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Abstract. The article presents a study on the mechanical behavior of facade cladding panel consisting of 
aluminum frame and fully tempered sheet glass under the action of uniformly distributed load. The study 
involved tests of full-size samples of two structural solutions of the cladding panel in a curtain wall system 
for two different geometrical configurations of the panel. Experimental data showed a high similarity with 
the results of a static calculation in the zone of linear elastic deformation. Therefore, the use of SJ Mepla 
finite element software package for the calculation of described structures was verified. The influence of 
the boundary conditions on determination of deflections in numerical model as well as the character of seal 
deformation was described. The criteria of the loss of bearing capacity of a system was defined. Empirical 
formulas for calculating the panel deflection for specific geometrical configurations of a panel were 
proposed. 

1. Introduction 
Nowadays glass is widely used as a main translucent material of the building enclosing structures 

due to its structural and aesthetical advantages and unique properties [1, 2]. Besides the mullion-transom 
and structural glass facades, curtain wall systems with glass panels as a cladding material are actively 
used in modern construction practice. These systems are characterized by faster installation in comparison 
with other glazing systems and offer aesthetical benefits. 

  
Figure 1. Example of glass cladding in curtain wall systems – residential complex “Petrovsky” 

(source: Official website of the manufacturer of facade system www.nordfox.ru). 
The choice of facade structure directly affects the safety and comfort of people inside the building  

[3, 4]. In [5] a study on the influence of the glass fixing type on the fire resistance of structure is presented. 
Article [6] is devoted to an analysis of the stress-strain state of curtain wall systems under extreme loads 
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such as natural exposures and man-made threats. The correlation between characteristics of the glass and 
performance of double-glazed facades is described in [7]. 

Modern glazing systems can be classified on the base of different criteria [8]. One of the factors 
which determines the overall performance of a system is method of fixing of a glass panel to the 
substructure [9–11]. The dependence of the fixing method on the strength of glass is studied in [12]. In [13] 
an analysis of existing design guidelines and methods intended for calculation of glass fencing, which is 
fixed in an aluminum profile, is presented. Application and experimental verification of glass fencing system 
are also presented. According to [13], the stiffness of the clamping profile and the choice of approach 
among different methods proposed in regulatory documents (e.g. national building codes) have the greatest 
impact on the calculation result. At the same time, the calculation procedures need to be improved, since 
they are not adapted for the fence fixed in the curtain wall system. A study on the aluminum-and-glass 
facades is presented in [14]. The study in [14] contains investigation on various systems in order to verify 
their economic viability and possibility of use in modern construction. 

Due to increased requirements for the heat transfer through building envelope [15, 16], parameters 
of curtain wall systems are actively reconsidered [17]. Modeling approach for climatic simulation of curtain 
facades is described in [18]. The study on the influence of orientation of buildings with glass facades on its 
energy consumption is presented in [19]. 

In [20] simulations were performed in order to assess the mechanical behavior of panels with direct 
glass-aluminum connection. The numerical study in [20] is particularly focused on the influence of elastic 
layer (rubber spacers or glue layers) on improvement of working conditions of the glass-aluminum 
connections. The study in [21] is devoted to the determination of partial material safety factor for structural 
silicone adhesives. Obtained on the base of experimental data, this value can be applied in finite element 
calculation programs, leading to the optimization of structural sealant design. 

The use of glass beads in facade systems raises the issues related with tightness of the joint. 
Experimental study on the tightness of glazing bead butt joints of aluminum windows was performed in [22]. 

Experimental and numerical investigation of the properties and possibilities of application of structural 
sealants in glazing systems is described in [23]. Issues related to the modeling and fracture analysis of 
sealants are observed in [22–25]. 

Facade structures face various exposures during its operational lifetime, however in absence of 
thermal loading the wind load represents the highest contribution to the stress-strain state of the members 
of facade system. Lateral loads (e.g. wind) are prevalent and require detailed consideration in accordance 
with local climate conditions during the process of design and calculation of such structures [28]. 

In this research, the object of the study was a fully tempered sheet glass in a specific aluminum frame 
as the cladding of curtain facade system. Within the study both experimental and numerical analysis of the 
cladding of a curtain wall system were performed. 

The purpose of the study was determination of the deflection of a cladding panel within the fixing 
system of a curtain wall. 

The following tasks were carried out: 

• Experimental determination of deflection of a cladding panel of fully tempered sheet glass, fixed 
to a curtain wall system, under the action of a uniformly distributed load; 
• Determination of the influence of the geometric dimensions on the deflection of a panel; 
• Determination the criteria characterizing loss of bearing capacity of the system; 
• Comparison of results of the panel’s stress-strain state obtained through numerical methods and 
laboratory tests. 

2. Methods 
The study contains experimental and numerical investigation of a full-size fragment of a considered 

curtain wall system. A glass cladding panel was continuously fixed to the aluminum frame through a glass 
bead what represents a particular case of clamped solution. Furthermore, two different fixation schemes 
were performed: 

• Test setup 1: Cladding panel of fully tempered sheet glass is 2-side simply supported (Navier’s 
support) by glazing beads and frame through the EPDM profiles. Glazing bead and a frame thus 
form a compound profile. This profile is supported on its edges by self-tapping screws which attach 
it to the transom. 
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Figure 2. Scheme of system type 1 (test setup 1). 

• Test setup 2: Cladding panel of fully tempered sheet glass is 2-side simply supported (Navier’s 
support) by glazing beads and frame through the EPDM profiles. Frame profile is discretely 
supported along its entire length by self-tapping screws which attach it to the transom. Glazing 
bead, a frame and transom thus form a compound profile of a higher stiffness than test setup 1. 

 
Figure 3. Scheme of system type 2 (test setup 2). 

 
Figure 4. Cross-section of the test setup 2. 
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The experiments were performed for two different configurations of cladding panels: 1200x1200 mm 
and 1200×800 mm. 

Fully tempered glass for all considered schemes had a thickness of 6 mm. According to Russian 
State Standard GOST 30698-2014 «Tempered glass. Specifications», fully tempered glass has a bending 
strength of 120 MPa. 

All the aforementioned geometrical values were measured during the test. 

Therefore, following schemes were considered: 

• Test setup 1a: 1200×800×6 mm; 
• Test setup 1b: 1200×1200×6 mm; 
• Test setup 2a: 1200×800×6 mm; 
• Test setup 2a: 1200×1200×6 mm. 

2.1. Experimental approach 
The purpose of the testing was an experimental determination of the deflections of the curtain wall 

system in characteristic points: in the center of the panel, center of the free edge and center of the frame 
profile. The obtained results were subsequently compared to the results of numerical calculation. 

Determination of the cladding panel’s deflection was carried out by means of a full-size simulation of 
a frame fragment of the curtain wall system and its subsequent loading with a uniformly distributed load. 
Special high rigidity crosspieces with brackets mounted to them in the horizontal plane were used as a 
bearing base in test setup. 

The use of horizontal arrangement of the panels was justified by the convenience of testing, as well 
as by the small influence of loads in the plane of the facade on the stress-strain state of the system [29]. 
The uniformly distributed load on the cladding panels was applied by means of concrete cores with a 
diameter of 150 mm, height of 150 mm and an average weight of 6.22 kg each. The cores were distributed 
on the surface of the panel evenly and symmetrically with respect to the center of the glass plate. The order 
of applying the load is chosen with the purpose to achieve a load value of approximately 1 kN/m2 with 
subsequent unloading for the purpose of detecting backlash and crumples in the areas where the bracket 
is fixed through rivet connection. The assumption of value of 1 kN/m2 for the purpose of detecting backlash 
is based on previous preliminary studies made by authors which were performed for various facade 
structures. Furthermore, loading with concurrent deflection control was continued until the loss of the 
bearing capacity of the system. 

 
Figure 5. Principal loading scheme (test setup 1a). 

The values of deflection in the center of the panel, center of the free edge and center of the frame 
profile were measured by dial indicators 6-PAO with following characteristics: 

• Graduation: 0.01 mm; 
• Maximum value of measurement: 100 ± 0.5 mm; 
• Accuracy in the interval [0...1 mm]: ± 0.03; 
• Accuracy in the interval [0...10 mm]: ± 0.3. 

Location of dial indicators (DI) is shown in Fig. 6. 
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Figure 6. Location of dial indicators for measurement of the deflections for test setup 1 and 2. 

Values obtained from dial indicators were processed in Excel and resulting deflections for each step 
of loading were obtained. 

Tests were carried out on the two identical samples of each structural scheme. 

   
Figure 7. Experimental setup – test setup 1. 

 
Figure 8. Experimental setup – test setup 2. 

2.2. Numerical approach 
The fragment of considered curtain wall system was modeled in finite element software package in 

accordance with schemes shown in Fig. 2 and 3 and experimental setup. Values of deflection in the same 
characteristic points of curtain wall system were obtained for the further analysis. 

The considered elements were rectangular homogeneous isotropic flexible plates of a large 
deflection, where two parallel sides are simply supported with a stiffness defined by configuration of the 
aluminum profiles. The other two sides of glass plates are free. 
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Flexible plates of a large deflection are the plates, which are thin to that extend that the membrane 
stresses arising in them can have a noticeable effect on the deflections under an action of a transverse 
load. At the same time, these plates bend so significantly that the influence of their deflection on the value 
of the efforts striving to cause deformation of their middle layer cannot be neglected. The calculation of 
flexible plates of large deflection is based on the use of the system of differential equations describing 
bending and tensile deformations. In this study, the Finite Element Method (FEM) based on the theory of 
thin plates and realized in software SJ Mepla version 4.0.6 was used for the calculation of the plates fixed 
in aluminum profiles. Basic isoparametric finite element included 9 nodes and was created by means of 
interpolation functions in Lagrange form. 

 
Figure 9. 9-nodes finite element. 

 
Figure 10. Finite element models of panels (maximum size of mesh element is 50 mm). 
Curtain wall system of test setup 1 can be interpreted as follows: 

 
Figure 11. Principal structural scheme of test setup 1  

(simple supports refer to the fixation of glass). 
Curtain wall system of test setup 2 can be interpreted as follows: 

 
Figure 12. Principal structural scheme of test setup 2  

(simple supports refer to the fixation of glass). 
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The finite element model assumed the direct interaction between aluminum profiles and glass panel. 

For ease of calculation the mechanical behavior of EPDM was not accounted in numerical model at 
this stage of research. 

Correct static calculation required considering the stiffness of aluminum transoms installed along two 
parallel sides of the panel: 

 
 

Figure 13. Left – transom profile of test setup 1; right – transom profile of test setup 2. 
Stiffness characteristics of aluminum used in the study are presented below. The values were 

obtained in Consul, a satellite of SCAD Office software. 

Modulus of elasticity: 

70aluminumE GPa= . 

Poisson's ratio: 

0.3aluminumυ = . 

Table 1. Geometric characteristics of transom profile of test setup 1. 

A Area of cross-section 1.912 cm2 

Ix Moment of inertia about the central axis X1 parallel to the axis X 2.542 cm4 

Iy Moment of inertia about the central axis Y1 parallel to the axis Y 2.501 cm4 

It Free torsion moment of inertia 0.019 cm4 

Ip Polar moment of inertia 5.043 cm4 

 

Table 2. Geometric characteristics of transom profile of test setup 2. 

A Area of cross-section 4.75 cm2 

Iy Moment of inertia about the central axis Y1 parallel to the axis Y 20.208 cm4 

Iy Moment of inertia about the central axis Y1 parallel to the axis Y 20.941 cm4 

It Free torsion moment of inertia 0.064 cm4 

Ip Polar moment of inertia 40.63 cm4 
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3. Results and Discussion 
Results obtained during numerical calculations and experiments demonstrate that curtain wall 

system of test setup 2 has a higher overall stiffness in comparison with test setup 1. The profiles in test 
setup 1 turn as the panel bends under the action of uniformly distributed load on the panel. The angle of 
inclination of clamped edge of a glass panel is proportional to the load value, profile’s stiffness and size of 
the panel. The profiles in test setup 2 resist turning due to the fact of discrete connection to the transom. 
Fig. 14 shows the results determined with SJ Mepla of the rotation at the support due to the load. 

 
Figure 14. Dependence between inclination of clamped glad edge and  

value of uniformly distributed load. 
Rotation of profiles impacts its geometrical characteristics. Fig. 15 shows how the moment of inertia 

of the profiles changes as a function of rotation. Therefore two types of numerical models were considered 
during static calculation: in the first option the moment of inertia as a characteristic of support conditions is 
set constant while in the second option the moment of inertia is variable and refers to the value of face load. 

 
Figure 15. Dependence between inclination of the profile and profile’s moment of inertia. 
The results of tests performed on two samples of each structural scheme were compared to the 

results of static calculation in SJ Mepla. Two types of models were calculated: with constant and variable 
moment of inertia of profiles. 
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Test setup 1a: Comparison between experimental and numerical determined results 

 
Figure 16. Deflection of the center of the panel (DI1). 

 
Figure 17. Deflection of the center of the frame (DI2). 

 
Figure 18. Deflection of the panel edge (DI3). 
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Test setup 2a: Comparison between experimental and numerical determined results 

 
Figure 19. Deflection of the center of the panel (DI1). 

 
Figure 20. Deflection of the center of the frame (DI2), position of DI, section of edge beam. 

 
Figure 21. Deflection of the panel edge (DI3). 
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Test setup 1b: Comparison between experimental and numerical deter4mined results 

 
Figure 22. Deflection of the center of the panel (DI1). 

 
Figure 23. Deflection of the center of the frame (DI2). 

 
Figure 24. Deflection of the panel edge (DI3). 
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Test setup 2b: Comparison between experimental and numerical determined results 

 
Figure 25. Deflection of the center of the panel (DI1). 

 
Figure 26. Deflection of the center of the frame (DI2). 

 
Figure 27. Deflection of the panel edge (DI3). 

Graphs shown in Fig. 17, 20, 23 and 26 demonstrate that the results of static calculation are close 
to the experimental data until a certain value of uniformly distributed load, which depends on the stiffness 
of profile used in system. After exceeding this value mechanical behavior of the profile changes from linear 
to nonlinear. Additional discrepancy between experimental and numerical values is consequence of EPDM 
seal contribution to the overall performance of all investigated types of panels. In test setup 1 EPDM seal 
is subjected to crumpling in areas of point supports while it keeps its shape in the span. The EPDM seal 
remains elastic and recovers original shape after unloading. On the other hand, in test setup 2 crumpling 
occurs along the entire length of high-stiffness profile what leads to the displacement of starting point and 
increasing of experimental values. Since the national design codes set maximum allowable deflection for a 
structural element and not a system of elements (except the technological limitations), deflections of a glass 
panel can be preliminary estimated by static calculation in SJ Mepla. 
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During the design stage additional actions should be taken against the situation, in which the angle 
between the tangent to the curved axis of the panel and its initial position would exceed 10 degrees (see 
Fig. 28). 

 
Figure 28. Curved axis of the panel and its tangent. 

  
Figure 29. Deformation of sealant (test setup 1). 

The total deflection of the system is supplemented by the deformation value of the rubber sealing 
profile. This phenomenon is observed in test setup 1 for parts of the system close to points of attachment 
to the bearing base, and, in the case of high rigidity frame profile (test setup 2), for the entire length of 
profile. Attention should be paid to the possible use of the system on the sections of facade where leakage 
may occur due to the deformation of the sealant. 

 
Figure 30. Residual deformation of profile after unloading (test setup 1). 

Aluminum profiles showed mechanical behavior in elastic zone at the stresses which did not exceed 
the yield strength of material. Example of residual deformation is shown in Fig. 29. 

The solution of differential equation for the determination of deflection in case of plates with two 
parallel sides simply supported and the other two sides free is given in [30]. The adapted formula for the 
deflection of the center of the panel can be read as: 

( )
4

2
312 1 q bk

E
⋅

ω = ⋅ − ν ⋅
⋅δ

 

where ω  is a deflection of the panel, mm; 

k  is coefficient which characterizes the inclination of the graphs; 

q  is a value of uniformly distributed load, kN/m2; 
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b  is a longer side of the panel, mm; 

δ  is a panel’s thickness, mm; 

E  is a modulus of elasticity, GPa; 

v  is a Poisson’s ratio. 

On the base of graphs in Fig. 16, 19, 22 and 25 (presenting the deflection in the center of the glass 
obtained from the calculation), following coefficients k  were obtained: 

Table 3. Coefficients k  for determination of deflection in the center of the panel. 

Scheme type k  

Test setup 1a 5.064∙10-9 

Test setup 2a 2.927∙10-9 

Test setup 1b 1.589∙10-8 

Test setup 2b 1.344∙10-8 
 

Thus, for preliminary determination of the deflection of the panels with configuration and dimensions 
close to the ones mentioned in this study, following formulas can be used: 

Test setup 1a: 
4

95.064 10 q b
D

− ⋅
ω = ⋅ ⋅  

Test setup 2a: 
4

92.927 10 q b
D

− ⋅
ω = ⋅ ⋅  

Test setup 1b: 
4

81.589 10 q b
D

− ⋅
ω = ⋅ ⋅  

Test setup 2b: 
4

81.344 10 q b
D

− ⋅
ω = ⋅ ⋅  

where D  is a cylindrical rigidity of the panel, N/m. 

4. Conclusions 
Experimental investigation and numerical modeling performed on the fragment of considered curtain 

wall system led to the following conclusions:  

1. The values of deflection of the panels obtained during experimental study and numerical 
calculation in finite element software package show high similarity in the zone of linear elastic reaction of a 
system if specific boundary conditions emerging from the way of fixation of a panel to the system, such as 
rigidity of the compound aluminum frame, are accounted while calculating the glass panels. 

2. Test results demonstrated that the loss of the bearing capacity of the system was caused by 
excessive deflection of the panel resulting in appearance of longitudinal forces, which led to displacement 
and subsequent fall of the rubber seal. 

3. Empirical formulas for the analytical calculation of the panels with configuration and dimensions 
close to the ones mentioned in this study were proposed. They can be used in preliminary stages of design 
for estimation of the deflection in the center of the panel. 
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