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Abstract. The hinged ventilated facades installing is a perspective technology of buildings
decoration. Suspended facade systems are widely used for construction and reconstruction of residential,
administrative, public and industrial buildings. Using suspended facade systems for decorating exterior
walls is helping designers to solve the problems of thermal protection and architectural and artistic
expressiveness of buildings by using modern heat-insulating and decoration materials. The finishing of
facades with composite panels is especially effective for buildings erected in areas with seismic activity
because the using of lightweight cladding leads to a significant reduction in the mass of external walls
and to the reduction of seismic loads. In this article we present the results of the experimental study of
bearing capacity and operational reliability under dynamic loads of hinged facade system with toothed
nodal fastening of aluminum composite panels, which was developed in the Moscow State Construction
University. The tests were conducted on a vibrating platform of a pendulum type by a vibrational
(resonant) method, which allows to determine the power load simulating seismic actions in a wide range
of frequencies, in the Central Research Institute of Building Constructions named after
V.A. Kucherenko (CRIBC). The results of experimental studies clearly demonstrated the increased
seismic stability of the structure with toothed nodal fastening of composite panels in comparison with
facade systems having a similar type of cladding. We found out that the developed design is able to
dissipate the energy from the dynamic load due to the presence of additional connections in the structural
solution of the tooth assemblies and allow to quench the energy of the oscillation of the system under
seismic influences.

AHHOTaums. B HacTosllee BpeMsi MEepPCneKTMBHOW TEeXHOMOorven OTAENKU 34aHun SBrnseTcs
YCTPOMCTBO HaBECHbIX BEHTUNMpyeMbIX (acagoB. HaBecHble pacagHble CUCTEMbl  LLMPOKO
NCMNOMb3yTCA AN CTPOMTENBbCTBA M PEKOHCTPYKUUWN XKUMbIX, aAMUHUCTPATMBHBIX, OOLLECTBEHHbBIX W
MPOMBILLMIEHHBIX 30aHWA. [MpMMeHeHWe cUCTeM HaBeCHbIX hacadoB AN OTAENKM HAPYXHbIX CTEH
Mo3BOMSIET MPOEKTUPOBLUMKAM 3(PPEKTUBHO pelaTb 3agadn TEnnoBOM 3aWwuTbl U apXUTEKTYPHO-
XyOOXECTBEHHON BbIPA3MTENbHOCTU  30aHWA, WUCMNOMb3ys COBPEMEHHbIE TEMNNOM3ONAUMOHHbIE W
otgenoyHble matepuwansl. Otgenka ¢acagoB NaHensAMM u3 KOMMO3UTHBIX MaTtepuanoB OCOBEHHO
apcbekTMBHA ANA  34aHWA, BO3BOAUMbIX B paloHaxX C CENCMUYECKOW aKTMBHOCTbIO, MOCKOSbKY
NpUMEHeHNe NErkon obGnMLOBKA MPUBOOUT K CYLLECTBEHHOMY CHUXEHUIO MacChl HapPYXHbIX CTEH W,
CnegoBaTenbHO, K CHDKEHMI0 CENCMUYECKUX Harpy3ok. B HacTosien cratbe nNpuMBOASTCA pesynbraThbl
3KCMEePUMEHTANBHOIO WCCNEAOBaHNst Hecyllel CMocOOHOCTM M SKCMyaTauMOHHOW HadeXHOCTU B
YCINOBUSAX ONHAMUYECKUX Harpy3ok, paspaboTaHHoh B MOCKOBCKOM rocygapCTBEHHOM CTPOUTENLHOM
yHMBEpCUTETE, HaBecHoW pacagHoM cucTemMbl C 3yO4yaTbiM Y3MOBbLIM KpenneHnem oO6nuuUoBKA U3
antMUHUEBbBIX KOMMO3UTHbIX naHenen. Ucnbitanns nposogunuce B LUIHUUCK um. B.A. KyyepeHko Ha
BMOponnatdopMe MasTHUKOBOIO Tuna BUOPAUMOHHBIM (PE30HAHCHBIM) METOAOM, MO3BOJISAOLLUM
onpeaensTb CUITOBYKO Harpysky, MMWUTUPYIOLLYID CENCMUYECKME BO3OEWCTBUS B LUMPOKOM AManasoHe
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yactoT. PesynbTaTtbl  3KCMEpUMMEHTanbHbIX  WUCCMEOOBAHMM  HarnsgHO  NPOAEMOHCTpUpoBanmu
MOBLILLIEHHY CENCMOCTOMKOCTb KOHCTPYKLIMN C Y3NMOBbIM 3yG4aThiM KpensieHneM KOMMO3UTHBLIX NaHenemn
B CpaBHEHMM C dpacagHbIMU CUCTEMAMU, UMEKLUMM aHaNOrMYHbIA TUN OGSMLIOBKN. YCTaHOBIIEHO, YTO
3a CYET Hannuus [OOMOSIHUTENbHbLIX CBSI3€M B  KOHCTPYKTMBHOM peLleHun 3ybyaTbiX Y3IrioB,
pa3paboTaHHas KOHCTPYKUMSI CNOCOBHa XOpOLLO pacCcemBaTb SHEPrn0 OT AUHAMUYECKOW Harpysku, 4to
NO3BOMSIET racuTb SHEPruIo KonebaHnsa CUCTEMbI, MMEIOLLIE MECTO MPU CENCMUYECKMUX BO3LENCTBUSX.

1. Introduction

Various in design and finishing hinged facade systems (HFS) are widely used in building and
reconstruction of buildings [1-6]. HFS allows to effectively solve energy conservation problems [7-9] and
to give the building the necessary architectural look in the high tech style.

Thermotechnical and economic calculations [10-15] and studies on the operational reliability of
ventilated facades [16—19] clearly demonstrate the effectiveness of HFS.

Facade systems with aluminum composite panels finishing (ACP) amount a great part in the total
volume of applied facade systems in construction. The using facades with composite panels is especially
effective for buildings erected in areas with seismic activity because the using of lightweight cladding
leads to a significant reduction in the mass of outer walls and to the reduction of seismic loads [20-22].

There are some constructive solutions for fastening linings from aluminum composite material
which meet the safety requirements under the action of dynamic loads. But these systems are
characterized by increased material consumption and, correspondingly, low economic indicators. Some
systems do not allow creating the required architectural appearance of the facade. This applies to
systems in which the cladding is fixed with the help of visible rivets on the fagade. Also designs fastening
lining in such systems do not take into account the deformation elements from temperature
effects [23-26].

The design of a hinged facade system with toothed lining fasteners made of aluminum composite
panels was developed and researched in the Moscow State University of Civil Engineering. The fastening
cladding elements in the design is carried out by the toothed connection hook with carriage bracket. The
design of gear units is capable of receiving all horizontal and vertical loads while earthquakes due the
L-shaped hooks, which are arranged specularly to each other. There is no need for temperature-strain
joints due the absence of vertical and horizontal guides in the structure. There are special ventilated
channels, arranged with cutouts in the lower sides of the cassettes made for airflow in the structure. The
structural elements of the system are made of aluminum alloy. Finishing cassettes are inserted into the
gear connection, but mounted on vertical guides, which reduces the complexity of installing such
structures.

A detailed description of the constructive solution of the HFS is presented in the works [27-31].

The purpose of this article is to study the bearing capacity and operational reliability of the
developed vented HFS with toothed lining fasteners made of ACP under dynamic loads, simulating the
7-9 point seismic and wind pulsation effects.

The HFS tests on a vibrating platform allowed to solve the following problems:

e to set dynamic indicators, physico-mechanical and operational characteristics of HFS with
toothed lining fasteners made of ACP;

e to determine the scope of possible use of the developed HFS design, taking into account all
requirements required for constructions erected in areas with seismicity of 7-9 points on the MSK-64
scale [32];

e toreveal the increased seismic resistance of the developed design in comparison with existing
facade systems with a similar material consumption.

2. Methods

Experimental studies on dynamic loads simulating 7-9 point seismic and wind pulsation (at a height
of 75 m from ground level) were carried out to assess the operational reliability of the HFS with toothed
lining fasteners made of ACP (Figure 1). The tests were conducted on a vibrating platform of a pendulum
type by a vibrational (resonant) method, which allows to determine the power load simulating seismic
actions in a wide range of frequencies in the Research Institute of Building Constructions (TSNIISK)
named after V.A. Koucherenko.
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Figure 1. The HFS fastening unit: a — vertical joint; b - horizontal joint; 1 — the gear hook (iklya);
2 —the carriage gear bracket; 3 —the carriage; 4 — the drainage profile; 5 — the extension reverse
part; 6 —the extension; 7 —the bracket; 8 —the HFS; 9 — the mineral wool insulation;

10 —the anchor dowel; 11 — the bowl dowel; 12 — the paronit cushion; 13 — the self-tapping screw;
14 —the exhaust rivet @ 5 x 12 mm; 15 — the exhaust rivet @ 3.2x10 mm

The study of the actual work of the developed design was carried out on two experimental models:
“angular” — made from one HFS formed the facade angle and “fragmentary” — made from several HFS'’s
bilateral facade of the experimental stand (Figure 2).

We used brackets with emission set at 100 mm, which were mounted on a stand with a vertical
and horizontal step equal to 1200 mm for experimental models. The total overhang was 200 mm. To
excite dynamic effects on the system under test, we used a pendulum-type vibration platform with
a VID-12M vibrator (Figure 3). To control the given loads, the accelerometers were mounted on a
vibration platform near the oscillation excitation source. The displacement and acceleration from the
given loads were measured by six sensors mounted on the model (sensors 1-4) and on the platform
(sensors 5,6) (Figure 4). Measuring, recording, processing and transmission of information from sensors
were carried out using a specialized measuring and computing complex MIC-036. Automation of
processing of strain-gauge records was carried out with the help of WinPOS software.

Experimental stand

I “Angular” model

Experimental stand

“Fragmentary” model

Figure 2. The scheme of the experimental stand

The HFS estimation of the limiting state was carried out on the basis of a comparative analysis of
the test results with the data of the instrumental part of the macroseismic scale MSK-64 according to [15].
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Figure 4. Experimental equipment: a — arrangement of sensors;
b — system node with measuring equipment

Tests were carried out in several stages. The frequency spectrum varied from 0 to 10 Hz at the
initial stage, with the amplitude of the movements of the vibrating platform unchanged. Then the
amplitude value varied with the frequency assignment in the same spectrum. The duration of each stage
of the dynamic loading of the system fragment was from 20 to 25 seconds. Acceleration levels of the
vibratory platform corresponding to 7 + 9 points on the MSK-64 scale and the levels of impacts
corresponding to the resonance oscillations of the system were established based on the results of the
first stage of the tests. Then repeated tests of the system were performed with combinations of the
amplitude-frequency parameters of the vibratory platform corresponding to resonant oscillations of the
system at 7 + 9 points. The test duration was 40 + 50 sec.

3. Results and Discussion

In the course of the test, the acceleration of the vibrating platform varied in the range from 0.4
to 5.05 m/s? according to the accelerometers. The oscillation frequencies of the system varied in the
range from 1.6 to 7.8 Hz, the vibration amplitude of the vibratory platform — from 0.6 to 3.8 mm. The
acceleration in different system points varied in the range from 0.01 to 30.82 m/s?.

Accelerograms recorded from the sensors installed on the system fragment (sensors 1-4) and on
the platform (sensors 5, 6) are shown in Figure 5.
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Centering and filtering of the accelerograms were made for a fragment of the developed system.
Spectra of peak values of accelerations for sensors at various stages of loading are obtained using a fast
Fourier transform. Spectra of peak values of accelerations for one of the stages of loading are shown in

The peak values of the oscillation frequencies were determined from the spectra. The values of
displacements at various stages of loading were obtained by double integration of the accelerogram

function.

Graphs of the dependence of accelerations and displacements on the frequency of system

t
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Figure 5. Accelerograms recorded from the sensors 1-6 (mm)

oscillations are obtained from the results of tests (Figures 7-14).

As can be seen from Figure 7, the maximum peak acceleration value with horizontal oscillations of
the system of 36.0 m/s? at a frequency of 5.9 Hz was recorded by the sensor 3 installed at the top of the
structure at an altitude of 3000 mm from the platform level. The peak acceleration value for the platform

is equal to 5.1 m/s? is observed at frequencies of 3.3 Hz + 4.0 Hz.
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Figure 6. Spectra of peak values of accelerations for sensors 1-6
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Figure 7. Graphs of the dependence of Figure 8. Graphs of the dependence of the relative
acceleration on the frequency of system acceleration op "system-platform" on the frequency
horizontal vibrations of horizontal oscillations

As can be seen from the graph in Figure 8, the acceleration value of the system upper part
(sensor 3) considerably exceeds the acceleration of the lower part of the structure with the same
frequency of horizontal oscillations (where op is a dimensionless quantity equal to the ratio of the
accelerations of the system and the platform).

The peak value of the system acceleration equal to 7.1 m/s? was recorded at a frequency of 5.9 Hz
with vertical oscillations. The peak acceleration value of the platform, equal to 5.0 m/s?, was observed at
a frequency of 7.8 Hz. The maximum system acceleration at the same frequency of vertical oscillations is
noted in the upper part of the structure, at the location of the sensor 4 (Figure 9).
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Figure 9. Graphs of the dependence of acceleration on the frequency of
vertical oscillations of the system

Graphs of the dependence of the relative acceleration op "system-platform” on the frequency of
vertical oscillations are shown in Figure 10. It is noted that the acceleration in the system upper part
(sensor 4) exceeds the accelerations in the lower part of the structure (sensor 2) at the same frequency
of vertical oscillations.
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Figure 10. Graphs of the dependence of the relative acceleration op "system-platform" on the
frequency of vertical oscillations
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As can be seen in Figure 11, the maximum value of the system displacement at the frequency of
horizontal oscillations of the structure was 37 mm at a frequency of 4.3 Hz (sensor 1). The maximum
value of the horizontal platform displacement, equal to 15.1 mm, was observed at a system oscillation
frequency of 1.7 Hz.
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Figure 11. Graphs of the dependence of displacements on the frequency of horizontal
system oscillations

The graphs of the dependence of the relative displacement (op) "system-platform” on the horizontal
frequency are shown in Figure 12. The maximum movement of the tested structure is marked in its upper
part (sensor 3).
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Figure 12. Graphs of the dependence of the relative displacement (op) "system-platform” on the
horizontal frequency

The maximum value of moving the system equal to 5.2 mm was fixed by the sensor at a frequency
of vertical oscillations corresponding to 5.9 Hz. The maximum displacement value of the platform was
3.0 mm at an oscillation frequency of 5.0 Hz. Maximum movements with vertical oscillations of the
structure occur in its upper part (sensor 4) (Figure 13).
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Figure 13. Graphs of the dependence of displacements on the frequency of vertical system

oscillations
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Graphs of the dependence of the relative displacement (op) "system-platform" on the frequency of
vertical oscillations are shown in Figure 14. The maximum displacement of the structure with vertical, as
in the case of horizontal oscillations (Figure 12), is marked in its upper part (sensor 4).
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Figure 14. Graphs of the dependence of the relative displacement (op) "system-platform"
on the vertical frequency

At the moment when the natural frequencies of the system oscillations coincided with the forced
oscillation frequencies of the vibrating platform, a phenomenon of resonance was observed. The
phenomenon of resonance was observed at different stages of loading at a frequency of f = 6.4 + 6.6 Hz.
The operational reliability of the system was not affected by resonance.

It should be noted that the developed facade system dampens the vibrations from the dynamic
loads effectively due to the features of the structural solution of the toothed junction of the facing with the
substructure.

An estimation of HFS with a toothed fastening of the cladding seismic resistance was made on the
basis of a comparative analysis of the results of an experimental study of the operation of a structure
under dynamic loads with data from similar tests of a traditional system with fastening of facing plates to
the guides [22-25, 33].

The generalized test results of the developed and traditional HFS designs are given in Table 1.

Table 1. Test results of the developed and traditional HFS designs

HFS’s natural vibration HFS’s maximum HFS’s maximum
. frequency, Hz acceleration, m/s? displacement, mm
HFS designs ; i i ; ) )
horizontal vertical horizontal vertical horizontal vertical
oscillations | oscillations | oscillations | oscillations | oscillations | oscillations
Developed HFS (with toothed
fastening of the lining) No 3+4 6 37 7 37 5
damage detected
Traditional HFS (with fastening of
facing to guides) Damage 5+6 6 19 7.8 55 5.7
detected [24]

4. Conclusions

It is possible to conclude from the results of an experimental study of the load-bearing capacity of
the HFS structure with toothed fastening of the lining of ACP under conditions of dynamic loads:

1. The developed system with toothed units for fastening facing plates is characterized by
increased seismic resistance with less material capacity, operational reliability of which has not been
disturbed at all stages of dynamic loading in comparison with existing facade systems.

2. As a result of testing, visible defects and damages in the elements of the developed HFS
design were not detected in contrast to traditional systems.

3. It is established that the developed HFS well dampens the oscillations from the effect of
dynamic loads due to the features of the node-toothed clamping of the cladding, which confirms the
possibility of its effective use in areas with seismicity of 7-9 points on the MSK-64 scale.

Taking into account the above mentioned, it can be concluded that the HFS design with the
clamping of the lining of ACP has a high load-bearing capacity under conditions of high wind and seismic
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loads and can be recommended for use in high-rise buildings for all Russian climatic regions. This will
expand the area of effective use of hinged facade systems with aluminum composite panels.
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