are discussed, based on the use of 

vibration frequency estimates for the derivation of mechanical characteristics 

for LG elements with partial damage. 

 

  
(a) (b) 

 
(c) 

Figure 1. Examples of (a,b) glass pedestrian systems and (c) LG fracture (figures 

reproduced with permission from Unsplash). 

 

Glass Structures 

 

Material Properties and Their Effects on Mechanical Design 

 

In the construction field, it is well recognized that glass material exhibits a 

substantially different mechanical response, compared to other consolidated 

and traditional materials in use for buildings and infrastructures like for 

example steel, aluminium, timber (Haldimann, 2006). Usually referred as 
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“brittle elastic” material in tension, glass is commonly associated to cracks 

which represent the most critical condition for structural design. Its lack of 

plastic residual performance makes glass generally unable to carry on 

mechanical loads after damage, and thus particularly unsafe, especially under 

certain boundary and loading conditions. 

On the other side, cracks in tension for glass elements are quite different 

from classical brittle constructional materials like concrete, where – differing 

from glass – diffused micro-cracks propagate after damage and enable the 

anelastic mitigation of stress concentrations (CNR-DT 210/2013). All these 

intrinsic features require specific design assumptions but also maintenance 

and retrofit technologies, given that localized damage or local effects like 

stress concentrations around fractures, holes or areas of contact with other 

materials cannot be disregarded (Bedon et al., 2023b).  

Glass material for applications in buildings is generally recognized to 

behave as a mechanically homogeneous, isotropic material, with linear-elastic 

behaviour until failure in tension and compression, but a typically pronounced 

brittle behaviour in tension (CNR-DT 210/2013). The latter, in terms of 

structural design, represents the most influencing parameter, given that the 

material load-bearing capacity is relatively low (≈45 – 120 MPa the 

characteristic value, depending on thermal treatment at the production stage) 

and possible fracture of glass can have major consequences with risks for 

customers. 

Whilst the mechanical strength of glass under compression is generally 

much greater than in tension (i.e., in the order of 10 times), and for soda-lime 

silicate glass is estimated in the order (at the theoretical level) of 1000 MPa, 

this value represents an uncertain measurement, but suggests in any case 

design checks in the regions of maximum reaction forces and stress peaks. The 

increasing engineering knowledge of material properties (for glass and related 

materials), as well as the material response to various external conditions of 

loads and boundaries, facilitated the increasingly spread of load-bearing 

constructional members composed of structural glass. Nowadays, structural 

designers can thus take benefit of rather extensive design recommendations 

and prescriptions, which are developed on the base of robustness and 

redundancy concepts. 

On the other side, several open questions still characterized the structural 

application and use of glass material in load-bearing components. In terms of 

design of new members, major uncertainties in terms of material scattered 

properties are often traduced in extremely conservative design concepts and 

Complimentary Copy



Damage and Post-Fracture Characterization of Glass Structures 

 

111 

calculation procedures with heavy safety factors (Feldmann and Di Biase, 

2018; CEN/TC 250, 2019a; CEN/TC 250, 2019b; CNR-DT 210/2013). 

Additional questions affect also existing glass structures and components, 

which have been realized several years or even decades ago and currently 

suffer for time and other degradation phenomena (Bedon, 2019a; Bedon, 

2020). In some cases, moreover, glass fracture could take place for several 

motivations, and severely affect the functionality and safety levels of 

structures (Figure 2). 

 

 

Figure 2. Post-breakage stage for a 3-ply LG element in laboratory test setup. 

 

Summary of Glass Fracture Mechanisms 

 

The tensile strength of glass material is influenced by atmospheric humidity 

and also depends on stress amplification factors (microdefects) generally 

present on the surface as a result of the manufacturing and subsequent 

processes. As such, the strength of glass material must be evaluated in 

accordance with a fracture mechanics model like for example those for tensile 

strength that are available in the scientific literature (Load Duration Theory 

(Brown, 1972), Crack Growth Model (Evans, 1974), Glass Failure Prediction 

Model (Beason, 1980)). A common feature of these models is that they 

consider that the tensile strength of glass is associated with the propagation of 

a pre-existing dominant crack, and thus that its propagation is influenced by 

the duration of application of loads (Evans, 1974; Fischer-Cripps and Collins; 

1995). 

The strength of glass is determined by its high sensitivity to the presence 

of surface microdefects, and hence depends upon many factors (CNR-DT 
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210/2013). Microdefects, which are always present, may in fact increase over 

time under constant loads, leading to a deterioration in the mechanical 

performance of glass elements over time (this phenomenon is known as static 

fatigue). In addition, surface defects may increase and grow as a result of 

treatments such as abrasion, screen printing, enamelling, etc. Therefore, in the 

calibration of partial factors for the structural verification, variations in the 

intensity and duration of loads, finish conditions and ageing must be taken into 

account (Haldimann, 2006; Udi et al., 2023). 

According to Figure 3, annealed, heath-strengthened and fully tempered 

glass elements have major differences in material strength and propagation of 

cracks in case of damage. The question is thus related to their residual 

mechanical contribution, once they are part of a composite LG section, and 

rather complex mechanisms take place between glass fragments, interlayers, 

and residual (still intact) LG components. 

 

 

Figure 3. Schematic drawing of typical fracture patterns for annealed, heat-

strengthened, and fully tempered glass types. 

 

Structural Design of Simple Glass Elements 

 

In the field of structural glass solutions for constructions, it is particularly 

advantageous to use at minimum double LG cross-sections for load-bearing 

elements like in Figure 4. 

According to several technical standards for structural design (see for 

example (Feldmann and Di Biase, 2018; CEN/TC 250, 2019a; CEN/TC 250, 

2019b; CNR-DT 210/2013) and others), a given LG member like in Figure 6 

has a global capacity to sustain external loads which is intrinsically related to 

the actual stiffness of the composite resisting cross-section, and this strongly 

depends on the shear coupling effect of the bonding interlayer. To note that, 
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for calculation purposes, a rigid bond is taken into account at the glass-to-

interlayer interface. 

 

 

Figure 4. Example of 2-ply LG section with bonding interlayer. 

For simplicity, the reference LG cross-section as in Figure 4 is taken into 

account in present considerations and assumed to be symmetrical, with a total 

thickness h composed of two glass layers (with thickness h1= h3) and a middle 

bonding foil providing a certain shear coupling between them (with h2 its 

thickness). The LG section has a total width b, and is typically used for load-

bearing elements with L the span for beam-like or column-like setup, and even 

for plate-like configurations.  

Glass material is characterized as linear elastic material with tensile brittle 

failure. Possible degradation of mechanical properties (Udi et al., 2023) are 

implicitly take into account. For conventional calculation assumptions in pre-

failure stage (i.e., intact glass panels), it is assumed that E1= E3 = 70GPa is the 

nominal modulus of elasticity (MoE) of glass, with 1= 3 = 2500 kg/m3 the 

density and 1= 3= 0.23 the Poisson’ ratio (EN 572-2:2004).  

Disregarding the interlayer type and composition of typical use for 

structural glass, the bonding foil has generally a relatively low density (2≈ 

1000 kg/m3). Most importantly, the interalyer is characterized by a viscoelastic 

behaviour, with relatively limited stiffness compared to glass (less than 1/3500 

their ratio). Furthermore, this shear stiffness can suffer for major modification 

in mechanical properties due to a moltitude of influencing (operational) and 

ageing (long-term phenomena) parameters. 

On the other side, the interlayer itself has a key role for LG, given that it 

represents a smeared shear connection providing mechanical bonding to the 

composite LG section. It is thus the primary element responsible of the actual 

mechanical bond between glass layers, and thus composite bending stiffness 

against design loads, as well as stress distribution in the constituent layers 

(Figure 5). 
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Such a sensitivity of interlayers and its effects on the load-bearing 

performance of assembled LG sections can be efficiently taken into account 

in design considerations, for mechanical analysis purposes, based on 

simplified assumptions. However, the same verification procedure is based on 

conventional mechanical properties for materials and boundaries, and does not 

reflect the real aged scenario of the constructed LG system. 

 

 

Figure 5. Qualitative example of stress distribution in a 2-ply LG section with rigid 

(“full”), weak (“null”) or intermediate (“partial”) shear connection offered by the 

bonding interlayer. 

 

Design Strength Determination 

 

For structural design calculations and stress or deflection verifications, linear 

elastic constitutive laws are assumed both for glass and interlayers. In the 

second case, the major attention is required for the calibration of elastic shear 

modulus to reproduce the most convenient condition of time-loading and 

temperature. 

The calculation assumption in terms of glass material is that its modulus 

of elasticity (70 GPa the nominal value) is not sensitive to time and ageing 

effects, while the tensile strength of this brittle elastic material takes into 

account – among others – the effect of static fatigue phenomena, that is: 

 

𝜎𝑔 = 𝑓(𝑘𝑚𝑜𝑑) (1) 

 

with: 
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𝑘𝑚𝑜𝑑 = 0.585 𝑡𝐿

−1
16⁄

 (2) 

 

and: 

 

0.26 ≤ 𝑘𝑚𝑜𝑑 ≤ 1 (3) 

 

where tL represents the duration of the load expressed in hours; kmod= 0.26 is 

the minimum value for tL= 50 years and kmod= 1 for wind gust (tL= 3-5 

seconds). 

In case of interlayers, the shear coupling for bonded glass panels is 

expressed as a function of the shear modulus G, which generally varies 

according to the service temperature, the duration of application of loads and 

ageing of the polymer. Conventionally, G is assumed to be constant and equal 

to the secant modulus for the characteristic duration of the applied loads. 

Typical values of technical interest for structural verifications can be found 

for example in (CNR-DT 210/2013). 

 

 

Post-Fracture Modelling Strategies 

 

For structural purposes, modelling strategies for the post-fracture response of 

LG elements can be able to capture local and global performance trends. 

Successful examples can be found for example in (Baraldi et al., 2016; 

Biolzi et al., 2016; Biolzi and Simoncelli, 2022), where the progressive 

damage and post-fracture response of different LG systems and configurations 

has been investigated. For example, Discrete Element Modelling (DEM) 

strategies proved to represent a viable tool to predict the load–deflection curve 

from the cracking up to the collapse of LG members, and hence to efficiently 

assess the collapse limit states of structural glass.  

In fact, DEM may simulate the non-linear composite behaviour that the 

polymeric interlayer and the glass fragments provide a member with, 

considering the crack patterns of the broken glass, the visco-elasticity of the 

interlayer, and the structural conditions of the member.  

Combined Finite-Discrete Element Modelling (FDEM) approaches can be 

used, see Figure 6 (a) and (Lei et al., 2021), or even refined full three-

dimensional based Finite Element models inclusive of cohesive interfaces 

among the bonded layers (Figure 6 (b) and (Bedon et al., 2023a)). 
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On the other side, major issues and challenges are represented by the need 

of experimental tests to support the calibration of refined models, and thus on 

the difficult/uncertain application of these simulation strategies to existing LG 

structures, which indeed require a rapid quantitative measure of damage 

parameters and a mechanical detection of residual capacity potentials (Bedon 

et al., 2023b). Also, most of literature experiments on post-fracture 

performance assessment are limited to monotonic or few loading stages and 

does not account for the progressive interlock arrangement and mechanical 

degradation of glass fragments, which indeed can further severely reduce the 

residual stiffness under repeated vibrations (Bedon and Santos, 2023). 

 

(a) 

 
(b) 

 

Figure 6. Examples of post-fracture numerical modelling strategies for LG elements. 

Figure (a) reproduced from (Lei et al., 2021) with permission under a CC-BY license 

agreement. 

 

Role of Structural Health Monitoring and Recent 

Experimental Evidences 

 

As far as a LG element/system with above features is taken into account, 

health monitoring needs can be rationally expected for in-service structures. 
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This is especially the case for load-bearing components characterized by a 

prevailing human-structure interaction (i.e., floors, partitions, balustrades, 

etc.), or even unfavourable operational conditions. As far as the attention is 

specifically focused on bonding interlayers only, literature evidences proved 

for example that discolouring of bonding foils can still represent an efficient 

“early warning” parameter for degradation detection (El-Sisi et al., 2022). 

On the other side, discolouring itself is ardly quantifiable and possibly 

severe deterioration phenomena of mechanical features could have already 

took place. In this context, more quantitative and reliable but at the same time 

practical and rapid strategies are needed for in-service glass structures (Bedon 

et al., 2023b). Most importantly, the experimental outputs should be able to 

easily support a structural health assessment of connections, and thus suggest 

possible maintenance and retrofit interventions, and minimize risk for 

customers. Overall, it is clear that the satisfaction of appropriate safety levels 

for in-service LG structures is necessarily correlated to a robust engineering 

knowledge of real-time performances and mechanical properties of stand-

alone or assembled components (Figure 7). This is implicitly related to 

optimized functionality of mechanical components and maximized comfort 

for customers (i.e., especially for pedestrian systems). From a practical point 

of view, sensors have a primary role in a possible health monitoring protocol 

like in Figure 7. 

Knowledge of the actual vibration frequency (Step 1 in Figure 7) 

represents a notoriously powerful indicator for structural diagnostics, but it is 

still limited in interpretation as single parameter. In any case, the experimental 

output from Step 1 needs a set of reference performance indicators for 

diagnostic purposes. A more refined analysis and post-processing elaboration 

of basic in-field experimental data is thus possibly represented by 

quantification of multiple helath/damage parameters under real-time 

conditions (Step 2 in Figure 7). When conventional limits are known (i.e., as 

for design stage calculations), the experimental outputs from Step 2 can be 

addressed in terms of “residual capacity” for the system. An even more 

detailed interpretation of experimental outputs can be carried out with the 

support of dedicated FE numerical models, in order to characterize some basic 

equivalent material properties (Step 3 in Figure 7). This step is similarly 

powerful in outputs and uncertain in basic input parameters, especially 

boundaries and materials. Finally, in-service performance and even long-term 

effects for existing LG systems should be quantified in load-bearing 

functionality as in Step 4 of Figure 7. 
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Figure 7. Possible procedural steps for safety assessment of in-service LG systems, 

based on sensors for health monitoring, as proposed in (Bedon et al., 2023b). Figure 

reproduced with permission under a CC-BY license agreement. 

 

Recent in-Field Applications 

 

As it happens for civil engineering applications and successful monitoring 

experiences based on classical inverse detection techniques, the use of Micro 

Electro-Mechanical System (MEMS) sensors looks promising also for special 

building applications characterized by a primary or prevailing use of LG 

components as load-bearing elements. 

From a practical point of view, an efficient in-field analysis and 

diagnostics should be carried out in accordance with the key steps summarized 

in Figure 7. As far as a clear methodology with specific performance indicator 

Complimentary Copy



Damage and Post-Fracture Characterization of Glass Structures 

 

119 

and limit values is available, several types of structural systems (with own 

composition, fixings and boundaries, loads, etc.) could be efficiently 

investigated like in Figure 7, including pedestrian structures (Bedon and Noè, 

2021; Bedon, 2022; Bedon et al., 2023b), railings (Bedon, 2019b), facades 

(Bedon et al., 2018; Bedon et al., 2022), roofs, and general load-bearing 

components in which structural performances may require periodic of 

continuous monitoring interventions (see for example Figure 8). 

 

 

Figure 8. Experimental diagnostic analysis of an in-service LG pedestrian system 

with partial glass fracture.  

In this regard, it is important to note that critical aspects for in-service 

glass systems in buildings are often represented by scarce knowledge on basic 

geometrical and mechanical properties of constituent materials, as well as on 

technical details about boundaries and restraints (Bedon et al., 2023b). This 

turns out in monitoring and diagnostic procedures for real LG applications in 

which uncertainties on several types of “connections” and details overlap. It 

could be thus particularly challenging to characterize a degradation of bonding 

interlayer connection with respect to actual connection of restraints, etc., and 

split these parameters from glass fracture itself. 

In addition, lack of history details about operational conditions (such as 

temperature cycles, etc.) may represent ad additional source of uncertainty for 

reliable analysis and quantification of residual mechanical and load-bearing 

capacities. In this sense, in-field experimental investigations should be 

possibly supported by technical documents about original projects, or further 
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integrated by dedicated iterative numerical calculations to parametrize the 

most influencing parameters and their effects on structural dynamic features 

which are object of experimental analysis. For newly realized LG systems, 

such a procedure could maximize the potential of the in-field experimental 

analysis by taking care of accurate characterization of a “time 0” description 

and identification of constructional behaviours and components. This 

reference configuration could be used to represent an efficient support for 

successive (periodic or continuous) in-field investigations during the nominal 

life of structure. 

 

 

Glass Railings 

 

Regarding the constituent materials for LG sections, it was previously recalled 

that glass in a minor part but especially the bonding interlayers are strongly 

sensitive to operational conditions and even ageing. The use of in-field MEMS 

sensors for monitoring purposes can be thus extremely efficient to capture any 

relevant modification in mechanical properties of the shear connection offered 

by interlayers in the composite LG section. Most importantly, the use of 

sensors acts in a more comprehensive way, given that it can support (as in Step 

1 of Figure 7), the dynamic identification of the basic structural parameters, 

and thus the quantitative analysis of degradation phenomena (including both 

long-term or temperature/humidity sensitivity, and also possible delamination 

phenomena at the glass-to-interlayer interface like in Figure 9). 

The experimental and numerical investigation proposed in (Bedon, 

2019b) reports for example that point-fixing systems as in Figure 9 (b) can 

hardly match with ideal pinned and even clamped restraints. In this sense, in-

field applications to which the present study is voted should be specifically 

investigated with attention to local and global effects of supports, even in the 

uncracked stage, to alert possible further damage propagation. At the same 

time, however, delamination as in Figure 9 can strongly affects the bonding 

connection due to interlayer between glass panels. To note that a single MEMS 

sensor was used in the experiments discussed in (Bedon, 2019b), to record tri-

axial accelerations and inclinations under small-amplitude imposed vibrations 

for the examined LG members in beam-like setup.  

The state-of-art experimental characterization of LG components 

necessitates consequently the support of analytical calculations (i.e., to detect 

the limit behaviour conditions), as well as simplified mechanical models as in 

Figure 10, and even more accurate numerical simulations. 
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(a) (b) 

Figure 9. Examples of delamination phenomena in in-service LG systems. Figures 

reproduced from (Bedon, 2019b) under the terms and conditions of CC-BY license 

agreement. 

There are in fact no doubts that soft gaskets and flexible components for 

restraints in LG systems can have major effects on the load-bearing and 

dynamic performance of even simple monolithic glass elements in buildings 

(Bedon et al., 2019). Typical effects can be efficiently quantified in terms of 

modification of vibration frequency but also damping parameters, which are 

of utmost importance for structural considerations (Bedon et al., 2019). In any 

case, practical empirical equations can be derived to predict the effect of 

partial flexibility in supports on the actual dynamic parameters of the glass 

components. 

 

 

Figure 10. Reference experimental setup for the in-field investigation of 2-ply LG 

railings. Figures reproduced from (Bedon, 2019b) under the terms and conditions of 

CC-BY license agreement. 
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Glass Facades 

 

Recent applications demonstrate that sensor-based investigations can be 

efficiently implemented for diagnostic purposes in (even ancient/historic) 

glass systems like facades, in which monolithic glass elements are often used 

in place of more recent LG solutions. Similar configurations may be 

particularly critical for safety of customers, given that they have been 

constructed without a specific design attention, and before any kind of 

technical regulations for glass structures was available. 

A first criticality is thus represented by the use of monolithic glass which 

has no residual capacity after breakage. At the same time, these ancient 

systems are characterized by restraint connections which can be severely 

affected by uncertainties in mechanical capacities, as well as long-term 

degradation effects. The experimental and numerical study reported in (Bedon 

et al., 2022) for a historic facade system schematized in Figure 11, in this 

regard, showed that MEMS sensors combined with traditional dynamic 

identification techniques can offer a robust quantification of boundaries and 

overall dynamic performances.  

To note that a single MEMS sensor was efficiently used to capture the 

most important features of a facade system with around 7 m of maximum size. 

The experimental analysis allowed to draw some important considerations 

about the limited structural capacity of the facade, with respect to present 

technical requirements in terms of load-bearing capacity under ordinary 

design loads and even seismic events. 

 

 

Figure 11. Experimental setup with single MEMS sensor for diagnostic 

investigations on a case-study historic glass facade with deteriorated glass-to-frame 

connections.  
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Glass Pedestrian Systems 

 

More attention should be spent for LG systems like pedestrian structures 

(Bedon and Noè, 2021; Bedon, 2022; Bedon et al., 2023b), where possible 

material degradation, weak maintenance, unfavourable operational conditions, 

could take the form of possible risk for customers, see Figure 12 and (Bedon, 

2019a; Bedon, 2020). 

In this regard, an extended study was reported in (Bedon, 2019a; Bedon, 

2020; Bedon, 2022; Bedon et al., 2023b) to quantify the actual mechanical 

performance and residual capacity for an in-service indoor walkway system as 

in Figure 12, characterized by severe ageing of constituent bonds (due to 

uncontrolled temperature and humidity conditions and a service life exceeding 

15 years) but also to the presence of massive groups of visitors for the primary 

building, thus representing a continous source of dynamic vertical load for the 

structural components. 

 

 

Figure 12. Experimental setup with multiple MEMS sensors for a pedestrian system 

made of LG components and corresponding records (example).  

Most importantly, the in-field experimental analysis was further 

supported by dedicated numerical analyses, so that the actual state of 

connection in terms of interlayer bonding was properly quantified. This 

investigation step required parametric studies voted to make explicit the 

structural effects deriving from interlayer features, connection details, and 

even operational conditions (i.e., number of pedestrians, type of walking 

patterns, etc.). Additional investigations were exploited for the “empty” 

structural system, to focus on the load-bearing performance at the time of 

experiments, with respect to the “design” assumptions. It is thus important to 

note in Figure 13 that – for the LG system object of investigation – the bonding 
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level offered by interlayer was quantified in a degradation around -40% its 

original rigidity in “time 0” design conditions. Such an outcome is of primary 

need for safety assessment of in-service structures. Also, it further confirms 

the potential of sensor-based monitoring tools for characterization and 

maintenance of connections in LG structures. 

 

 

Figure 13. Parametric vibration frequency analysis for diagnostic investigation on a 

pedestrian LG system.  

Glass fracture represents, in a possible sensitivity study like in Figure 13, 

a major uncertainty which involves a multitude of additional phenomena and 

reciprocally interacting effects. On one side, it is expected that glass fragments 

can contribute to residual stiffness as far as they are kept in position. Besides, 

this aspect also strongly depends on possible debonding, as well as on the 

loading setup, etc. The same case-study system discussed in Figures 12-13 

was thus experimentally explored under an accidental scenario characterized 

by partial glass fracture for the resisting LG section, see Figure 14. 

Behind the typical design assumptions, which disregard any kind of 

contribution from the cracked (or even sacrificial) glass layer, the experiments 

discussed in (Bedon and Noè, 2021) confirmed the complexity of post-fracture 

phenomena, but most importantly highlighted that in-field non-destructive 

methods can provide important performance parameters for damage 

quantification and residual capacity assessment. For the case-study system 

schematized in Figure 14, for example, the fundamental vibration frequency 

of the 3-ply LG section with partial glass fracture was quantified in an ≈8-9% 

decrease compared to the intact LG configuration, which confirms the severity 
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of even partial glass fracture and the possibility of early warning damage 

predictions based on monitoring tools. 

 

  

 

(a) (b) (c) 

Figure 14. Experimental analysis of a case-study LG pedestrian system with partial 

glass fracture: (a) layout; (b) fracture detail and (c) schematic cross-section 

(measures in mm). Figures reproduced from (Bedon and Noè, 2021) under the terms 

and conditions of CC-BY license agreement. 

 

Open Challenges and Preliminary Considerations 

 

Behind the above evidences, the major gap to solve is that procedural 

methodologies and practical guildelines are not available for structural glass 

systems. As such, the use of monitoring or modelling startegies for damage 

and post-fracture mechanical characterization and assessment is – in most of 

cases – presently limited to few case-study examples that cannot be yet 

generalized. In the present chapter, for eample, the attention was primarily 

given to in-field measurements and monitoring techniques in which the use of 

MEMS sensors has been minimized to optimize structural quantification and 

feedback. The selected recent in-field applications and examples of in-field 

glass structures proved the potential of methodology, but represent a first step 

to support future elaborations and generalized findings.  

In this context, health monitoring needs and literature findings, as well as 

actual challenges for in-service LG structures, can be better understood as far 

as conventional design assumptions for structural verification of newly 

constructed elements and systems are taken into account, with respect to the 

real mechanical features and ageing effects of typical constitutent materials. 

Especially for in-service LG elements and structures, a detailed 

engineering knowledge of current mechanical properties and residual load-
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bearing capacity levels is of utmost importance in building management. In 

terms of vibration assessment for in-service LG elements with 

degradation/damage, the recalled practical applications suggested for example 

that: 

 

• The estimation of the fundamental vibration frequency is a first 

relevant but not exhaustive step for quantitative characterization of 

safety levels in existing glass structures. LG pedestrian systems are 

often characterized by relatively high fundamental frequency but 

often have relatively small mass compared to occupants;  

• Fast, intermittent in-field experimental measures based on classical 

dynamic identification techniques could allow for the collection of a 

set of meaningful comparative data for an efficient check of 

mechanical features and modifications in a given existing structure. 

However, the experimental testing conditions should be possibly 

planned to reproduce the “normal” service configurations for the 

examined systems. 

• For the proposed procedural steps and the methodology application 

to different LG systems, the in-field testing highlighted the need of a 

robust engineering knowledge for their interpretation, especially for 

generalized extensions. 

• Due to intrinsic material properties and structural design assumptions, 

long-term phenomena and material degradation can induce severe 

modifications in time. After installation of LG elements and systems, 

it is hence important to monitor the evolution of basic parameters (and 

thus the residual capacity) over time. 

• Overall, such a kind of intermittent diagnostic approach can facilitate 

the early detection of unfavourable configurations and hence 

promptly prevent maintenance interventions before any kind of 

severe damage could take place. 

 

 

Conclusion 

 

Glass structures and their mechanical performances in load-bearing 

applications are fascinating but equally challenging from a mechanical point 

of view, and thus attract and increasing attention from researchers, especially 

for those unfavourable or extreme operational conditions which may include 
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possible degradation or even damage scenarios, and thus potential risk for 

customers. Glass fracture, among others, is in fact a rather complex 

phenomenon to assess and characterize, especially for existing structures, due 

to the combination of a multitude of influencing variables and unknown 

parameters. Knowledge and early prediction of possible damage is thus of 

utmost importance for these brittle elastic load-bearing elements. In this 

chapter, some recent in-field experimental applications in which the potential 

and feasibility of monitoring protocols for damage mechanical 

characterization and early detection have been recalled, confirming the need 

of further efforts in this direction. 
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