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Abstract

:

A critical issue in the design of structural glass elements in buildings is represented by the evaluation of thermally induced stresses and strains. For both climatic actions and fire, thermal stresses represent one of the main causes of premature failure, due to the high sensitivity of glass to temperature gradients. Thermal loads pose a severe safety risk for glass, due to their uneven distribution but also the lack of knowledge on the modification of mechanical properties with temperature. In design practice, approximate tools are used to describe temperature fields in glazing, which do not adequately estimate the thermally induced stresses. Additionally, the existing standards prescribe different methods for the calculation of both the temperature field and the consequent stress, usually based on strong simplifying assumptions, and there is a lack of uniformly defined procedures. Here, an accurate review of the state of the art on glass elements exposed to thermal actions, from both the scientific and the regulatory perspectives, is presented. Reference is made first to the evaluation of the thermal actions, and further to the proper assessment of both the temperature distribution and the consequent thermal stress. The paper also emphasizes open problems and future perspectives related to these topics, to evidence areas of research that should be strengthened and possible future enhancements to the current design and assessment methodologies, which should also be introduced in a regulatory framework.
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1. Introduction


The building skin, delimiting the indoor space and defining the aesthetic appeal of the building itself, plays a definite role in terms of the energy transfer between the inside and outside. The glazing system, the only part of the building that can achieve direct solar gains due to its transparency, is often considered the most critical, particularly for the large, glazed surfaces that are commonly used in prestigious buildings. However, a proper thermal design of the glazing elements, including their sizing and orientation, as well as the use of proper optical an thermal coatings, may help to achieve a positive contribution in terms of energy efficiency and thermal comfort inside the building, as well as natural lighting, outdoor visuals, and natural ventilation. Because of this, the glazed part of the building envelope receives a high level of consideration by architects and engineers [1,2,3]. Special attention is required in design and maintenance against several types of loads, including mechanical actions and thermal loads [4]. Indeed, the intrinsic properties of glass, together with the typically limited thickness-to-size ratios for glazing elements, make glass structures highly vulnerable.



The “climatic actions” related to solar radiation and heat exchange with the environment [5,6] can produce an uneven temperature distribution in glazing panels, enhanced by the presence of shadows, as well as heat sources such as radiators, hot air outlets, etc. Both the technical literature and practical experience provide a wealth of evidence that the strain and stress state produced by these temperature differences can lead to failures.



Since glass has relatively poor heat conduction properties, the diverse heating of different regions of the panel (particularly shaded and not-shaded parts) results in temperature gradients on its surface. The thermal expansion/contraction of the hotter/colder regions, enhanced by the high thermal expansion coefficient of glass, give rise to differential thermal strains that, in some cases, cannot be accommodated by clearance of the supports. Furthermore, since the plate contour is usually covered by a frame, preventing the solar radiation from hitting the panel, this usually present a low temperature. This results in the simultaneous mechanical action of the central part, which is trying to expand, and of the edge region trying to withstand this expansion. As schematized in Figure 1a, this leads to compressive stress in the warm part and tensile stress in the colder one. As glass is a fragile material, with a low ability to resist the propagation of flaws, this kind of action makes it prone to thermal cracks [7].



This is why the design of glass panes under time-varying climatic loads, specifically solar radiance and environmental temperatures [6,8], represents a key aspect that is often overlooked in practice. The thermal state and the consequent thermal stresses depend on a large number of environmental parameters [9], such as time-dependent internal and external temperatures and solar radiance, as well as on the geometrical and thermo-mechanical properties of the glazing system. Even more attention is required for the analysis and design of glass panes under exposure to fire, which is governed by a combination of multiple thermo-physical and mechanical temperature-dependent phenomena. The basic mechanical properties of materials are strongly affected by increases in temperature, and this represents a major challenge in their safe structural design. A multitude of additional aspects that play a primary role in fire endurance assessments should be taken into account, for example, geometrical and size effects, type and treatments of glass material, and the presence of further system components that are expected to interact with glass (restraints, etc.) [10]. In such an uncertain and complex context, fire endurance analyses of glass elements are hard to predict based on analytical models, instead necessitating (possibly full-scale) experiments and the integration of sophisticated Finite Element (FE) models. Fire resistance assessments of individual or assembled building components represent a fundamental requirement for construction products in the European Union according to the Construction Products Regulation (CPR) [11].



The prediction of the actual temperature field, due to either climatic actions or fire, from which thermal stresses can be evaluated, is therefore of paramount importance for designers and manufacturers of glazed elements. Besides having an eye-catching look, these elements have to meet all load-bearing and normal functions, including those related to fire safety. Interest has also been shown by industry and public authorities worldwide, who are trying to harmonize and develop sound standards on glass elements. Considering these aspects, this paper presents an accurate review of the state of the art regarding glass elements exposed to thermal actions. First, the diverse factors influencing both climatic actions (related to time-dependent environmental temperatures and solar radiation) and fire are analysed. Then, a critical review of the analytical and numerical methods used in the literature to evaluate the temperature field used for glazing, and the consequent temperature-induced state of strain and stress, the latter, which is usually referred to as thermal stress, is presented. Finally, a detailed overview of the current standards and codes is presented.



The objective of this research is, therefore, to evidence gaps basic assumptions and approximations of existing analytical/numerical models and standard prescriptions to address the future research for “ad hoc” design rules and reliable tools, aiming to provide a more realistic characterization of temperature and stress fields due to climatic actions or fire, considering the intrinsic sensitivity of the materials involved. This may have a high impact, especially in the development of international standards and methods of assessment, which were clearly evidenced by the stakeholders involved in the building sector.




2. Thermal Actions


2.1. The Climatic Actions


The time-dependent distribution of the temperature in a facade panel strongly depends on the thermal properties of its different components (glass, interlayers, frame, sealings, coatings, etc.) and the amount of solar radiation that is received. This is affected by the time of day, season, the panel’s inclination and orientation and, above all, the possible shadows (Figure 1a) on the panel due to adjacent buildings, trees, sunshades, fins, etc. Due to this, the various parts of the panel can be heated differently. Indeed, the shaded parts are exposed to only a portion of the solar radiation, while the glass contour is sheltered by the panel frame. The thermal problem is governed by different-in-kind heat exchange phenomena, as summarized in Figure 1b. In addition, the glass can store thermal energy according to its heat capacity. The heat exchanges that should be considered are listed in the sequel.



2.1.1. Heat Radiation


The external surface of a glazing is irradiated by the sky vault, as well as by other exterior surfaces (below the horizon), which can be treated as large enclosure surfaces [12] characterized by an atmospheric longwave irradiance Rsky. This can be approximated as a fraction of the blackbody emissive power, evaluated at the external environmental temperature    T  e x t     (t), using general variable with time. This fraction depends on the so-called effective sky emissivity εsky and is expressed as:


    R  s k y    ( t )  =  ε  s k y   σ  T  e x t  4    ( t ) = σ  T  s k y  4  ( t ) ,   



(1)




where σ = 5.67 × 10−8 W/(m2 K4) is the Stefan–Boltzmann constant, and Tsky(t) is the effective sky temperature. As    ε  s k y     ranges from 0 to 1, the effective sky temperature is lower than the surface-level air temperature [13,14]. The sky emissivity, and consequently Tsky(t), depend on diverse environmental parameters, such as cloudiness, relative air humidity, change in atmospheric temperature with height near the earth’s surface, and amount of water vapour in the atmosphere. Several methods have been proposed [15,16,17] to evaluate the sky emissivity, and an extensive review of the available empirical formula can be found in [14]. The technical literature provides a very wide range of values for Tsky(t): according to [18], the values can range from −43 °C (for cold and clear sky) to 12 °C (for warm and cloudy conditions), while other authors [14] record values ranging from approximatively −40 °C to 10 °C in winter and from −30 °C to 30 °C in summer.



The radiant-energy exchange between the external (front) glass surface at a temperature    T F    ( t )    and the exterior is directly proportional to the fourth power of their temperatures, and may be written in the form:


   q  e x t , r a d    ( t )  = ε σ  [   T  s k y  4   ( t )  −  T F 4   ( t )   ]  .  



(2)







When the two temperatures are close one to each other (more specifically, if the temperature difference is small with respect to the mean absolute temperature, as this is usually verified for facades), Equation (2) can be approximated using the external radiation heat transfer coefficient,    h  e ; r    , in the form [19]:


   q  e x t , r a d    ( t )  =  h  e ; r    [   T  s k y     ( t )  −  T F    ( t )   ]  .  



(3)







In addition, it is often assumed [12,20] that the internal surface of the glazing is irradiated by the internal room surfaces, which may be considered a large enclosure at the inner temperature    T  i n t     ( t )    [21]. By using    T B    ( t )    to denote the temperature of the internal (back) glass surface, the radiant heat exchanged may be evaluated as:


   q  i n t , r a d    ( t )  = ε σ  [   T B 4   ( t )  −  T  i n t  4   ( t )   ]  ≅  h  i ; r    [   T B    ( t )  −  T  i n t     ( t )   ]  ,  



(4)




where    h  i ; r     is the internal radiation heat transfer coefficient. The values of    h  i ; r     and    h  e ; r     are prescribed by particular standards (see Section 5.2.1 and Table 1), which also furnish the external temperature, depending on the location, season, and day, while the internal temperature is usually considered constant.




2.1.2. Heat Convection


Heat convection is defined as the thermal exchange between a solid surface and an adjacent fluid at different temperatures [19]. In a glazing panel, this occurs between the “front” surface at a temperature    T F    ( t )    and the external air at temperature    T  e x t     ( t )   , as well as between the “back” surface at a temperature    T B    ( t )    and the internal environment at temperature    T  i n t     ( t )   . Standards and codes suggest reference values for    T  e x t     ( t )    and    T  i n t     ( t )    (see Section 5.2.1 and Table 2). By denoting as    h  e ; c     and    h  i ; c     the heat transfer coefficient with the external and internal environment, respectively; in this way, the heat flux may be evaluated as:


   q  e x t , c o n v    ( t )  =  h  e ; c    [   T  e x t     ( t )  −  T F    ( t )   ]  ,  



(5)






   q  i n t ,   c o n v    ( t )  =  h  i ; c    [   T B    ( t )  −  T  i n t     ( t )   ]  .  



(6)







Several empirical formulas have been proposed [22,23,24,25] to evaluate    h  e ; c     and    h  i ; c    , which depend on the air velocity far from and near the surface, as well as its thermal conductivity. The latter is strongly influenced by the type of convection (natural or forced). Since, to accurately evaluate building energy performance, knowledge of the convective heat transfer coefficient distribution over the facade is important, numerical methods are employed to evaluate    h  e ; c    , particularly for windward building facades [26,27,28]. However, design standards often suggest reference values for    h  e ; c     and    h  i ; c    , with the former possibly being dependent on the season (see Section 5.2.1 and Table 3).




2.1.3. Solar Radiation


The radiation from the sun increases the temperature of the glass panel. Since solar radiation data are critical to the design of facades, in the past ten years, a large number of models have been developed to estimate solar radiation. A comprehensive review can be found in [29].



The total density of heat flow rate of incident solar radiation, usually denoted as G(t), depends on several factors, such as the season and time of day [30,31], facade orientation and geographic location [32,33,34], and panel inclination [35,36,37]. Several contributions to the literature have been devoted to assessments of solar radiation, both from the numerical [38,39,40,41] and the experimental [42,43] perspectives. The standards usually record values for G(t) in tables and graphs as a function of the season and the facade orientation and inclination of the facade (see Section 5.2.1 and Table 4). Due to the absorption phenomena, the solar radiation is attenuated, i.e., the “available” energy decreases along the panel thickness. Using   z ,   the through-the-thickness coordinate, with z = 0 at the front panel surface and z = s (where s is the glass thickness) at the back surface, the absorbed energy   E  (  z , t  )    at the generic  z  increases with the distance from the external surface. According to the Bouguer–Beer–Lambert law [19,44], the absorbed energy is given by [45,46,47]:


  E  (  z , t  )  =  (  1 −  e  − p z    )  G  ( t )  ,  



(7)




where p is the extinction coefficient of glass.



However, a convenient approximation [48] consists of assuming that the absorbed solar energy linearly increases through the layer thickness according to the glass absorptivity α, i.e.,


  E  (  z , t  )  = α G  ( t )  z / s .  



(8)







The material absorptivity α corresponds to the part that was absorbed in the whole layer, i.e., at z = s, so that   α =  (  1 −  e  − p s    )    [19]. Note that the absorptivity coefficient can be modified using coatings. According to [44], this simplification is acceptable for glass layers with a standard thickness, since the crossing radiation is only weakly attenuated. This is equivalent to assuming that the solar radiation is absorbed per unit thickness, per unit time, i.e.,   d E  (  z , t  )  / d z   is constant.




2.1.4. The Influence of Shadows and Frame


The solar irradiation is also affected by the presence of shadows projected on the glazing due to outside architectural features [9,34,49,50], such as mullion and transom caps, building overhang, trees [51], adjacent buildings, and shading devices. The shading is also influenced by inside parameters [52], i.e., the presence of blinds, proximity of heating appliances, and inside aeration-forcing air system. Static shadows, defined as those present for more than 3 h [53], are more critical than mobile shadows, because the former produce a cooler area of glass [9,54]. Additionally, the shadow shape influences its dangerousness, as discussed in in Section 5.2.1. According to [55], it is usually assumed that the shaded parts of the glazing are hit by a portion equal to 10% of the global solar radiation.



Another important effect is the presence of the frame contouring the glass panel, totally preventing the solar radiation from hitting the glass. Obviously, the temperature of the glass edges (covered by frame) will remain at a lower temperature than that of the central area [9]. These factors lead to non-uniform temperature distribution, inducing an uneven expansion/contraction of glass within the panel and possibly leading to breakage.



According to [54,55], the presence of shadows and the contouring frame may be accounted for by defining a non-dimensional coefficient  θ , multiplying the solar energy G(t) and taking specific values for the different panel regions. These are as follows:



	
  θ = 1   in glass portions directly invested by the solar radiation;



	
  θ = 0.1   in the shaded glass portions;



	
  θ = 0   in the framed region.







2.1.5. Heat Conduction


Heat conduction is a phenomenon occurring within the same body, or between bodies in direct contact, due to the microscopic interactions of particles [19]. When the glass panel is heated in an uneven manner, due to the presence of shadows, conductive heat exchanges take place between regions at different temperatures [56]. The heat exchange per unit is proportional to their temperature difference, the glass conductivity, and the interface area. At the plate edges, heat conduction between the glass and frame is prevented by the presence of edge seals, which usually have a very low coefficient of thermal conductivity [57], to reduce heat loss.



Note that while radiation and convection govern the out-of-plane heat flux, i.e., the heat exchange with the surrounding environment, through the front and back panel surfaces, the heat conduction is in the in-plane direction [58,59] (see Figure 1b). Since glass has a relatively low thermal conductivity, the single panel is prone to heat up and cool down in an uneven manner, resulting in an uneven temperature distribution within the panel. The diverse thermal expansion of the different panel regions can provide high tensile stresses in the cold part (usually the panel edges that are covered by the frame), leading to glass fracture [6,60] when these stresses exceed the local strength.



As discussed in Section 5.2.1, the heat conduction is usually neglected in simple analytical methods (particularly, by methods prescribed by the standards), thus inducing an overestimation of the thermal gradients. This simplified approach could result in severe/misleading estimates, especially for glass panes under fire conditions (see Section 2.2), due to the relatively high temperatures and modifications in thermo-physical and mechanical features of constituent materials as a function of temperature variations and fast increases. In this sense, both material state modifications due to high temperature and possible mutual interactions with a material brittle fracture mechanism under mechanical loads should be considered under multiple unfavourable loading combinations [61].




2.1.6. Heat Storage


The facade elements can also store thermal energy proportionally to their mass per unit volume (density) and specific heat, whose standard values are provided by codes [62], as well as to the time derivative of their temperature [19]. When the full thermal problem of glazing elements is considered, the heat fluxes from/to the surrounding environment are time-dependent, due to the daily variation in the external/internal temperatures and solar radiation, providing transient properties regarding the thermal problem.



Simplified solutions may be found by prescribing fixed environmental conditions [54]. In this case, after a certain time, the glass panel reaches a thermal equilibrium (steady-state condition), where the energies flowing in and out the panel become equal. In this case, no heat is stored and the temperature becomes constant over time. The time needed to reach the steady-state is strongly dependent on the heat capacity and may be evaluated by means of a “pseudo-transient” approach to the steady-state computations, accounting for the heat storage. Many simplified models (see, among others, [63,64,65]) neglect the heat storage, as well as the time-dependence of other contributions to heat exchange, and thus only consider the problem at the steady-state.





2.2. Fire


Fire loading, for constructional components and systems in general, represents a critical design action that can be efficiently addressed once the material response to fire exposure and the load-bearing performance under fire conditions are properly and jointly taken into account. Basically, the most efficient approach to collapse and fire endurance assessments of glass elements in fire is represented by fire tests conducted in the furnace setup. However, very few examples are available in the literature regarding material and element thermo-mechanical characterization (see, for example, [66,67,68]).



In terms of the characterization and description of this action, structural experiments and calculations for building components composed of traditional constructional materials assume the conventional ISO 834-1 time–temperature curve (Figure 2a).



Especially in recent years, the research activity on fire engineering and fire-related issues can obtain a major advantage from the efficient support of innovative methods for the realistic description of fire accidents. For example, it was reported in [61] that, for wildland–urban-level assessments of fire engineering issues, one of most frequent risks is represented by fire spreading through both wildland and urban environment, with major consequences for constructed facilities and, especially, glazed building enclosures. As such, the main input used data to evaluate the fire event are the building’s use, the room geometry, the available fuel and the wall insulation, as well as the presence of ventilation systems.



In this regard, while it is rationally accepted that the temperature evolution in Figure 2a can also be efficiently applied to load-bearing elements made of monolithic or laminated glass, a major uncertainty can derive from engineering knowledge and the characterization of intrinsic material properties, especially in terms of radiation and convection interactions for the exposed and unexposed glass element surfaces and the surrounding air [70]. Further uncertainty can derive from the description of restraints (for example, in the framed system of Figure 1a) and their consequences for the local/global performance of glass components (see Figure 2b and [71]). For vertical glass elements such as windows and walls, a major uncertainty in analysis and modelling is represented by the actual non-uniform thermal exposure on the elevation, and its consequences for load-bearing performance considerations [72,73]. However, the few experimental validations of detailed numerical models suggest the rather high potential and reliability of simulations for the interpretation and extension of experiments in the furnace setup.





3. The Determination of the Temperature Field in Glazing


The scientific and technical literature contain several studies analyzing the heat exchange phenomena in fenestrations subjected to climatic actions. However, they are mainly devoted to the evaluation of the overall thermal transmittance (U-value) of the glazing element (see, among others, [74,75,76,77,78]). However, a precise evaluation of the temperature field of the glazing is required when one is interested in the assessment of thermally induced stress.



Few research studies can be found in the literature focusing on fire-loading, and the fire endurance of ordinary soda-lime glass with a load-bearing role in buildings is still an open challenge, with potential safety risks [67]. Regarding the standardized regulations for load-bearing, building elements composed of more traditional construction materials are considered, and the progressive temperature propagation and increase in the glass surface and thickness represent the primary engineering goals of experiments and numerical simulations. However, experimental studies are still rather limited in the literature, and numerical methods still suffer for uncertainties, as they are robust but have limited validation to few structural experiments under fire conditions.



3.1. The Governing Equations and Boundary Conditions


3.1.1. Monolithic Glass


The thermal problem of a glazing panel is governed by the traditional three-dimensional heat equation [19]. By denoting the in-plane directions using (x, y), and the through-the-thickness coordinate using z, this may be written as:


  ρ  c p    ∂ T  (  x , y , z , t  )    ∂ t   = λ  [     ∂ 2  T  (  x , y , z , t  )    ∂  x 2    +    ∂ 2  T  (  x , y , z , t  )    ∂  y 2    +    ∂ 2  T  (  x , y , z , t  )    ∂  z 2     ]  +   ∂ E  (  z , t  )    ∂ z   ,  



(9)




where  ρ  denotes the mass per unit volume of glass,    c p    is the specific heat, and  λ  is the thermal conductivity. In words, this is equivalent to requiring that the heat stored in the glazing in the unit time per unit volume (represented by the l.h.s. of Equation (9)), is equal to the sum of the heat transmitted by conduction and the contribution of solar radiation E(z,t) (see Equations (7) and (8)).



If the steady-state problem is considered, the heat storage contribution can be neglected, and the temperature field becomes independent of the time variable. The boundary conditions for the front surface (z = 0), which is in contact with the external environment, and the back (z = s) surface, which is in contact with the inner one, respectively, are:


   − λ   ∂ T  (  x , y , z , t  )    ∂ z    |  z = 0   =  q  e x t    ( t )  ,    − λ   ∂ T  (  x , y , z , t  )    ∂ z    |  z = s   =  q  i n t    ( t )  ,   



(10)




where, when climatic actions are considered, the considered surface fluxes are those given by Equations (3)–(6), and:


    q  e x t    ( t )  =  q  e x t , c o n v    ( t )  +  q  e x t , r a d    ( t )  ,     q  i n t    ( t )  =  q  i n t , c o n v    ( t )  +  q  i n t , r a d    ( t )  .   



(11)







At the plate edges, it may be required that the in-plane heat flux is nil [79].



Simplified models [70,79] aiming to evaluate the “centre glass” temperature, that is approximately independent of the in-plane coordinates, consider the one-dimensional (1D) version of the heat conduction in Equation (9), i.e.,


  ρ  c p    ∂ T  (  z , t  )    ∂ t   = λ      ∂ 2  T  (  z , t  )    ∂  z 2    +   ∂ E  (  z , t  )    ∂ z   .  



(12)







In this case, only out-of-plane boundary conditions (10) are needed.



Approximated models have also been proposed in the literature, where the solar radiation is modelled as a heat source in correspondence with the external surface. This simplifying assumption leads to a linear distribution of the temperature in the through-the-thickness direction, providing a null, thermally induced stress [79,80]. This will be discussed more in detail in Section 4.1.



For glazing under fire in both the monolithic and laminated configurations, similar assumptions are made. Various studies of the literature, however, show that simplified 1D modelling assumptions are only accurate for very simple calculations (Figure 3) and are not able to capture the spatial and temporal evolution of thermo-mechanical phenomena.




3.1.2. Laminated Glass


When considering laminated glass composed of glass plies bonded by polymeric interlayers and/or glass with coatings [81,82,83], and even more when coatings are used, the thermal problem is complicated by the presence of different layers with different thermal conductivities  λ  and different specific heat per unit volume   ρ  c p    [47,70,79,84]. In this case, the heat-conduction Equation (9) (or Equation (11) if the 1D problem is considered) holds for each of the plies comprising the glazing, while proper interface conditions (i.e., the continuity of the temperature field and of the heat flux) should be required [70,79]. By considering the generic i-th and j-th plies, with an interface located at   z =  z ¯   , the interface conditions that must be satisfied   ∀  (  x , y , t  )    are [79,84]:


    T i   (  x , y , z , t  )   |  z =  z ¯    =  T j   (  x , y , z , t  )   |  z =  z ¯    ,     λ i    ∂  T i   (  x , y , z , t  )    ∂ z    |  z =  z ¯    =  λ j    ∂  T j   (  x , y , z , t  )    ∂ z    |  z =  z ¯    .   



(13)







The second row of Equation (13) implies that, at the interfaces, the spatial derivatives of the glass and interlayer temperatures are not equal, being inversely proportional to the ratio of the thermal conductivities of the two materials. The precise calculation of the temperature at each point as a function of time hence requires a three-dimensional analysis [19,80].




3.1.3. Insulating Glass Units


Insulating glass units (IGUs) are formed of two or more glass panes held together by structural edge seals, entrapping gas for thermal and acoustic insulation. A commonly used, practical way to decrease the thermal losses and improve the acoustic performance is to increase the number of gas-filled gaps: this is why multiple IGUs are widely used in the building industry at present. The load-bearing capacity of these elements is enhanced by the coupling of the panes [85,86] via the internal pressure of the gas, resulting in so-called load-sharing [87,88,89].



The thermal problem of IGUs must be treated with particular care. Indeed, in addition to the heat exchanges considered in Section 2.1, the heat exchange between the different panes, as well as the gas filling the cavities, must be considered. Two main phenomena have to be considered:



	
Heat convection occurs at the external surface, between the “front” panel and the external air, as well as at the internal surface between the “rear” panel and the indoors, and between each panel and the gas occupying the adjacent cavities. The internal convective heat transfer coefficients depend on the gas type and the cavity thickness [90,91,92,93]. The presence of the spacers usually prevents heat exchange in the edge region; hence, the heat flux at the periphery surfaces of the cavity is null [94]. Note that this implies that the (time-dependent) gas temperature is an additional variable of the thermal problem, which remains to be determined [8,55,79].



	
When the radiant energy from the sun and surrounding environment strikes the front and rear glass pane, a part of the energy is absorbed by the material, a part is reflected, and the remaining part is transmitted according to the glass’ absorptivity, reflectivity and transmissivity. Hence, a fraction of the energy is transmitted to the inner panes and will be further split in three parts. This leads to multiple reflections between the glass panes comprising the IGUs, as schematically indicated in Figure 4. Several methods have been proposed to evaluate this multiple-reflection phenomenon [48,91,95,96], with the aim of calculating the effective thermal properties (transmittance and insulation) of multiple glazing. The system of equations governing the problem is usually solved by numerical methods [48,97,98,99,100], but there are simple cases in which the solution can be analytically determined [55,56].






For ventilated and double-skin facades, the problem is even more complicated [101,102,103,104].



Another important phenomenon that should be considered for IGUs is that temperature variations in the gas filling the cavities results in a variation in gas pressure, causing internal actions that have effects on all the panes [85,105,106,107].





3.2. Analitycal and Numerical Solutions for Glazing under Climatic Actions


The models proposed by the literature, as well as by standards (that will be discussed in more detail in Section 5) are usually based on simplifying assumptions. In the design practice, one of the main simplifications adopted for monolithic panes and panes composing IGUs is that the temperature profile is uniform in the thickness direction. This corresponds with assumptions that the pane is thermally thin [108,109], i.e., the temperature variation through the panel thickness is negligible with respect to the temperature variation at the surfaces due to convective heat exchange. This assumption is acceptable for monolithic glass of standard thickness, of the order of 1 cm. More refined approaches [48] consider two different temperatures at the back and front surfaces, which can be evaluated by assuming that the solar energy is uniformly absorbed through the thickness.



The analytical solutions available in the literature can be divided into two main categories:




	
1D models, aiming to determine the temperature profile across the pane that is supposed to be independent of the in-plane coordinates [44,45,48,79,84].



	
Three-dimensional (3D) models, accounting for the non-uniform heating in the different panel regions [54,55]. These models assume that the glass plate is thermally thin, hence providing a uniform temperature throughout the thickness.








In recent years, many numerical approaches have been proposed to assess the temperature field in non-uniformly heated glazing. These can be substantially classified as follows:




	
Simple 1D and two-dimensional (2D) models, which can be solved by implementing governing equations with finite difference methods [46,47,70,79,110].



	
3D approaches relying on FE software solutions. These are mainly used for complex geometries, such as laminated glass elements [72,73,111] and IGUs [8], and may be coupled with the assessment of thermal stresses.








The temperature distribution of glass and facade components [6,112] may be also evaluated by means of dedicated software, also allowing for the study of complex geometries, such as IGUs and double-skin facades.



However, they are mainly devoted to determining the U-values (thermal transmittances) of windows and curtain walls. Other numerical formulations [113,114,115], specifically conceived for the analysis of non-uniformly heated plates, are recorded in the literature. Recently, a dedicated semi-analytical model, based on Biot’s variational principle, has been proposed [58] to evaluate the temperature field in monolithic glazing under uneven climatic action, accounting for the presence of shadows and frame. The examples presented in [59] show that the width of the transition zone is ten times the thickness of the glass, whereas the temperature profile can be approximated by a sigmoid curve. However, it has to be noted that, as stated by [116], there is a lack of uniformly defined procedures for the calculation (stationary or transient, considering the time period, etc.) and assumptions for the simulation parameters.




3.3. Numerical Solutions for Glazing under Fire


Specific numerical formulations are also available, such as that proposed by Jeffers and collaborators [113,114,115], which considers a combination of FE and control volume techniques for the thermal analysis of non-uniformly heated shell structures, allowing for evaluations of the temperature field due to fire action. In more detail, this approach is based on a shell heat-transfer element, but requires a very fine discretization of the panel in the thickness direction.



Several applications for the thermo-mechanical analysis of glass elements under fire exposure can be found in [66,67,70]. Uncoupled thermal and mechanical simulation steps were developed to track the temperature evolution over time, and successively account for material modifications, as in Section 4.2.1. In this manner, the cited literature contributions show that the performance of the glass following exposure to fire can efficiently reproduce the experimental observations on small- or full-size specimens, both for monolithic and laminated glass. To this aim, the most important modelling and calibration steps shown in Figure 5 can be adopted.





4. The Thermal Stress


The determination of the 3D time-dependent temperature distribution of the glazing, as detailed in Section 3, is the starting point for a proper evaluation of the consequent temperature-induced state of strain and stress. Thermal strains are strains that develop when a material is heated or cooled with respect to a reference temperature    T 0   . By using    α T    to denote the coefficient of thermal expansion, the thermal strain tensor is given by:


   ε T   (  x , y , z , t  )  =  α T   [  T  (  x , y , z , t  )  −  T 0   ]  I  



(14)




where  I  is the identity 3 × 3 tensor. The stress tensor is given by:


  σ  (  x , y , z , t  )  = C  [  ε  (  x , y , z , t  )  −  ε T   (  x , y , z , t  )   ]   



(15)




where C is the constitutive elastic tensor and   ε  (  x , y , z , t  )    is the total strain tensor, accounting for both the thermal and the mechanical parts of the deformation, a priori unknown, that must satisfy the compatibility relations.



When the tensile thermal stresses exceed the local strength of the glass, the panel may break. An analysis of existing cases has evidenced that most failures are due to the stresses caused by climatic actions [5], as shown by Figure 6.



Many cases of damage can be attributed to the uneven temperature distribution in the glass panes due to the presence of frame and shadows. In these cases, a so-called “thermally induced fracture” takes place, sometimes as a result of large in-plane temperature differences within the glass [6,8]. This kind of crack usually develops from the panel edge, as shown in Figure 6, which usually presents with a lower strength than the panel surface [117,118,119,120].
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Figure 6. Example of glass panes with cracks due to climatic-induced thermal shock (figures reproduced from [60,121] with permission from Elsevier©, copyright license agreement n. 5507161319840, March 2023). 
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In cases of fire loading, totally different thermo-physical and mechanical phenomena can jointly take place in very short time intervals. Most importantly, as shown in Figure 7, softening of glass material generally prevails on the typical brittle in tension fragility.



4.1. Climatic Actions


Although temperature differences due to environmental actions are generally mild, they are often referred to as thermal shock, a term that is somewhat abused since it evokes strong thermal gradients, but which confirms the criticality of the phenomenon. For climatic loads, causing temperature variations of the order of 10–20 °C in the glass panes [54], the mechanical properties and temperature field are not influenced by each other. The thermal stress may be found by considering an uncoupled thermo-elastic problem [122,123] where the determination of the temperature field is independent of that of the stress and strain fields, while the stress and strain fields (which are dependent on the temperature distribution) may be determined a posteriori by considering the thermal strain as an applied action that varies over time.



In [60], an analytical solution to the stress field is provided for the simple cases of (i) an axi-symmetric variable temperature profile, i.e., a temperature that changes from one radial location to another with respect to a pole, and (ii) an axial-symmetric variable temperature profile with an axis of symmetry that is parallel to two sides of a square panel. In both cases, the temperature profile is considered uniform regarding the glass thickness.



For simple cases (for example, for the 1D case, where the temperature field is uniform in the in-plane directions), it is possible to find an analytic solution by following the procedure pointed out in [80], consisting of two phases. First, the plate is considered as constrained at its borders, and the external constrain reactions, which provide a homogenous stress state in the in-plane directions, are evaluated. Secondly, the stress state in the free pane is evaluated by superposing this stress field to that due to the constrain reaction, with the opposite sign (to simulate the “removal” of the constraints). When the 1D problem is considered by assuming a uniform, or linearly varying, temperature profile in-the-thickness, this results in a null stress state. This is because the temperature field produces a compatible thermal strain, which does not give raise to thermal-induced eigenstresses in an isolated plate [80]. In this case, the thermal strain tensor    ε T   (  x , y , z , t  )    of Equation (13) fulfils the compatibility relations; hence, both equilibrium and compatibility are satisfied when the plate is in a stress-free state [79].



Remarkably, this means that most of the methods currently proposed by the standards and literature [12,55] and adopted in the design practice that rely on this kind of simplifying assumption, as discussed in Section 5.2.2, do not allow for the proper estimation of thermal stress. As discussed in Section 5.2.3, current codes usually provide very simple formulae, based on empirical coefficients, to evaluate the maximum stress due to thermal loads. Recently, a 3D numerical model has been proposed for the evaluation of thermally induced stress during architectural monolithic glazing under uneven conditions [124].



For laminated and layered glazing elements, and even more when coatings are used, this problem is complicated by the complex temperature distribution across the thickness, as well as by the temperature-dependent mechanical properties of the polymers used as interlayers [125,126,127]. Furthermore, in this case, the layer-wise mismatch of thermal and elastic properties can induce stress concentrations at the interfaces [128,129]. The different mechanical properties of glass and polymeric foils should be accounted for by considering that the interlayers are much thinner and more compliant than glass and, hence, cannot present flexural stiffness per se [130,131]. This can be accounted for in numerical analyses by considering that the polymer impedes the slippage between glass layers, which bend in parallel, by transferring shear stress. The shear stress of the interlayer breaches the principle of “straight normal remaining straight after deformation”, on which the conventional shell elements of FE analysis are based. Hence, the modelling of the thermo-elastic problem deserves particular attention [132].



In conclusion, numerical modelling is often used only to predict the thermal stresses once the temperature field is known. The numerical approaches proposed by the literature [133] are mainly devoted to the study of glazing under fire, and will be discussed in Section 4.2. However, these can also be used to evaluate climatic-induced stress. Let us note that, for the latter case, the key point is to determine the actual temperature distribution in glass since, if this is uncertain, the numerically evaluated stresses are of no practical interest.




4.2. Fire


The fire performance and endurance assessment of glass elements, based on numerical tools, is one of the major open issues for the design and maintenance of ordinary glass components in buildings at present. The major challenges derive, as discussed above, from the lack of certain performance indicators to address the fire endurance [134], but also from basic uncertainties in the fire loading, fire exposure and fire sensitivity of material properties.



4.2.1. Material Properties in Fire


In fire conditions, a major challenge is represented by the structural design and optimization of load-bearing or secondary components, which are composed of materials with high sensitivity to temperature. According to the literature, few experimental investigations are available for the characterization of glass under fire conditions. In addition, the scientific community agrees with the typical material properties reported in Figure 8, where variations can be tracked up to a minimum of 600 °C. Most importantly, the modulus of elasticity of glass under high temperatures suffers from high degradation due to progressive melting and the solid-state modification of glass material. From a structural perspective, such behaviour suggests that major modifications can be expected to the strain-stress performance and capacity to sustain ordinary loads.




4.2.2. Numerical Solutions


The thermo-mechanical performance assessment of structural elements exposed to fire is typically modelled by a series of uncoupled (or even sequentially coupled) analyses, following the procedure outlined in Figure 5. In the first stage, a thermal simulation (heat transfer analysis) is carried out to evaluate the temperature distribution and propagation in time (including the accurate description and characterization of thermal restraints). Nodal temperatures at each time increment represent a key output of analysis. Successively, a mechanical analysis is carried out to assess the structural response of the system, by considering any external action but especially the modification of material properties with temperature, and thermal corresponding expansion [61,113,135,136].



Generally speaking, the current literature suffers from the limited number and applications of experimental tests on the effects of fire on glass elements, which could be variably loaded and restrained, as in real buildings. As a matter of fact, the available numerical studies are thus necessarily elaborated on specific configurations of technical interest ([66,67], etc.). While the current research advancements in this direction are still weak in terms of the generalization of numerical outcomes and definition of standardized procedural steps for fire endurance assessments of variably loaded and restrained glass elements [134], the potential of these first efforts and contributions is represented by the univocal description and calibration of basic material properties (see Figure 8), thermal interactions at the exposed and unexposed surfaces, and the fire loading schematization.
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Figure 8. Selected glass material properties for ordinary soda-lime annealed glass, with evidence of their sensitivity to temperature variations: (a) modulus of elasticity; (b) specific heat; (c) thermal conductivity; (d) density; (e) thermal expansion coefficient (figure adapted from [136] under the terms and conditions of a CC-BY copyright license agreement). 
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5. Standards and Codes


5.1. Physical and Mechanical Properties of Glass and Glazing Components


For the proper design of glazing components, especially when dealing with their thermal performance, knowledge of the current standards providing methods and tests for the evaluation of glass’ mechanical and thermal properties becomes necessary. EN 572-9 [137] is the harmonized standard that is necessary for the CE marking of glass products and provides the general physical and mechanical properties of glass. EN 572 is composed of nine parts, the first one of which [62] specifies and classifies the basic glass products, their main properties and the general quality criteria.



A calculation method regarding the thermal resistance and thermal transmittance of building components and building elements is provided in EN ISO 6946 [20]. This calculation method uses the “design thermal conductivities” or, equivalently, the “design thermal resistances”, of the materials and products appropriate for the considered application. The components and elements to which the method can be applied should consist of thermally homogeneous layers (which can include air layers). Specific aspects related to glazing are instead contained in EN 673 [138], which details a calculation method to determine the U-value, a measure of the rate of heat transfer through a structure, of glazing. This provides not only the basic formulas, but also the basic material properties of both glass and gas filling the gaps in double glazing, as well as of the external and internal heat transfer coefficients. When talking about glazing components and their thermal performances, the particular role of the frame should be highlighted. Therefore, EN ISO 10077-2 [139] provides a calculation method for the thermal transmittance of frame profiles and their relative connections with glass or opaque panels. The method can also be used to assess the thermal resistance and thermal characteristics of shutter profiles or roller shutter boxes and similar components (e.g., blinds). EN 410 [140] and ISO 9050 [141] are mainly focused on luminous and solar glazing properties, which are necessary aspects for lighting, heating and cooling calculations in buildings. EN 12898 [142], which specifies a procedure for determining the emissivity (at room temperature) of the glass and coated glass surfaces, should also be mentioned. This is a necessary step to consider heat transfer by surfaces radiation to determine the U-value and of the total solar transmittance of glazing. Finally, ISO 15099 [12] details calculation techniques for determining the thermal and optical transmission characteristics (i.e., thermal transmittance and total solar energy transmittance) of window and door systems, including the relevant solar and thermal properties of all components, while EN ISO 52022 [143,144] specifies either simplified or detailed methods based on the solar and light properties of protection devices combined with glazing to determine the relevant solar-optical information of the combination of these components (such as the total solar energy transmittance and total light transmittance).



In terms of the glass design, standards or guidelines that also consider the thermal stresses due to climatic actions include the Italian Guidelines [121], the three parts of the European CEN/TS 19100 [145,146,147] and the French standard [55]. Some instructions for the calculation of the thermal stresses are given in the Belgian Guidelines [148], the Pilkington Instructions [149], mostly used in the UK, and the European standard [150], which is currently just a proposal and not an officially accepted standard.



In the following paragraphs, reference will be made to each of these standards and codes in order to provide information on how the different coefficients and calculation methods are dealt with in the available few references.




5.2. Climatic Actions


5.2.1. Heat-Exchange Contributions


As seen in Section 2.1, the governing equations of the thermal problem are derived from the analysis of the different heat-exchange phenomena. It is therefore useful to summarize how the different contributions are dealt with in the various standards (see also Table 1, Table 2, Table 3 and Table 4).



Heat radiation



As stated in Section 2.1.1,    h  i ; r     is the internal radiation heat transfer coefficient, while    h  e ; r    , the external radiation heat transfer coefficient. The values of    h  i ; r     and    h  e ; r     are generally prescribed by standards. EN ISO 6946 [20] furnishes values of these coefficients in tables for a glass emissivity of ε = 0.9 (   h  i ; r   = 4.59    W/(m2K) and    h  e ; r   = 5.13   W/(m2K)). EN 673 [138] provides the value for the internal radiation heat transfer coefficient (   h  i ; r   = 4.1    W/(m2K)), but the value of the external coefficient is not given. The French standard [55] refers to EN 673 for such coefficients in the case of IGU, while ISO 15099 [12] provides closed-form equations (Table 1).
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Table 1. Heat radiation contributions according to different standards.
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Heat Radiation




	

	
     h  i ; r      

	
     h  e ; r      






	
CNR DT 210

	
-

	
-




	
EN ISO 6946

	
4.59 W/(m2K)

(Table 5)

	
5.13 W/(m2K)

(Table 5)




	
EN 673

	
4.1 W/(m2K)

Vertical (uncoated) soda lime glass surfaces

	
-




	
EN ISO 10077-1

	
-

	
-




	
DTU 39

	
acc. to EN 673

(only for IGU)

	
-




	
ISO 15099

	
    h   r , in    =    ε   s , in    σ  (   T   s , in   4  −  T   rm , in   4   )     T   s , in    −  T   rm , in        

	
    h   r , ex    =    ε   s , ex    σ  (   T   s , ex   4  −  T   rm , ex   4   )     T   s , ex    −  T   rm , ex        




	
EN 52022-3

	
-

	
-




	
Belgian Guidelines

	
-

	
-




	
Pilkington Instructions

	
-

	
-









Heat convection



Convection heat transfer is the energy transfer between a surface and a moving fluid. Therefore, it depends on the temperature of the moving fluid (i.e., air, internal or external) and that of the window surface (see Section 2.1.2). Many standards suggest reference values for    T  e x t     ( t )    and    T  i n t     ( t )   , the latter usually assumed to be constant, see Table 2.



In the absence of specific information for the building under consideration, CNR DT 210 [121] refers to UNI 5364 [151], which summarizes in tables the conventional internal air temperatures as a function of various standardized internal areas. The external air temperature is obtained by reference to maximum and minimum values, defined as maximum summer and minimum winter air temperature, respectively, in the location of the building, considering a 50-year return period. One may assume a temperature variation between the extreme values ΔT = ±30 °C. The French standard [55] gives different values when considering the transient or the steady-state regime. In the former case, the maximum and minimum values of the external temperature are indicated in maps for France; in the latter case, values are given in tables as a function of the season. The internal temperature of the area of the buildings in service is assumed to be constant and is given in Table 5 of the standard. ISO 15099 [12] furnishes reference boundary conditions among which constant values of    T  i n t      and    T  e x t      are given for summer and winter conditions (   T  i n t      ranging from 20 °C to 25 °C and    T  e x t      from 0 °C to 30 °C, respectively). The same values of    T  i n t      are given by EN 52022-3 [144], while    T  e x t      has slightly different values (from 5 °C to 25 °C). A diurnal temperature range is given from graphs as a function of the location in the Pilkington Instructions [149]; however, this cannot be considered a standard and seems to only be valid for the Pilkington glasses. The Belgian Guidelines [148] only provide the maximum amplitude of the average diurnal temperature fluctuations over at least 10 years in the different provinces of Belgium.
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Table 2. Heat convection contributions according to different standards.
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Heat Convection




	

	
     T  e x t      

	
     T  i n t      

	
     h  i ; c      

	
     h  e ; c      






	
CNR DT 210

	
Max summer and min winter air T

(50 y return period).

Initial assumption ΔT = ±30 °C between extreme values.

	
Tables

f (standardized internal areas)

(UNI 5364)

	
-

	
-




	
EN ISO 6946

	
-

	
-

	
3.6 W/(m2K)

(for free convection)

	
-




	
EN 673

	
-

	
-

	
-

	
-




	
EN ISO 10077-1

	
-

	
-

	
-

	
-




	
DTU 39 (1)

	
TR:

Table 4 for each seasonf (max and min diurnal T and amplitude) (France only)

SS:

Winter: min diurnal T (France maps) + 5 °C

	
Constant value

f (facade inclination and season)

(Table 5)

	
acc. to EN 673

(only for IGU)

	
-




	
ISO 15099

	
Reference BC (§8.2)

Win: 0 °C

Sum: 30 °C

	
Reference BC (§8.2)

Win: 20 °C

Sum: 25 °C

	
▪ Nu (λ/H) (2) (natural convection)

▪ 4 + 4 v (2)

(forced air flow)

[from EN ISO 6946]

	
▪ Nu (λ/H) (2)

(natural convection)

▪ 4 + 4 v (2)

(forced air flow for product comparison)

or 4.7 + 7.6 v

(forced air flow in real buildings)- if surface windward (3):

v = 0.25 V for V > 2 m/s

v = 0.5 V for V ≤ 2 m/s

- if surface leeward (3):

v = 0.3 + 0.05 V




	
Reference BC (§8.2)

Winter: 3.6 W/(m2K)

Summer: 2.5 W/(m2K)

	
Reference BC (§8.2)

Winter: 20 W/(m2K)

[4 m/s]

Summer: 8 W/(m2K)

[2 m/s]




	
EN 52022-3

	
Reference BC (§6.4.6) 5 °C

Summer (§6.4.6) 25 °C

	
Reference BC (§6.4.6) 20 °C

Summer (§6.4.6) 25 °C

	
Reference BC (§6.4.6)

3.6 W/(m2K)

Summer (§6.4.6)

2.5 W/(m2K)

	
Reference BC (§6.4.6)

18 W/(m2K)

Summer (§6.4.6)

8 W/(m2K)

(for v = 1 m/s)




	
Belgian Guidelines

	
-

	
-

	
-

	
-




	
Pilkington Instructions

	
-

	
-

	
-

	
-








(1) SS: Steady state; TR: Transient regime; (2) Nu Nusselt number, λ air thermal conductivity, v free stream velocity adjacent to the surface, m/s; (3) V wind velocity (H = 10 m above ground level).











Regarding the convective heat transfer coefficients, EN ISO 6946 (Table C.1) furnishes the following values:    h  i ; c     = 5 W/(m2K) for upward heat flow; 2.5 W/(m2K) for horizontal heat flow and 0.7 W/(m2K) for downward heat flow. The external values are given by    h  e ; c     = 4 + 4 v, where v is the wind speed adjacent to the surface, in m/s (the same value is also recalled by ISO 15099 in case of forced convection). For a speed of 4 m/s (see Note 2 in Table 7 of EN ISO 6946), this coefficient becomes 20 W/(m2K), as also reported in Table 5 of the same standard.



EN 673 [138], which is specific to glass and to which the French standard also refers, does not provide values for the external convective contribution, but it provides standard values for the internal coefficients for vertical (uncoated) soda lime glass surfaces and free convection:    h  i ; c     = 3.6 W/(m2K).



ISO 15099 (and also EN 52022-3) also distinguishes between winter and summer conditions for the convective heat transfer coefficients: (   h  i ; c     = 3.6 W/(m2K) and    h  e ; c     = 20 W/(m2K) in winter conditions and    h  i ; c     = 2.5 W/(m2K) and    h  e ; c     = 8 W/(m2K) for summer conditions). However, more refined assessments are presented for the convective heat transfer coefficients on the internal and external side of the glazing system, which also function to assess the type of convection (natural or forced air flow), see Table 2.



Surface exchange coefficients (convection + radiation)



According to EN ISO 6946 [20], an operative temperature (usually approximated to the arithmetic mean of air temperature and mean radiant temperature) is generally taken to calculate the heat flow rates for the environment inside the buildings, while “at external surfaces it is conventional to use the external air temperature, based on an assumption of overcast sky conditions, so that external air and radiant temperatures Text and Tsky are effectively equal” (see EN ISO 6946, footnote 3). Therefore, total combined heat transfer coefficients    h i  =  h  i ; c   +  h  i ; r     and    h e  =  h  e ; c   +  h  e ; r     are defined, to account for both the heat convection contribution (Section 2.1.2) and that from infrared radiation (sky radiation and indoor radiation, Section 2.1.3), in the unique formula:


   q  e x t    ( t )  =  q  e x t , c o n v    ( t )  +  q  e x t , r a d    ( t )  =  h e   [   T  e x t     ( t )  −  T F    ( t )   ]  ,  



(16)






   q  i n t    ( t )  =  q  i n t , c o n v    ( t )  +  q  i n t , r a d    ( t )  =  h i   [   T B    ( t )  −  T  i n t     ( t )   ]  .  



(17)







It may be observed that this approximation prevents the consideration of different values for    T  e x t     ( t )    and    T  s k y     ( t )   ; therefore, it neglects the influence of atmospheric temperature, the clarity of the sky and humidity.



Considering this approach, a few standards directly prescribe values for the internal and external surface exchange coefficients.



EN ISO 6946 [20] prescribes the following values for the “conventional surface resistances” (correspondent to the reciprocal of heat transfer coefficient): for the inner surface, 0.1 m2K/W, 0.13 m2K/W and 0.17 m2K/W for upwards, horizontal and downwards heat flow, respectively; for the outer surface, 0.04 m2K/W. These correspond to the following total surface heat transfer coefficient values:    h i    = 10 W/(m2K) for upward heat flow, 7.7 W/(m2K) and 5.8 W/(m2K) for horizontal and downwards heat flows and    h e    = 25 W/(m2K). Such values are also suggested by EN ISO 10077-1 (Table E.1) [152] and recorded by the Italian CNR DT 210 (Table 4.16) [121]. EN 673 [138], which is specific to glass, furnishes the same value for the total external surface heat transfer coefficient (   h e  =   25 W/(m2K)), without giving information on the convective and the radiative contributions. Furthermore, standard values are provided for the internal coefficients for vertical (uncoated) soda lime glass surfaces and free convection:    h  i ; c     = 3.6 W/(m2K) and    h  i ; r     = 4.1 W/(m2K), leading to    h i    = 7.7 W/(m2K). The French standard [55] reports different values for vertical or inclined surfaces and differentiates the external coefficient as also being a function of the season. For vertical surfaces,    h i  =   9 W/(m2K) and    h e  =   11 W/(m2K) in winter and mid-seasons, and    h e  =   13 W/(m2K) in summer. The Belgian Guidelines [148] directly furnish an internal surface exchange coefficient of    h i  =   8 W/(m2K) and an external one of    h e  =   11 W/(m2K).



In summary, most standards provide a value of    h i    = 7.7 W/(m2K) for vertical surfaces (horizontal heat flow), with slight differences provided by the French standard and the Belgian Guidelines (   h i    = 9 W/(m2K) and    h i    = 8 W/(m2K), respectively). A similar situation occurs for the external exchange coefficient, which is generally provided as    h e    = 25 W/(m2K). However, both the French and Belgian instructions provide much lower values, which are equal to 11 W/(m2K) and 16 W/(m2K), respectively. For direct comparison, a summary of these values is reported in Table 3.
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Table 3. Surface exchange coefficients according to different standards.
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Surface Exchange Coefficients (Convection + Radiation)




	

	
     h i     

	
     h e     




	

	
Vertical

	
Horizontal

(Or Inclined)

	
Vertical

	
Horizontal

(Or Inclined)






	
CNR DT 210

	
7.7 W/(m2K)

[1/   h i    = 0.13 m2K/W]

	
10 W/(m2K)

[1/   h i    = 0.1 m2K/W]

	
25 W/(m2K)

[1/   h e    = 0.04 m2K/W]




	
EN ISO 6946

	
7.7 W/(m2K)

  [  R  s i     = 0.13 m2 K/W]

(horizontal heat flow)

	
10 W/(m2K)

[   R  s i     = 0.1 m2 K/W]

(Upward heat flow)

5.8 W/(m2K)

[   R  s i     = 0.17 m2 K/W]

(Downward heat flow)

	
25 W/(m2K)

[   R  s e     = 0.04 m2 K/W]

(Tables 5 and 7)




	
EN 673

	
7.7 W/(m2K)

[1/   h i    = 0.13 m2K/W]

	
EN ISO 6946

	
25 W/(m2K)

[1/   h e    = 0.04 m2K/W]




	
EN ISO 10077-1

	
7.7 W/(m2K)

[1/   h i    = 0.13 m2K/W]

	
10 W/(m2K)

[1/   h i    = 0.1 m2K/W]

	
25 W/(m2K)

[1/   h e    = 0.04 m2K/W]




	
DTU 39

	
9 W/(m2K)

	
11 W/(m2K)

(Upward flux)

6 W/(m2K)

(Downward flux)

	
11 W/(m2K)

(winter/mid-season)

13 W/(m2K)

(summer)

	
12 W/(m2K)

(winter/mid-season)

14 W/(m2K)

(summer)




	
ISO 15099

	
§8.5

h = hR + hC

	
§8.5

h = hR + hC




	
EN 52022-3

	
-

	
-




	
Belgian Guidelines

	
8 W/m2K

	
16 W/m2K




	
Pilkington Instructions

	
-

	
-









Solar radiation



The solar radiation per unit area is usually denoted as G(t), whose typical values are recorded by standards in tables and graphs as a function of the season, time of day, facade orientation and inclination (see Table 4).



The French standard [55] furnishes detailed information about the global solar radiation and the diurnal temperature range only for France. The global solar radiation consists of direct and the diffuse radiation. The latter, caused by the clouds, ranges between 10% and 20% of the global solar radiation. The solar flux depends on the season, time of day, facade orientation and its inclination. In this case, a distinction is made if a transient regime or steady state are considered in the assessment, referring to tables or graphs in these two cases.



CNR DT 210 [121] suggests, in the absence of specific data for a specific location, using the maximum summer incident solar irradiance values on a vertical surface reported in tables for various latitudes and taken from UNI 10349 [153].



The Pilkington Instructions furnish the solar radiation intensity in graphs as a function of the location (United Kingdom or the rest of the world), the Belgian Guidelines [148] provide a value of 850 W/m2 for inclined surfaces (from 10° to 75° with respect to the horizontal) and 750 W/m2 for vertical surfaces, while ISO 15099 [12] and EN 52022-3 [144] provide reference values for winter and summer conditions (300 W/m2 and 500 W/m2, respectively). It should be noted that, although the solar radiation intensity is obviously variable through the day and depends on various parameters, as already anticipated, some of the cited standards instead furnish a maximum value for each season and/or for the facade orientation (Table 4).
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Table 4. Solar radiation and consideration of shadows according to different standards.
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	Solar Radiation
	Shadows





	CNR DT 210
	Max summer solar irradiance incident on a vertical surface referred to different latitudes (Table 4.13 taken from UNI 10349).
	See Figure 9 of current paper



	EN ISO 6946
	-
	-



	EN 673
	-
	-



	EN ISO 10077-1
	-
	-



	DTU 39 (1)
	f (season, daytime, facade orientation/inclination)

SS: Table 6 (location/altitude) + corrective coeff. (Table 7) inclination/season (summer/winter)

TR: Figure 23 (variable graphs)
	10% of the global solar radiationin the shaded parts

SS: min 75 W/m2

TR: Figure 24 f (season)



	ISO 15099
	Winter (§8.2.2) 300 W/m2

Summer (§8.2.3) 500 W/m2
	-



	EN 52022-3
	Reference BC (§6.4.6) 300 W/m2

Summer (§6.4.6) 500 W/m2
	-



	Belgian Guidelines
	10° < θ < 75° G = 850 W/m2

θ = 90° G = 750 W/m2

θ angle with respect to the horizontal
	Coefficient f (shadow shape and glass type—single/double)

Values: 1.1–1.5



	Pilkington Instructions
	Graphs f (location) in UK and rest of the world.
	Shadow Factor

No shadow: 1.0

Mobile shadow: 1.11

Static shadow: Figure 31







(1) SS: steady state; TR: transient regime.











Heat conduction



The heat conduction is usually neglected in simple analytical methods (particularly by the methods prescribed by the standards), thus inducing an overestimation of the thermal gradients.



Shadows



The only standard accounting for the presence of shadowed regions is the French one [55], but this neglects the conduction heat transfer among adjacent regions (Table 4). The same standard considers the temperature field as being constant in the thickness direction, only defining one temperature for each panel region, and it usually assumes that only a portion equal to the 10% of the global solar radiation strikes the shaded parts of the facade surface (i.e., diffuse flux for the shaded part, which, in the transient regime, is given by specific graphs as a function of the season). Other guidelines (for example, the Belgian one [148], which is no longer used, and the Pilkington Instructions [149]) account for the presence of shadows through the definition of corrective coefficients. Regarding the shadow shape, the Italian Guidelines [121] and the Belgian Guidelines [148] record an indicative classification of various types of shadows, from the least dangerous to the most dangerous (see Figure 9). According to [121], peak stress levels occur when the shadow covers less than 25% of the surface and includes over 25% of the perimeter. In general, the most critical situation is when a combination of horizontal, vertical or diagonal shadows exists, resulting in “V-shaped” shadows.



It should be noted that the approach followed by the standards for shadows is purely qualitative and a more refined approach is currently missing in Europe.




5.2.2. Determination of the Temperature Field


The available national and international standards and guidelines are partly outdated or contain simplified instructions and specifications for thermal stresses calculation in facade and roof glazing [116]. At present, considering the lack of alternative methods, the French standard [55], in combination with Vitrages Décision software and the John–Colvin method (English model), are used for the whole of Europe [116].



Codes and standards usually provide simple formulae to evaluate the glass temperature, while prescribing, via formulae and/or tables, values for the relevant coefficients and the (time-dependent) environmental parameters, such as temperature and solar radiation (see Section 5.2.1). Many models consider only the steady-state condition, neglecting the presence of shadows and frame, and assume simplified (i.e., constant or linear) temperature profiles across the thickness.



The Pilkington Instructions [149] are one of the simplest assessment methods used to compute the thermal breakage behaviour of glass, but is only applicable to glasses manufactured by the Pilkington company. The calculation of temperature differences that lead to thermal breakage is determined from reference tables and graphs. The “Basic Temperature Difference” is found to be a function of the solar radiation intensity and the diurnal temperature range for the specific location from reference graphs. Then, the effects of blinds, drapes or medium/dark coloured back-ups, shadows and frame are considered using corrective coefficients. The resultant “Maximum Temperature Difference” is then compared to the “Safe Temperature Difference” reported in the Pilkington Instructions as a function of the glass type and its edge finishes.



The basis of calculation according to the Belgian Guidelines [148] relies on the difference in temperature between the visible part of the glass and the part in the window frame, which is based on the energy absorbed by the glazing and the variation in daytime temperatures. For single glazing:


  Δ T =   G · α    h e  +  h i    +   A ·  h e     h e  +  h i     



(18)




where:



	  G  

	
Solar radiation maximum intensity (W/m2) (for angles of 10° to 75° with respect to the horizontal, G = 850 W/m2, for 90°, G = 750 W/m2).




	  α  

	
Absorption coefficient of the single glass (-), as defined in Section 2.1.3.




	A 

	
Maximum amplitude of the average diurnal temperature fluctuations over at least 10 years (K or °C). This is a constant value depending on the geographical position (from 10 to 13 K).




	    h e    

	
Heat transfer coefficient at the outer surface (   h e    = 16 W/m2K).




	    h i    

	
Heat transfer coefficient at the inner surface (   h i    = 8 W/m2K).







The calculated temperature difference (ΔT) is then adjusted with corrective coefficients to account for the influence of blinds/curtains, frame and outside shadows.



One of the last available versions of the Project of European standard [150] provides a method for the determination of the basic temperature difference, which is dependent on “the solar energy absorption of glass, the solar radiation intensity, the heat transfer coefficients, the possible heating from radiant heaters, the diurnal temperature range”, as recorded in [52].



The most complete approaches to the evaluation of the temperature distribution in a multiple glazing are those proposed by the international standards [12,143,144] and by the French standard [55]. The former prescribes formulas based on the model proposed by [48,154], relying on quite strict assumptions. The presence of the frame and projected shadows is neglected; therefore, the glass panel is considered as being entirely irradiated by the solar radiation. Furthermore, the glass temperature is considered as variable along the panel thickness, and the temperature profile is described in terms of its values at the back and front surface, whose relationship depends on the glass conductivity. Since it neglects heat storage, the method considers only the steady-state problem.



The French standard proposes three different levels of accuracy for the determination of the temperature field (general, simple and simple manual methods). The general method is the most comprehensive, as it considers the transient problem, and allows for calculation of the temperature in the central (hottest) panel areas, but it neglects the conduction heat transfer. The second approach (simple method) considers the steady-state problem, thus neglecting the heat storage, and is recommended for window frames with low thermal inertia (wood, PVC, aluminium, etc.). The third and simpler approach, referred to as the simple manual method, also neglects, in the case of multiple glazing, the radiant heat exchange between the various glass layers. Temperature calculation for different zones is performed manually.



The calculated temperature difference is then compared with the tabulated allowable temperature difference reported in §11.2 of the standard. Specifically, Tables 15–20 include data for various glass types (not heat-treated), considering shadowed and no shadowed areas, inclination and frames with low, medium and high thermal inertia. If the calculated temperature difference exceeds the allowable value in the table, then the chosen system is considered unsafe, as the probability of breakage is high.




5.2.3. Thermal Stress


Current standards are generally based on the use of very simple and approximate formula to determine the stress generated by the temperature difference in the glass pane [121,145], which should be evaluated according to Equations (14) and (15). The intensity of thermal stress in a glass pane is assumed to be proportional to the temperature difference ΔT between the hottest part (the central part, which receives solar radiation) and the coolest part (near the edges of the frame). Stress caused by ΔT is expressed in the following form:


   σ t  = Δ T   E    α T     K  Δ T   ,  



(19)




where E is the elastic modulus of the glass (~70,000 MPa),    α T    is the thermal expansion coefficient (~9·10−6 K−1), and KΔT is a coefficient that accounts for the effects that can influence the value of the temperature gradient (shape of areas of shadow, frame characteristics, etc.); CNR DT 210 furnishes the values of this coefficient. Given the direct connection between temperature difference and induced stress, the admissible values for the resistance of glass to the effects of a temperature gradient can be directly expressed in terms of temperature gradient ΔT.



The French standard thermal stress assessment is based on an evaluation of stress based on the calculated temperature difference (for all methods, as per Section 5.2.2), which is then compared with the maximum allowable stress, whose evaluation is reported in §11.1 of the cited standard [55].



In Equation (19),    K  Δ T   =  K f   K o   , which depends on the presence of external shading (through    K o   ) and the heat capacity of the frames (through    K f   ). The following values are assumed:



Frame systems with low thermal inertia, no shades:  0.8.



Frame systems with low thermal inertia + shades:   0.9.



Frame systems with mean thermal inertia + shades:   1.0.



Frame systems with high thermal inertia + shades:   1.1.



The maximum allowable stress is given by:


   σ  a d m   =  K v   K a   σ  v m    



(20)




with    σ  v m     as the allowable basic stress on glass,    K v    as the sensibility coefficient of glass to thermal shock, and    K a    accounting for inclination and support conditions. Such coefficients are reported in tables of the cited standard.



The American standard ASTM E2431 [155] proposes a very simple formula, based on [156], to directly evaluate the stress associated with the thermal loading. The stress is then equal to the maximum absorbed solar radiance αG, multiplied by a “thermal stress factor”, which is evaluated numerically and expressed in graphs as a function of the glass thickness, the edge bite and the edge-support conditions of the panel.



The calculated stress due to the thermal loadings must stay below the allowable stress corresponding to a certain probability of failure. This practice applies to monolithic and laminated glass of a rectangular shape and assumes that all glass edges are simply supported and free of damage. This very simple method neglects the heat conduction and convection, the irradiance from external and internal surfaces, and the effects of shadows [53].





5.3. Fire


5.3.1. Reaction to Fire


At present, all construction products are tested using the methods according to EN 13501-1 [157], which is relevant to the corresponding reaction to fire, allowing for classification according to the Commission Delegated Regulation (EU) 2016/364. There are seven classes (A1, A2, B, C, D, E and F), and EN 13501-1 provides the reaction to the fire methods used for all construction products, including products incorporated within building elements. EN 13501-1 foresees different test methods according to the specific reaction to fire class that must be obtained. It includes the non-combustibility test [158], the method used to determine the gross heat of combustion (QPCS, with PCS standing for “Pouvoir Calorifique Supérieur”) of products at constant volume in a bomb calorimeter [159], the SBI test for determining the reaction of construction products, excluding floorings, to fire when exposed to thermal attack by a single burning item [160], and the single-flame source test for determining the ignitability of products by direct small-flame impingement [161]. For the specific case of glass, two conditions can be distinguished:



	
Glass not containing organic materials, i.e., basic glass, coated glass, toughened glass, heat-strengthened glass, chemically strengthened glass, mirrors, glass blocks and paver units, are classified as A1 according to Commission Decision 96/603/EC, as amended by Commission Decision 2000/605/EC.



	
Glass containing a certain amount of organic material, i.e., laminated (safety) glass and insulating glass units, should be tested for their reaction to fire according to EN 13501-1.






According to CEN TC 129 and the glass industry, represented by Glass for Europe [162], EN 13823 (SBI test) is not appropriate to classify the reaction to fire of glass products and the full-scale room test (according to ISO 9705 [163] and EN 14390 [164]) is considered to better illustrate the behaviour of glass products.




5.3.2. Resistance to Fire


The second part of EN 13501 [165] focuses on the classification of construction elements based on fire-resistance testing. Classification is declared in minutes and is based on the load-bearing capacity (R), integrity (E) and thermal insulation (I). When required, optional performance parameters can be considered, such as the radiation (W), smoke leakage (S), mechanical action (M), self-closure (C), soot fire resistance (G) and fire protection ability (K).



In this case, EN 13501-2 recalls different test methods, including those included in EN 1363-1/3 [166,167,168], which establish the general principles for determining the fire resistance of various construction elements when subjected to standard fire exposure condition: EN 1364-1/5 [169,170,171,172,173] for non-loadbearing elements (walls, ceilings, curtain walling, etc.) and EN 1365-1/6 [174,175,176,177,178,179] for loadbearing elements (walls, floors and roofs, beams, columns, balconies and walkways and stairs).



The classification of facades (curtain walling) and external walls (including glazed elements) follows the indications of §7.5.3 of EN 13501-2 [165], and the performance criteria include integrity (E), thermal insulation (I) and radiation (W).



However, when talking about glass, and especially glass facades, the determination of an assessment method that goes beyond the current EN 13501-2 classification systems appears necessary.



In response to the lack of a harmonised testing standard or classification system, several EU countries have introduced their own tests to their national fire safety regulations. A total of 10 different test methods have been identified as being either currently in use or referenced in the regulations throughout Europe (see Table 5). This leads to the need for facade system manufacturers to carry out several fire tests to be able to sell their products in more than one country. There is currently a European project, formed in accordance with the Invitation to Tender for “Finalization of the European approach to assess the fire performance of facades” of the European commission (September 2019) [180], whose objective is to finalize the methodology used to assess the fire performance of facades including test methods and a classification proposal. As part of the project activities in [181], during a preliminary regulatory survey, the presence of any additional requirements to those in EN 13501-2 throughout Europe was searched, and it resulted that the main purposes of these requirements are:



	
Limitation of fire spread on the surface and inside of the facade system;



	
Demonstration of fire performance for systems that do not follow or cannot meet the fire performance characteristics for individual components, for example, insulation that cannot be categorized into the required reaction-to-fire class;



	
Requirements regarding fire’s spread through facades from one room to another (through external surfaces, but also through cavities and facade floor junctions);



	
Limitation or avoidance of falling parts and/or burning debris/droplets;



	
Limitation of smouldering fires.






The requirements for falling parts and burning debris/droplets are particularly necessary to verify either (i) the protection provided by escape routes and for rescue services, and/or (ii) the prevention of secondary fires arising from burning debris/droplets.



The baseline test methods were initially defined as the BS 8414 and DIN 4102-20; however, an alternative assessment method was proposed to reduce the number of tests needed to satisfy the additional requirements for those Member States who do not use DIN 4102-20 or BS 8414. Such an alternative assessment method would combine as many of these options as possible in one test method, but modifications to the test rig and the test procedure will become necessary. The project is currently ongoing, and the result will lead to a harmonized assessment procedure and classification system for the fire performance of facades, which could be incorporated into the regulations of all Member States.
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Table 5. Assessment methods applied by EU/EFTA Member States to assess the fire performance of facades.
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	Country
	Assessment Method





	Austria
	ÖNORM B 3800-5 [182]



	Czech Republic
	ČSN ISO 13785-1 [183]



	Denmark, Sweden, Norway
	SP Fire 105 [184]



	Finland
	
	
SP Fire 105



	
BS 8414 [185]








	France
	LEPIR 2 [186]



	Germany
	
	
DIN 4102-20 [187]



	
Technical regulation A 2.2.1.5 [188]








	Hungary
	MSZ 14800-6 [189]



	Ireland
	BS 8414 (BR 135)



	Poland
	PN-B-02867 [190]



	Switzerland, Liechtenstein
	
	
DIN 4102-20



	
ÖNorm B 3800-5



	
Prüfbestimmung für Aussenwandbekleidungssysteme (Test specifications for exterior wall-cladding systems)
















6. Conclusions


In this paper, an extensive overview of aspects related to the evaluation of the response of structural and non-structural glass elements to thermal actions due to both climatic action and fire events has been proposed. In particular, the research has emphasized the multitude of factors that affect the determination of the thermal loads, which are related to the high number of heat exchange phenomena that come into play. These include convection and radiation exchanges with the surrounding environment, heat storage in the glazing element, and heat conduction at different temperatures. All these aspects should be taken into account to properly evaluate the complex time-dependent temperature field in the glazing, and, consequently, the state of thermal strain and stress in the glass panel. A state-of-the-art review is recorded that tries to summarize all the efforts made by various scientists in recent decades to address these important problems.



The last part of the paper emphasizes how the current regulatory scenario is characterized by conflicting rules, which do not allow for a uniformly accepted procedure to be defined that could assess the temperature field in the glazing and the consequent thermal stress. Furthermore, the standards provide a wide range of values for the basic coefficients adopted in these calculations. However, uniformly defined procedures for the calculation (stationary or transient, considering different time periods, etc.) are lacking, as well as assumptions regarding the simulation parameters. Moreover, there is no precise indication of how the thermal properties of frame, rebates, restraints, etc., should be taken into account in the evaluation of the temperature distribution and the consequent stress field in glass elements. Furthermore, the lack of harmonized recommendations for fire testing and fire endurance assessments using experiments still represents a major research gap. The above aspects are highlighted in Table 1, Table 2, Table 3 and Table 4. Overall, these conditions lead also to major uncertainties regarding the possible generalized use of robust FE simulations to assess fire endurance [136].



Currently, a new European standard (Glass in building—Determination of the thermal shock resistance of glass panes—Calculation method) devoted to the assessment of methods of calculating temperature distribution and thermally induced stresses by temperature differentials in the glass pane, is under development.



Several open problems remain be properly addressed and currently represent a major challenge for design of structural glass elements; these can represent objectives for future research developments. First of all, the reliability of a structural design depends on its ability to accurately determine the material failure strength; therefore, the evaluation of glass strength with respect to thermal actions is a major concern. Glass strength is dependent on the applied load; the effects of the loaded area (through the scale factor λgA), and of the length of the glass edge (through the scale factor λgl), the load duration and the environmental conditions (though the coefficient kmod) should be taken into account and defined in the case of thermal actions.



Another important aspect is related to how the effect of climatic actions should be combined with other (permanent or variable) loads (with the corresponding factors for combination value of variable loads Ψ0) in the case of structural glass elements. The general issue of load combinations in structural glass was pointed out in [191].



Last but not least, considering the high level of evidenced thermal model uncertainties, the approach to designs assisted by testing (as envisaged by Eurocode 0) could provide a valid support when aiming to obtain further knowledge of the discussed thermal problem. However, a proper experimental setup, obtained through precise loading specifications, testing arrangement and measurement methods, should be designed to consider all the aspects that influence the behaviour of glass (size effect, state of stress, static fatigue, load rate) [192]. Using such an experimental analysis to obtain a definition of the actual expectations in terms of structural strength is therefore a priority.



All the evidenced aspects of, and gaps in, the current scientific literature and standards, which have been dealt with in the paper, represent a possible field for future research, which needs to be deepened to obtain reliable tools for the design and assessment of glazing in buildings subject to thermal loads.
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Figure 1. Schematics of (a) typical thermal stress state for a glass window and (b) heat exchange phenomena occurring in a glazing panel due to climatic actions. 
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Figure 2. (a) Conventional time–temperature curve according to ISO 834-1 [69] and (b) example of non-uniform thermal exposure (after test; figure reproduced from [70] under the terms and conditions of CC-BY copyright license agreement). 
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Figure 3. Schematic representation of a reference 1D heat transfer model for (a) monolithic and (b) laminated glass elements (cross-section layout). Figure reproduced from [70] under the terms and conditions of the CC-BY copyright license agreement. 
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Figure 4. Schematics of the heat exchange phenomena occurring in an IGU. 
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Figure 5. Procedural steps for thermo-mechanical numerical analysis of load-bearing components and structures under fire conditions (reproduced from [61] under the terms and permission of a CC-BY copyright license agreement). 
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Figure 7. Example of collapse configuration for glass under fire: (a) triple-laminated glass beam in bending setup (figure reproduced from [67] with permission from Elsevier©, copyright license agreement n. 5507161319839, March 2023) and (b) details of glass softening in the frame region. 
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Figure 9. Examples of shadows on glass from: (a) CNR DT 210 [121] and (b) Belgian Guidelines [148]. 
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