Magazine of Civil Engineering. 2020. 97(5). Article No. 9709

Magazine of Civil Engineering ISSN
207170305

journal homepage: http://engstroy.spbstu.ru/

DOI: 10.18720/MCE.97.9

Stress-strain state of fiber cement cladding
within curtain wall system

D. Egorov?®, A. Galyamichev?, E. Gerasimova®, D. Serdjuks®

a Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia

b NIUPC «Mezhregional'nyj institut okonnyh i fasadnyh konstrukcij», St. Petersburg, Russia
¢ Riga Technical University, Riga, Latvia

* Email: egorov.dv@edu.spbstu.ru

Keywords: composite materials, cements, fiber reinforced materials, bending strength, facades, finite element
method

Abstract. This article presents the experimental methodology and results of laboratory tests and numerical
modeling in order to determine the values of bearing capacity and stiffness of fiber cement board (FCB) within
a frame of curtain wall system. The performance of a panel as a part of a system is taken into account for
evaluation of the stress-strain state of a cladding. An analysis included 2 stages: an experimental study of a
full-size fragment of a curtain wall system with fiber cement cladding and its numerical simulation by means
of finite element method (FEM). The dependences of the deflection of the panel on a value of uniformly
distributed load were obtained, and the experimental results converged with numerical calculation. The
maximum values of the uniformly distributed (simulating wind impact) loads acting on the panel under which
the panel satisfies the requirements stated by Ultimate and Serviceability Limit States were calculated also. It
can be concluded that onset of Ultimate Limit State is characterized by appearance of cracks due to the
stresses in the panel exceeding the value of flexural strength in the area of fastening to curtain wall frame.
The results demonstrated that the stress-strain state of the cladding depends on the structural scheme of the
supporting frame of the curtain wall system and its rigidity, therefore it is recommended to perform tests on
the cladding in conjunction with the supporting frame.

1. Introduction

Nowadays curtain wall systems are actively used in construction. Such systems became popular due
to the fact that a large number of buildings no longer met the requirements stated by appeared regulatory
documents. Renovation of facades by means of traditional methods was significantly less efficient and more
expensive. A possibility to install such systems in any weather conditions, which is quite relevant for
construction in areas of changeable climate, was an excellent advantage in addition. The curtain wall systems
now possess structural importance equivalent to that gained by other structural elements of the building. A
certain number of issues related to its application remain to be studied despite the fact that this material was
in use since the 1990’s. One of them is the development of testing and calculation methods of cladding as part
of the curtain wall system, as well as the development of requirements for fastening this cladding to the
supporting frame of the system.

Fiber cement board (FCB) is a flat rectangular product made of cellulose fibers, mineral aggregates and
cement, with a flat or embossed front surface covered with protective and decorative polymer coating. These
panels are used as cladding elements of the external and internal walls (except basement walls) of buildings
and structures within curtain wall systems and as opaque elements in glass facades. The advantages and
disadvantages of these panels are studied in article as a part of curtain wall systems [1]. Most common sizes
of FCB vary in length from 1200 to 3600 mm, in width from 1120 to 1570 mm and a thickness of them is equal
to 6, 8, 10, 12, 14 or 16 mm. The panels are fastened to the supporting structure by means of exhaust rivets
and self-tapping screws or several types of hidden fixators (e.g., Keil anchors) in most of cases.

Boards with visible fastening by exhaust rivets to the metal supporting frame of curtain wall system were
analyzed within this study. One of fastening points is fixed and the rest of them are movable (Fig. 1) in order
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to prevent occurrence of stresses due to temperature deformations of the plate and the metal frame. At the
moment, in many technical certificates and installation guidelines for curtain wall system with fiber cement
cladding, the critical rivet installation step is presumed to be equal to 600 mm, the edge distances in transverse
and longitudinal directions are 30 mm and 50-150 mm respectively.

Moving point Fixed point

Figure 1. Fastening points of fiber cement board to the supporting frame.

According to their mechanical and deformation characteristics and due to their structure, FCBs are
anisotropic material with different characteristics across and along the fibers. The works [2—7] are devoted to
the analysis and improvement of the mechanical properties of fiber cement cladding. In [8], the effect of freeze-
thaw cycles is considered, and in [9], influence of thermal impact on the properties of the boards is studied.
Article [10] presents the results of the tests performed on cement boards with cellulose fibers as a reinforcing
material in wet and dry conditions and determines the influence of the moisture rate on blast strength, ductility,
bending strengths and other properties of FCBs.

Article [11] presents results of studies on fracture processes in FCBs and the use of non-destructive
acoustic emission method and time-frequency analysis for testing FCBs.

In order to design curtain wall system, which fully satisfies the performance requirements during
operation, it is necessary to properly calculate its cladding. The calculation should include verification
according to both Ultimate Limit State (ULS) and Serviceability Limit State (SLS). Therefore, there is a need
in development of a laboratory test and design method for the cladding as part of the curtain wall system, as
well as the requirements for its fastening. Similar full-size tests were already performed on glass and thin
ceramic panels [12—-14]. In [15], elements of filling are taken into account for numerical modeling of translucent
facade structures.

Loads and effects acting on the structure remain an important factor, which needs to be taken into
account for reliable calculations of curtain wall systems. Loads acting on facade structures in accordance with
Limit State Design are described in [16, 17]. Article [18] analyses the procedure of numerical modeling of the
cladding panel by FEM. Article [19] verifies the possibility of usage of FCBs as a cladding in lightweight
structures. Calculation methods, considering joint performance of structural members, are studied in [20].

The aim of this study was to determine the stress-strain state of fiber cement panels as part of curtain
wall system subjected to a uniformly distributed load.

The study was divided into several stages:
1. An experimental study of a full-sized fragment of a curtain wall system with fiber cement cladding.
2.  Numerical modeling of the facade fragment by means of FEM realized in SCAD Office software package.
3. Comparison of the results obtained through numerical modeling and experimental study.

The subjects of the study were:

e The value of uniformly distributed load, which leads to the loss of the bearing capacity of FCB under
the given conditions of fastening;

e The values of the deflection at the characteristic points of the panels as a result of the action of a
uniformly distributed load;

e The character of a panel failure due to limit state occurrence;

e The possibility of usage of FCBs in terms of bearing capacity with a distance between adjacent
fastening points more than 600 mm;

e The possibility of usage of FCBs in terms of bearing capacity with a distance from the edge of the
panel to the axis of the fastening installation hole equal to 30 mm.
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2. Materials and Methods
2.1. Experimental study of FCBs within curtain wall system

The experimental method included a set of the tests on full-size fragments of a curtain wall system with
cladding made of FCBs in laboratory conditions. Test bench implied the installation of a fragment in a horizontal
position (Fig. 2), and application of the load simulating the most unfavorable type of impact for a given design
solution - wind load from leeward side of the building, under which the panel bends with simultaneous
separation from the frame of system.

The object of current study was fiber cement panels with thickness of 8 and 10 mm painted on the front
surface. The considered panels had geometric dimensions of 3600x1500 mm and were installed as cladding
in curtain wall system.

Figure 2. Initial position of the sample on the test bench.

The bearing frame was a system designed for facade cladding by means of sheet panels. The system
consisted of a subframe and brackets. Three crossbeams of increased rigidity acted as the supporting base,
to which the brackets of the curtain wall system were clamped by an angle profile and threaded rods. The
brackets were installed with a step a of 1770 mm and b of 720 mm (Fig. 3), and the subframes were creating
two-span continuous scheme, in order to obtain the most general case of curtain wall system. The fixation of
the subframe profiles to the brackets was carried out by rivets, the number of which depends on the type of
bracket: 8 rivets were used for the bearing bracket, and 4 rivets for the supporting.
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Figure 4. Attachment of brackets to traverses and fixation of the subframe to the brackets.

The FCB was connected to the subframe by rivets installed in pre-drilled holes together with polyamide
sleeves. The installation step for fasteners (rivets) in the longitudinal direction (along the larger side) was taken
as 708 mm and in the transverse direction as 720 mm, within this study. The distance from the edge of the
panel to the axis of the hole for mounting the fastener was equal to 30 mm both in the longitudinal and
transverse directions (Fig. 5).

Three dial indicators with an accuracy of 0.01 mm installed at the characteristic points of the structure
(Fig. 5) allowed to obtain the values of vertical displacements of the panel. The indicator DI1 was installed at
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the point where the maximum vertical displacements of the fiber cement panel were observed, the indicator
DI2 showed the joint’s displacements of the FCB and the middle subframe profile, and the indicator DI3 tracked
the displacements of the edge of the panel together with the subframe profile.
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Figure 5. The position of the holes and dial indicators on the test fragment.

Uniformly distributed load was realized through placement of equal loads with weight of 7.5 kg each,
located on the surface of the panel in a certain sequence (Fig. 6, 7). Initial load of 22 kg/m® was applied in
order to remove backlash in the mounted structure of the curtain wall system. After that, the load was
eliminated and the initial parameters of the dial indicator were recorded for the following calculation of the
vertical displacements of the cladding panel. Sequential loading was carried out with simultaneous recording
of the deflection values until the panel was fractured or cracks appeared on its outer surface.
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Figure 6. Load distribution on the panel (number indicates the quantity
of loads placed one over the other)
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Figure 7. Application of distributed load during the test: left — 100 kg/m?;
right = 344.44 kg/m?.

2.2. Numerical modeling of FCBs within curtain wall system

Procedure of numerical modeling included the following tasks:

1. Determination of the displacements of the curtain wall system jointly with the cladding panels under
the action of uniformly distributed and concentrated load, which was representing uniformly distributed load
during the experimental study.
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2. Determination of stresses in the cladding panel under the action of uniformly distributed load and
verification of the panel in accordance with ULS.

3. Determination the vertical displacements of the cladding panel without taking into account the
displacements of the subsystem and verification of the panel in accordance with SLS.

Numerical modeling and static calculation of the cladding jointly with subframe profiles were performed
using the finite element method (FEM) implemented in the SCAD Office 21.1 software package.

Metal elements were simulated by one-dimensional finite elements (beams), and the panel was
simulated by two-dimensional finite elements (shells). The scheme of the fragment of the curtain wall system
is shown in Fig. 8, in which the guide profiles are continuous two-span beam on hinged supports. The hinge

support is made along the X and Y axis (in the plane of the facade), and in the Z direction the connection with
the finite stiffness is modeled.

Figure 8. Left - calculation scheme of the curtain wall system,
right - calculation model in the SCAD Office.

System stiffness was determined on the base of test results in accordance with the formula:

K :TZ (1)

Where RZ is the support reaction that occurs in the bracket as a result of the load applied during the
test (obtained through static calculation in SCAD):

RZ =66.15kg
f is a displacement of the central support (obtained through the test with subframe profiles application):

f =0.37 mm

K= 66.15 =178.78 kg / mm
0.37

The panel is fastened to the subframe by hinges, which allow rotation from the plane of the panels and
displacement in the plane of the facade (Fig. 9). A fixed fastening point allowed rotation in the plane of the
panel and prevented linear displacements in the plane of the facade. Due to the strengthening of the frictional
connection between the panel and subframe, jamming in the corresponding direction, which prevented linear
and angular displacements, was created at the edge and corner fastening points.

Figure 9. Hinges in the locations of fastening to the subframe profile (local coordinate system).
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The reduction of the cross-section of subframe profile and the subsequent calculation of its modified

geometric characteristics was performed with consideration of possible local buckling of individual elements
subjected to normal compressive stresses.

The geometric characteristics of the cross-section before and after reduction were determined in the
SCAD Office 21.1 software package (KONSUL satellite). The initial and final cross-sections are shown in
Fig, 10.
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Figure 10. Cross-section of the subframe profile:
left — before reduction, right — after reduction of the lower part of cross-section
under its compression.

Stiffness characteristics of aluminum subframe profiles: modulus of elasticity is equal to 7.1-10° kg/m3;
Poisson's ratio is equal to 0.3.

Flexural modulus of FCB:
E =14000 MPa

Poisson's ratio of FCB:
v=0.2
Panel’s thicknesses:
t=8mm;t=10 mm

A set of concentrated loads, which were applied during the test, was simulated as uniformly distributed
loads on certain areas corresponding to actual location of single loads (Fig. 11), and their value was
determined by the formula:

I:’Ioad
= — 2
q S 2

where Pjoad is a load unit weight:

Poad = 7-5kg

S is the area of load unit in contact with panel surface, calculated for assumed FE mesh;

S =0.16-0.159 = 0.02544 m?
75

q=——=294.81kg/m?
0.02544

Thus, load distribution for each stage of application in numerical model corresponded to actual load
application of experimental study.

Figure 11. Load application (88.89 kg/m?) in numerical model.
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3. Results and Discussion

3.1. Results of experimental study of FCBs within curtain wall system

Vertical displacements of the panel characteristic points were calculated on the base of dial indicator

measurements and displayed in a form of graphs showing dependence of deflections on the applied load
(Fig. 12-14).
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—o—Sample 5 (t=10 mm)

Figure 12. Deflection of the center of the panel under the action of applied load
for the panels with the different thicknesses.
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Figure 13. Deflection of the center of the subframe profile under the action
of applied load for the panels with the different thicknesses.
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Figure 14. Deflection of the edge of the panel under the action of applied load
for the panels with the different thicknesses.
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Fracture of the panel was characterized by the formation of a longitudinal crack near the most loaded
fastening point (Fig. 15), and the panel was destroyed by bending (Fig. 16) during subsequent loading.

Figure 15. Crack formation: left — sample 1 under the load of 155.56 kg/m?;
right —sample 2 under the load of 200 kg/m?2.

o= SN

Figure 16. Fracture of the panel: left — sample 3 under the load of 222.22 kg/m?;
right — sample 4 under the load of 200 kg/m?2.

b

Fig. 17 demonstrates formation and opening of the crack in the corner of the panel under the load of
266.67 kg/m2. However, the panel withstood loading up to the value of 344.44 kg/m?2. (Fig. 18), and fractured
along the fibers near the central subframe profile, in the same way as in other tests.

Figure 17. Left — the formation and opening of a crack in sample 5 under
the load of 266.67 kg/m?; right — corner fastening point after the panel fracture.

Figure 18. Panel fracture of the sample 5 under the load 344.44 kg/mZ.

Plastic deformations of the central subframe profile in the area of the fastening point to the central
support bracket are shown in Fig. 19. The numerical values of this deformation were measured during
subsequent tests and allowed to calculate rigidity of this joint for further implementation in the numerical model.
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Figure 19. Deformation of the subframe profile in the area of the central bracket
under the load of 344.44 kg/m? (sample 5).

3.2. Results of numerical modeling of FCBs within curtain wall system

Vertical displacements of the panel characteristic points were calculated according to results of

numerical modeling and displayed in a form of graphs showing dependence of deflections on the applied load
(Fig. 20-22).
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Figure 20. Deflection of the center of the panel fragment
for the panels with the different thicknesses.
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Figure 21. Deflection of the center of the subframe profile
for the panels with the different thicknesses.
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Figure 22. Deflection of the edge of the panel for the panels with the different thicknesses.

3.3. Verification of the cladding in terms of ULS

Major stresses arising in the plate under the action of a uniformly distributed load were calculated for
evaluating the panel stress-strain state in accordance with ULS. The character of the stress distribution on the
upper surface of the panel is shown in Fig. 23.
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Figure 23. Distribution character of major stresses o1
in the panel under uniformly distributed load, MPa.
The ULS criteria for FCB is bending strength manufacturer’s guideline:

R=26.1MPa

Ultimate load acting on the panel and corresponding to the reaching of ULS (Table 1) was calculated
according to Fig. 24, by linear interpolation of load and displacement values.

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38
Maximum major stress, MPa

—o— Panel with thickness of 8 mm
—— Panel with thickness of 10 mm

----- Bending strength

Figure 24. Maximum major stresses in the panel.
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Table 1. Maximum allowable load in accordance with ULS requirements.

Panel thickness, mm Load qi, kg/m?
8 158.8
10 255.9

3.4. Verification of the cladding in terms of SLS

The SLS criteria for FCB is its maximum allowable deflection determined in Russian Set of Rules
20.13330.2016 “Loads and actions” and equal to:

fos = — ®
S5 7150
where S is minimum distance between fastening elements of the panel (rivets).

708
fopo =——=4.72 mm
SLS 7150

In the course of numerical modeling and experimental research, the displacements at characteristic
points of the panel within the system were obtained. The final values consisted of joint deflections of the
supporting frame and cladding.

For the correct stress-strain state assessment of FCB in accordance with SLS it is necessary to evaluate
the deflections of cladding deforming independently. For this purpose, the numerical model of the FCB
included cladding apart represented in the form of plate composed of shell finite elements and fixed by hinges
at each position of fastening element (rivet) (Fig. 25). At the installation point, linear fixing was made to and
from the plane of the facade panel.

Vertical movements of a panel under the action of uniformly distributed load are shown in Fig. 26.
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Figure 26. Displacement of the panel (t = 8 mm) in z-direction under the action
of uniformly distributed load of 88.89 kg/m?.

The maximum value of the load acting on the panel, which corresponded to the onset of SLS (Table 2),
was calculated on the base of information provided in Fig. 27 by linear interpolation of the load and
displacement values.
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Figure 27. Deflections of the panel obtained through numerical modeling.

For the purpose of correct comparison of the maximum loads at the onset of the SLS and ULS and
determination of defining state, a reduced (design) value is introduced for the case of SLS:

QsLs, sk =UsLs "7 (4)
where y; is safety factor, which is equal to 1.4 for the case of wind load.

Table 2. Maximum allowable load for SLS verification.

Panel thickness, mm gsLs, kg/m2 gsts, sF, kg/m2
8 92.2 129.1
10 181 253.4

3.5. Analysis and Discussion

Maximum vertical displacements of the center of the panel obtained during experimental study and
numerical simulation are summarized in Fig. 28 and 29.
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Figure 28. Deflection of the center of the panel (t =8 mm).
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Figure 29. Deflection of the center of the panel (t = 10 mm).

Given that plastic deformations of subframe profile appear and increase near the area of its attachment
to the supporting bracket, at certain load values displacements of the panel start to increase sharply (areas of
convergence of numerical simulation and experimental research).

The dependence of the movements of the joint between central bracket and subframe profile on the
acting load is shown in Fig. 30. When load increases the behavior of this connection changed from elastic to
plastic as a result of local plastic deformations of the subframe profile, while in the numerical model it was
realized through linear dependence of the displacements on the load by introducing elasto-plastic bonds.

250
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Deflection, mm (central support)
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Figure 30. Dependence of the displacement of the joint between central bracket
and subframe on the value of load acting on the panel.

According to the results of numerical modeling, loss of bearing capacity of the panel occurred due to
the bending of the panel. Similarly, the loss of bearing capacity during the tests occurred due to formation of
cracks in the area with the maximum value of bending stresses.

As the numerical modeling provides lower values of the system deflection in comparison with test
results, it can be concluded that the design on the base of numerical simulation considered a margin of rigidity
and verification of bearing capacity.

The maximum loads corresponding to the onset of ULS and SLS obtained during numerical simulation
are shown in Table 3.

Table 3. Values of loads corresponding to the onset of ULS and SLS.

Panel thickness, mm  Maximum value quis, kg/m? Maximum value gsts, sr, kg/m?

8 158.8 1291
10 255.9 253.4
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Existing researches, which were found and analyzed by authors within this study, did not have

comprehensive information regarding stress-strain state of considered element under consimilar parameters

and therefore final results could not be compared, however the design methods and main principles of
calculation in accordance with Limit State design remain analogous.

4. Conclusions

FCBs fastened to the metal supporting frame of curtain wall system by exhaust rivets were analyzed
within this study. The results obtained through experiments and numerical simulation allow to draw following
conclusions:

1. Onset of Serviceability Limit State is critical verification for the design of the investigated type of
FCBs.

2. A distance between fastening elements of FCBs equal to 750 mm and an edge distance of 30 mm
are acceptable parameters in accordance with requirements arising from Ultimate Limit State design.

3. Onset of Ultimate Limit State is characterized by appearance of cracks due to the stresses in the
panel exceeding the value of flexural strength in the area of fastening to curtain wall frame.

4. The profiles of the curtain wall system significantly affect performance of cladding panels and act as
stiffening ribs of the FCB.

5. Linear formulation of Finite Element Method with careful consideration of boundary conditions can
be used for determination of stress-strain state of FCBs.

6. The numerical calculation method provides a margin in verification of bearing capacity.

7. Accurate assessment of stress-strain state of both the cladding panel and the system as a whole
requires calculation and accounting the stiffness of the joint between subframe and supporting bracket.

8. The stress-strain state of the cladding panel depends on the chosen frame of curtain wall system
and its rigidity; therefore, cladding panels must be tested as a part of the system.
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