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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. 

Аннотация. В настоящее время перспективной технологией отделки зданий является 
устройство навесных вентилируемых фасадов. Навесные фасадные системы широко 
используются для строительства и реконструкции жилых, административных, общественных и 
промышленных зданий. Применение систем навесных фасадов для отделки наружных стен 
позволяет проектировщикам эффективно решать задачи тепловой защиты и архитектурно-
художественной выразительности зданий, используя современные теплоизоляционные и 
отделочные материалы. Отделка фасадов панелями из композитных материалов особенно 
эффективна для зданий, возводимых в районах с сейсмической активностью, поскольку 
применение лёгкой облицовки приводит к существенному снижению массы наружных стен и, 
следовательно, к снижению сейсмических нагрузок. В настоящей статье приводятся результаты 
экспериментального исследования несущей способности и эксплуатационной надежности в 
условиях динамических нагрузок, разработанной в Московском государственном строительном 
университете, навесной фасадной системы с зубчатым узловым креплением облицовки из 
алюминиевых композитных панелей. Испытания проводились в ЦНИИСК им. В.А. Кучеренко на 
виброплатформе маятникового типа вибрационным (резонансным) методом, позволяющим 
определять силовую нагрузку, имитирующую сейсмические воздействия в широком диапазоне 
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частот. Результаты экспериментальных исследований наглядно продемонстрировали 
повышенную сейсмостойкость конструкции с узловым зубчатым креплением композитных панелей 
в сравнении с фасадными системами, имеющими аналогичный тип облицовки. Установлено, что 
за счет наличия дополнительных связей в конструктивном решении зубчатых узлов, 
разработанная конструкция способна хорошо рассеивать энергию от динамической нагрузки, что 
позволяет гасить энергию колебания системы, имеющей место при сейсмических воздействиях. 

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 façade. 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: 

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

• 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]; 

• to reveal 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 × 12 mm; 15 – the exhaust rivet ∅ 3.2×10 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. 

 
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 3. General view of the experimental equipment 

 
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/s2 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/s2.  

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

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 
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/s2 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/s2  is observed at frequencies of 3.3 Hz ÷ 4.0 Hz. 

 
Figure 6. Spectra of peak values of accelerations for sensors 1-6 
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Figure 7. Graphs of the dependence of 
acceleration on the frequency of system 

horizontal vibrations 

Figure 8. Graphs of the dependence of the relative 
acceleration σp "system-platform" on the frequency 

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 σp 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/s2 was recorded at a frequency of 5.9 Hz 
with vertical oscillations. The peak acceleration value of the platform, equal to 5.0 m/s2, 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). 

 
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 σp "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. 

 
Figure 10. Graphs of the dependence of the relative acceleration σp "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.  

 
Figure 11. Graphs of the dependence of displacements on the frequency of horizontal 

system oscillations 

The graphs of the dependence of the relative displacement (σp) "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). 

 
Figure 12. Graphs of the dependence of the relative displacement (σp) "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). 

 
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 (σp) "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). 

 
Figure 14. Graphs of the dependence of the relative displacement (σp) "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 designs 

HFS’s natural vibration 
frequency, Hz 

HFS’s maximum 
acceleration, m/s2 

HFS’s maximum 
displacement, mm 

horizontal 
oscillations 

vertical 
oscillations 

horizontal 
oscillations 

vertical 
oscillations 

horizontal 
oscillations 

vertical 
oscillations 

Developed HFS (with toothed 
fastening of the lining) No 

damage detected 
3÷4 6 37 7 37 5 

Traditional HFS (with fastening of 
facing to guides) Damage 

detected [24] 
5÷6 6 19 7.8 55 5.7 

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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