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Abstract:

The objects of research are translucent elements in curtain wall systems, which are common
modern architectural and structural solutions. Method. To determine the stress-strain state of a
translucent element as part of curtain wall systems, different calculation methods are applied to
calculate insulating glass units under full wind load. These methods are based on recommendations
from regulatory documents, Navier Solution and numerical experiments in Mepla 1SO program and
ANSYS software package. In calculations, insulating glass units have different values of linear
dimensions, glass thickness and air gaps. The deformation characteristics of a two-component sealant
are determined by testing the material in an experimental setup. Results. Based on the results of the
work, the convergence of the methods with each other is considered, and the glass unit with the
smallest deformation values in the outer glass from the action of wind loads is determined.

1 Introduction

There is a rising trend in modern construction to expand the use of translucent elements in
facade systems in various ways [1]-[3], which makes it relevant to study the features of the stress-
strain state of translucent elements [4]-[6]. The study of the features of their stress-strain state helps to
develop the most accurate calculation methods based on the actual stress-strain state and the actual
materials used in facade systems [7]-[10].

To date, the following types of calculations are mainly used to calculate the stress-strain state of
translucent elements [11]-[13]:

1) Calculation of translucent elements as part of facade systems according to Russian regulatory
document SN 481-75 "Guidelines for the Design, Installation, and Operation of Factory-Glazed Window
Units" [14] (https://docs.cntd.ru/document/1200003309);

2) The calculation of the glass elements in the facade systems based on a linear method known
as "Navier Solution™;

3) Calculation of translucent elements in facade systems in the Mepla ISO program;

4) Calculation of translucent elements in facade systems in the Ansys Workbench software
package [15],[16].

It is important to notice that facade structures are represented by double-glazed windows
[17],[18], and translucent elements are represented by silicate glasses [19]-[22].

For the most accurate and complete considerations of the stress-strain state of translucent
elements [23]-[26], various types of double-glazed windows are selected, consisting of identical
materials [27] and different linear sizes [28]-[30]:

a) Double-chamber double-glazed windows with dimensions of 1x1.5 m, glass thickness of 6 mm,
thickness of air layers of 15 mm,;

b) Double-chamber double-glazed windows with dimensions of 1x1.5 m, glass thickness of 8 mm,

thickness of air layers of 15 mm;
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c) Double-chamber double-glazed soundproof windows with dimensions of 1x1.5 m, glass
thickness of 6 mm, thickness of air layers of 9 and 15 mm;

d) Double-chamber double-glazed windows with dimensions of 2.4x3.6 m, glass thickness of 10
mm, thickness of air layers of 18 mm;

e) Double-chamber double-glazed windows with dimensions of 2.4x3.6 m, glass thickness of 12
mm, thickness of air layers of 18 mm;

f) Double-chamber double-glazed soundproof windows with dimensions of 2.4x3.6 m, glass
thickness of 12 mm, thickness of air layers of 9 and 18 mm.

From the literature review, it can be concluded that in order to achieve relevant results, it is
important to calculate translucent elements in curtain wall systems using different calculation methods.
The main scientific purpose of this work is to calculate the aforementioned types of double-glazed
windows and determine the glass unit with the smallest deformation values as well as consider the
convergence of the calculation methods with each other.

2 Materials and Methods

The first method of calculation is based on SN 481-75 "Instruction for design, installation and
operation of double-glazed windows".
The design load is determined using the following formula:

dp=0 + (q + p)n+ g +q,, 1)
where:
g — design load from the glass's own weight (for bay windows);
g — design wind load;
p — design snow load (for bay windows);
g; - design load from changes in air temperature determined according to the instructions;

g, - design load from changes in atmospheric pressure determined according to the

instructions;
n — coefficient, which is 0.55 for two-layer glazing, and is 0.36 for three-layer insulating glass with
equal thickness.

When calculating double-glazed windows with an area of more than 5 m?, g, and q,, loads may
not be taken into account.

a) Design load @, kgf/m?, from air temperature changes is determined by the following formula:

1
> ha
q _ G 9’

t 15 @)

where:

qtl — load determined by the nomogram depending on the accepted values of the glass thickness
d, the ratio of the larger side of the double-glazed window to the smaller: b/a = A, areas of double-
glazed windows F and the average temperature of the air layer t ;

>.hag — sum of the thickness of the air layers in the double glazing, mm.

The average temperature of the air layer in contact with the outer glass is determined by the
formula:

tag =Yyt + (1 _y)toutr ©))

where:

tj, — design indoor air temperature, accepted according to the standards of design of buildings
for the corresponding purpose.
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tout — design winter outdoor temperature, accepted in accordance with the regulatory documents

(SP) for construction climatology and geophysics;
Y — coefficient assumed to be 0.39 for two-layer and 0.26 for three-layer double-glazed windows.

b) Design load q,,, kgf/lcm?, from changes in atmospheric pressure is determined by the formula:

_ g Xhag

s (4)

qat

where:
qit — load, determined according to the nomogram.

¢) Calculation of the bending strength of the outer glass of the double-glazed unit is done using
the formula:

* 0\2 * 7% fi2 f 2
* *
E (b) [2.3 A* (=) +5.12 (/1 +0.22)}£Ru, (5)

where:
f — deflection in the center of the glass from the design load q , , cm;

R, — design bending resistance, kgf/cm?, assumed to be 150 for display windows and 250 for
tempered glass.

The ratio % is determined according to the graph below, depending on the value k calculated by

the formula;

_ % b4
_—(1”2)2 = (E) , (6)
where:

E — modulus of glass elasticity.

The second method of calculation is based on a linear method known as "Navier Solution”.

The glass is located in the X, Y, Z coordinate system. The glass is located along the X, Y axes,
and the movement (bending) occurs along the Z axis. It is also assumed that the glass is hinged due to
the rubber gasket. In the diagram (fig. 1), the full linear dimensions of the glass sheet are indicated by
the dash-dotted line; the calculated values of the linear dimensions are indicated by the solid line.

Fig. 1 - Design diagram of glass supported on 4 sides
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General calculation of double-glazed windows for deflection is done using the following formulas:

4
_aqa
max — Eh3 s (7)
sinmsinn—n
P :%(1—%) >y - o
T m=1,3n-1,3 ( ) 2a2] (8)
mn| m%+n® =
b2

where:

Whax — Maximum deflection in the center of the plate (m);

a — coefficient that depends on the aspect ratio of the plate (a / b);
1 — mathematical constant;

V — Poisson ratio;

g — uniformly distributed load (Pa);

a— smallest side of the plate (m);

b — largest side of the plate (m);

E — Young's modulus of elasticity;

h — plate thickness (m).

Fora/b=1;

a =0.04609

The next step is a calculation of the glass for the permissible bending stress:

Maximum bending moments in the center of the glass are calculated using the following formulas:

2
m2+vn2 a
2 o o 2

16qa b2 . mm . nm
Mymax =—%— 2 2 Zsm?sm?, )
7T~ m=1.3n=13 s 2 a2
mn| m“+n 2
2
2 .24
vme +n
Mo 16ga” 5 5 N L S
max 5 A
’ 7t m2anas , 5 a 2 2 (10)
mn{ m<+n o2
Bending stresses are calculated using the following formulas:
6M
Ry xmax = %r (11)
6M
y max
Ry ymax — h—2 ’ (12)
Ru(x,y) =Ry xmax +Ruymax - (13)

The third method of calculation is based on a Mepla ISO program.
Mepla ISO is a program designed for linear calculation of translucent elements in facade

systems, which allows calculating stresses and deformations in double-glazed windows, taking into
account the effect of external and internal static loads, the surrounding climatic conditions and the
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pressure of gases located in the chambers of double-glazed windows. The calculation is based on the
Fourier series deviation function on a linear geometric basis. The calculation also uses the Boyle-
Marriott law for gases.

The fourth method of calculation is based on Ansys Workbench software package (SP).

There are many software systems (SCAD, Microfe, LIRA-CAD, ANSYS, etc.) used by
researchers to model the operation of structural elements. When choosing a software package, the
guestion arises as to how close it is to the actual operation of structures and how accurately it can
assess the behavior of a structural element from its zero loading up to its destruction and take into
account the stress-strain state under various loads. The Ansys Workbench software package allows
accurately and reliably describing the behavior of translucent elements under load.

The computational complex uses finite elements, and the design under study is replaced by a set
of discrete elements connected to each other in nodes. When creating a mathematical model, the
object under study turns into an idealized calculation scheme representing a system of linear algebraic
equations. Moving from the actual structural element to the design scheme, boundary conditions are
formulated, and the nodes of the grid of elements are arranged based on the requirements of the
problem conditions. The elements are modeled taking into account the strength properties of silicate
glass, two-component sealant, and aluminum frame, with the geometric parameters of all the details of
the double-glazed window set (Fig. 2, 3).

Fig. 2 - Modeling a double-glazed window: general view of the experimental glass unit

Fig. 3 - Modeling a double-glazed window: computational model by SP ANSYS

In order to obtain the most accurate and complete stress-strain diagram, it is necessary to set the
deformation characteristics of a two-component sealant. It is also important to note that in the design
scheme, the primary (butyl tape) and secondary (two-component sealant) sealings are combined into
one model in order to simplify the calculation. The deformation characteristics of a two-component
sealant can be obtained by conducting experimental studies of a standard sample in a test facility. Due
to the fact that errors and inaccuracies appear in the production of test samples due to the complexity
of manufacturing, standard samples cannot be used. It is decided to use samples made in production
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conditions that have linear deviations from standard samples. To ensure that the tests are correct, the
height of the new sample is calculated from the condition that the flexibilities of the standard sample
and the test sample are equal. To do this, a condition is set:

hst.sam. — htest.sam. . (14)
'st.sam. 'test.sam.
25.0
17.8 L =118

Fig. 4 - Section of a standard sample

The obtained design height values can be used in experimental studies. To do this, the resulting
samples are placed in the test unit, and their sequential compression is performed at a speed of 10
mm/min until the deformation is equal to 25%. The compression and load removal cycle are performed
4 times in total. Then the force-strain curve is registered. Thus it is possible to obtain an approximated
diagram of a two component sealant.

Fig. 5 - Installation for sample testing.
1- fixed part of the installation, 2 - movable part of the installation, 3 - test sample, n1 —indicator
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Fig. 6 - Test sample in the «Impulse» press
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Fig. 7 - Approximated graph of elastic element deformations.
Horizontal - strains in %, vertical - stress in pascals (Pa)

3 Results and Discussion

During a calculation based on ANSYS, the physical nonlinearity of silicate glass, aluminum, and
two-component sealant is modeled using finite elements operating in a library of material deformation
laws. As a result, the nonlinear calculation makes it possible to estimate the development of elastic and
plastic deformations in silicate glass, two-component sealant and remote frame and to obtain a
destructive load at which the design scheme becomes geometrically variable.

The load applied to the double-glazed window is represented as the total wind load calculated
according to Russian regulatory document SP 20.13330.2016 "Loads and actions" [31]
(https://docs.cntd.ru/document/456044318), as well as the own weight of the elements included in the
design scheme. It is also worth noting that the load from the wind impact is evenly distributed, which
allows to model only half or a quarter of the full design scheme; in this case, the operation is performed
on a symmetrical reflection relative to the internal faces of the design scheme.
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Fig. 8 - Stress-strain scheme of the design model. Mosaic of displacements

-

Fig. 9 - Stress-strain scheme of a two-component sealant. Mosaic of stresses
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Fig. 10 - Stress-strain aluminum frame layout. Mosaic of stresses
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Fig. 11 - Calculation of a double-glazed window unit with dimensions of 1x1.5 m, glass thickness 8
mm, thickness of air layers 15 mm. Stress-strain scheme of a translucent element. Mosaic of

displacements

Fig. 12 - Calculation of a double-glazed window unit with dimensions of 1x1.5 m, glass thickness 8
mm, thickness of air layers 9 and 15 mm. Stress-strain scheme of a translucent element. Mosaic of

displacements
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‘A/z
x
25000 750,00

Fig. 13 - Calcdlation of a double-glazed window unit with dimensions of 2.4x3.6 m, glass thickness
10 mm, thickness of air layers 18 mm. Stress-strain scheme of a translucent element. Mosaic of

displacements
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Fig. 14 - Calculation of a double-glazed window unit with dimensions of 2.4x3.6 m, glass thickness
12 mm, thickness of air layers 18 mm. Stress-strain scheme of a translucent element. Mosaic of
displacements
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Fig. 15 - Calculation of a double-glazed window unit with dimensions of 2.4x3.6 m, glass thickness
12 mm, thickness of air layers 9 and 18 mm. Stress-strain scheme of a translucent element. Mosaic of
displacements

Research in the SP Ansys Workbench gives the results in the form of deformation development
patterns when applying wind load and self-weight load. Deformation patterns clearly show the
sequence of deformations in a translucent element, as deformations develop sequentially from a more
stressed zone to a less stressed one; from the middle to the edges of the translucent element. It is also
worth noting that the obtained patterns of deformation development correspond to the development of
deformation described in the previous methods for calculating translucent elements.

Deformation values obtained for each type of calculation of translucent elements are listed in the

following summary table:

Table 1. Deformation summary table

SN 481-75 "Instruction for Navier Mepla Ansys
Glass amlbmls mm design, installation and Solution, | 1SO, wmax | Workbench,
1x1.5 ' ' ’ operation of double-glazed Wmax (mm) Wmax (Mm)
windows", Wmax (mm) (mm)
15+ 15 1 15 6 4.5 2.875 3.01 1.867
15+ 15 1 15 8 2 1.213 1.98 0,989
9+15 1 15 8 1.84 1.213 1.45 0.542
Glass
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24x3.6

18+18 | 24 | 3.6 10 7.2 3.577 14.14 14.153
18+18 | 24 | 3.6 12 4.8 2.07 8.82 9.859
9+18 24 | 3.6 12 4.8 2.07 8 5.317

4 Conclusions

1. Based on the results of the work, the convergence of the methods with each other is
considered. Through the process of calculating by the software package, it is possible to get a fairly
reliable picture of the distribution of stresses and strains. The convergence of the calculation methods
is present, but it is worth noting that the difference with the standard values is quite significant.

2. The glass unit with the smallest deformation values in the outer glass from the action of wind
loads is determined. The smallest values of the deformation of the translucent element are obtained
when calculating the noise insulating glass unit with different values of the thickness of the air
chambers.

3. The convergence of the methods also shows that during calculation with software package
beyond the elastic limit, it is important to analyze the library of laws of deformation of materials and use
the corrected diagrams of the library's materials, approaching the analytical diagrams of the work of
materials.
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