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Abstract: Cable-supported facades represent a novel approach in the design and technology of
double skin fagades (DSF). This type of systems not only offer flexibility in terms of exterior finishes,
but also regulates the access of solar radiation, thereby transforming the appearance of the building
in response to varying daylight conditions. However, the structural performance of these fagades
under wind, impact and seismic loads remains an active area of research. The study is a
groundbreaking work that experimentally evaluates the wind and seismic behaviour of these type
of fagades. The methodology used for the evaluation of flexible masonry facades includes laboratory
tests analysing the individual capacity of the connections and materials of the system under
standardized and non-standardized procedures. A full-scale experimental sub-assembly specimen
of a representative module of the facade is also subjected to uniformly distributed pressures of wind
load tests as well as hard body and soft body impact tests. The setup considered the border
conditions, tension loads, and actual materials. Furthermore, the earthquake assessment includes
tests of full-scale specimens subjected to these demands. Research findings allowed the refinement
and redesign of the system's components granting the validation of the DSF used as a case study.

Keywords: double skin facade; permeable cable-supported fagade; ceramic masonry facade; full-
scale wind and earthquake testing; impact testing

1. Introduction

Double skin fagades (DSF), also known as ventilated cladding systems, are a widely used
construction method in the building industry, employed in both new construction projects and
building refurbishment [1]. DSF have become popular in contemporary building design due to their
energy-efficient and visually appealing characteristics. This facade solution involves the installation
of vertical or horizontal elements anchored to the structural and non-structural components of a
building, upon which an external cladding is mounted, creating a ventilated air cavity whose
dimensions depend on the spacing between the outer cladding elements.

In DSF, the importance of analysing the impact of dynamic loads on both structural and non-
structural components cannot be overstated. This evaluation is crucial in ensuring the safety and
integrity of the whole building and its occupants under various conditions, including normal service
conditions and extreme loads resulting from events such as windstorms, earthquakes, or explosions
[2, 3]. While structural elements often receive primary attention due to their role in maintaining the
stability of a building, non-structural elements such as internal partitions, facades, and windows also
warrant significant consideration [4]. These elements not only constitute a major portion of
construction costs but also require careful evaluation to ensure their optimal performance. To assess
the capacity of non-structural components and connections, it is recommended to implement both
analytical and experimental programs [5, 6]. Such evaluations typically fall outside the purview of
building codes. Although these codes do provide guidance on estimating minimum design forces,
more specialized methodologies or experimental testing may be necessary for complex systems.
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These additional measures serve dual purposes: they enhance our understanding of the performance
and strength of these components, and they help determine whether forces exceeding those specified
in building code requirements are possible. This dual approach ensures a comprehensive
understanding of both structural and non-structural elements, ultimately contributing to safer and
more resilient buildings. The construction process of DSF includes the different stages: Substructure’s
supporting members, consisting of vertical and/or horizontal elements that are attached to both the
structural and non-structural elements of the building. These elements serve as the framework for
the cladding system. Exterior cladding, a durable external cladding material is affixed to the
framework. This outer layer not only protects the building from environmental factors but also plays
a crucial role in the aesthetics of the structure. And air cavity formation, the gap between the external
cladding and the structural element of the building creates an air cavity. The dimensions of this cavity
are determined by the spacing between the exterior cladding components. This cavity allows for
natural ventilation and acts as a thermal buffer.

In contemporary architectural practices, increasingly complex facade systems as DSF entail
innovative solutions that consider several critical structural factors as: a) Massiveness: The overall
volume and spatial arrangement of the building can significantly influence the design and
performance of the facade. b) Flow Characteristics: The fagade’s permeability or continuity can lead
to the generation of vortices or turbulence, impacting the building’s thermal and acoustic comfort. c)
Material Selection: The use of heavy materials such as stone, masonry, glass, and steel can affect the
facade’s structural integrity and aesthetic appeal. And d) Complex Geometries: The incorporation of
intricate elements such as perforated elements, panels, tiles, and veneers can result in unexpected
responses due to their interaction with environmental factors. Therefore, a comprehensive
understanding of these factors is essential for designing effective and sustainable facade systems. A
recent alternative of DSF involves the use of flexible elements to support the external cladding
components [7]. This variant introduces an innovative approach to the traditional construction
method, offering distinct advantages, among them: Adaptability, given that flexible elements can
accommodate irregularities in the building's structure, allowing for more versatile and creative
designs [8]. Also, a better dynamic response, since the flexibility of these elements enables the
cladding system to adapt to external forces, such as wind loads or seismic activity, without
compromising its integrity [9-12]. And, often, an enhanced insulation, because by incorporating
flexible elements, the insulation properties of the cladding system can be improved, further
enhancing the building's energy efficiency [13].

Regulatory frameworks play a crucial role in ensuring the safety and performance of DSF.
However, usually these regulations often focus primarily on structural elements or provide general
requirements for various fagade components [7, 14]. The validation of DSF involves a comprehensive
examination of their components, performance, and interactions. This process generally encompasses
different means: Finite Element Modelling (FEM) and calculation tools that are indispensable for
analysing the performance of building systems. Also, laboratory tests that are essential for assessing
the physical properties and performance of building components. And pilot-scale testing that involve
the construction and evaluation of small-scale and full-scale building prototypes. These prototypes
replicate key aspects of the system and allow researchers to assess its performance in a practical
setting. Pilot-scale tests provide valuable data on factors such as structural integrity, energy efficiency,
and occupant comfort. The whole validation process aims to ensure that the system meets regulatory
requirements while also accommodating innovative design approaches and materials.

Most studies available in the scientific literature are related to the lighting control and/or energy
efficiency performance of DSF systems. Examples of this approach are the works of Hoffman et al.
[15], Rizki et al. [16], or Yun et al. [17]. In recent years, the optimisation of both functions has started
to be based on statistical models proposing different algorithms to improve the design features of
these facades [18, 19]. Recent scientific literature has highlighted the use of the Finite Element Method
(FEM) in the analysis of DSF. For instance, a study conducted by Camilla Lops et al. [20] used
Computational Fluid Dynamics (CFD), a subset of FEM, to simulate the behaviour of naturally
ventilated double skin facades. The study compared various double facade configurations by
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adopting bi- and three-dimensional domains and different turbulence models. In another study,
Siileyman Ipek & Esra Mete Giineyisi [21] used FEM to simulate the behaviour of concrete-filled
double skin steel tubular (CFDST) composite columns having a circular hollow section. In addition
to these, there are several other studies that have utilized FEM for analysing ventilated facades and
double skin systems. These include studies by Choi W, Joe ], Kwak Y, Huh JH [22], which provide
valuable insights into the application of FEM in this field. These studies demonstrate the potential of
FEM in analysing complex building systems such as ventilated facades and double skin systems.
However, more research is needed to fully understand and optimize these systems’ performance
under various conditions.

While there is extensive research on the energy efficiency performance of DSF, studies on the
structural performance of heavy ventilated cable-supported facades are limited. The interplay
between wind and earthquake loads with permeable DSF can be critical, especially when the input
load frequency aligns with the facade’s natural frequency, leading to a resonance phenomenon. This
paper aims to address this research gap by presenting the results of an experimental program
designed to assess the performance of such non-structural components under lateral loads. The
evaluation methodology encompassed laboratory and full-scale tests to ascertain the dynamic
properties of the facade and estimate the capacity of individual components and the overall system,
analysing especially those loads which, by their nature, require full-scale prototypes, namely loads
and deformations due to seismic, wind and impact effects of particular interest in non-rigid facade
systems. The applied methodology is also intended to guide the system-testing iteration and its
usefulness in the design process. This work aims, therefore, to delve into the study, evaluation, and
validation of a cable net suspended DSF. Two of the main goals of the research are collecting and
correlating the results of the experimental evaluation conducted on the DSF system, and to perform
simulations and experimental procedures based on different evaluation guides for DSF elements and
the necessary adaptation to apply them to the case study analysed.

2. Materials and Methods

2.1. Methodology overview

The methodological process of this research is divided into 5 phases. In the first one, the elements
of the system are designed and defined. Once an adequate degree of suitability has been reached, in
the second phase the regulatory requirements of the system and its components are studied and
checked. In the third phase, a test plan is completely defined to evaluate the system performance at
both, component level and constructive system levels. During the fourth phase, the guidelines
indicated in the test plan are executed, including component testing under reference standards or by
adapting some test procedures due to the uniqueness of some elements. In addition to the
characterization of individual components, tests are also carried out to check the interaction and
compatibility between elements, as well as full-scale experimental tests of the complete system. The
whole process of building full-scale experimental prototypes for testing also allows a real evaluation
of the whole construction process foreseen for the system and a redesign, if necessary, in case of
unforeseen events. The fourth phase is complemented by the possibility of carrying out computer
simulations to check the suitability of elements or to extrapolate the experimental results to other
situations that have not been possible to test on a real scale due to the great variety of possible
solutions. The fifth phase is the last phase of the methodology. In this phase, all the results obtained
in previous phases are collected, studied and it is decided whether they are viable based on objective
parameters and how the system is evaluated, positively or negatively. It may also happen that a
negative evaluation leads, in a cyclical way, to a redesign of elements in the first phase. The diagram
displayed in Figure 1 shows the methodology used throughout the design and validation of the DSF
system and which could be applicable to the improvement process of other similar building facade
systems. This work is focused on the actions referred to in the fourth and fifth phases, as well as the
regulations applicable to the execution of the tests necessary to characterize the ventilated fagade
system. In the development of the text, the actions related to wind, seismic and external impact tests
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are described. The characterization values of the individual components and the interaction between
them are also indicated, specifying the regulations under which they have been tested.
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Figure 1. Methodology overview.

2.2. DSF Case study

In order to clearly describe the system, in addition to the description of components, several
images of the different parts of the system are presented in this section. The DSF system analysed as
case study is based on the assembly of small-sized ceramic tiles on a framework of vertical cables
fixed to horizontal U-profiles, which are responsible for supporting the weight of the ceramic pieces,
as well as the traction of the cables. The vertical wiring is used to insert and fix the position of the
ceramic pieces, as well as to transmit the actions on the outer skin to the horizontal profiles which are
responsible for transmitting the loads to the supporting structure, together with the support brackets
on which the horizontal profiles are fixed. Together with these elements, retaining devices are
installed to absorb the pressures and suction generated by the wind load on the fagade (Figure 2). In
addition to these characteristic parts of the system, a series of auxiliary elements are designed which
are necessary for the correct assembly of the system, specifically L-shaped profiles which are placed
at the crown of the fagcade and which, once the wall panel is completed, are removed so that they can
be reused in a different panel.
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Figure 2. DSF system view. (a) 1. Thermal insulation in ventilated chamber, 2. Horizontal stainless-
steel U-profiles for support, 5. Auxiliary assembly profiles, 6. Supporting brackets, a. Retaining device
without anchoring plate, b. Retaining device with anchoring plate in place, c. Special ceramic pieces
for profile closure. And (b) Full-scale set-up view.
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Figure 3. (a) Section of the DSF system: 1. base plate, 2. base plate retainer, 3. base plate closing
penultimate row, 4. base plate closing last row, 5. base plate cladding, 11. stainless steel cable, 12.
aluminium end cap, 15. Stainless steel U-profile, 18. Supporting brackets, 20. Fixing assembly, 21.
Anchoring to concrete elements, 22. Wind retention assembly, 25. Supporting structure, 26. Non-
structural vertical facing, and 27 Thermal insulation. And (b) DSF rear view.
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Figure 2. Ceramic tiles that constitute the construction system: (a) Standard tile, (b) Retaining tile, (c)
Closing tile, and (d) Special corner tile.

The construction system components are therefore grouped into the following categories:
Shaped ceramic tiles set (Figure 4), which integrates all the possible pieces to be installed on the cable-
net framework; Supporting device, which contains all the necessary elements to support the ceramic
pieces, such as cables, horizontal profiles, etc.; Retaining device, responsible for supporting the action
of the wind on the surface of the facade; and all the auxiliary components, necessary for the correct
assembly of the system on site (Figure 5).

Figure 3. Components of the system: (a) Ceramic elements, (b) Supporting device, (c) Retaining device,
and (d) Auxiliary components.

2.3. Experimental characterization of materials and system features.

To determine the components features specifically designed for the system, the different
constituents have been characterized and tested: ceramic parts, stainless steel metal elements, anchors,
etc., in accordance with the applicable regulations, and depending on the specific requirements in
each case, considering that, when necessary, the tests have been adapted (Table 1). Based on this
process and depending on the results obtained, feedback and redesign is carried out based on the
detection and resolution of critical points detected during the characterization of the different
elements.
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Table 1. Characterization of DSF system ceramic components.

Test Samples Standard Results
Description - UNE-EN 14411:2016 [23] Extruded ceramic pieces
Aspect and R.P. 34.14 - Rev. 7 [24] d d
structure 6 R.P. 34.01 - Rev. 20 [25] Undamage
Calcareous
2 ] 6 UNE 67039:1993 EX [26] Undamaged
inclusions
R.P. 34.14 - Rev. 7 [24]
Mass 6 R.P.34.01 - Rev. 20 [25] 52558
Thickness Length Height
Dimensions 10 UNE-EN 772-16:2011 [27]
24 +2 mm 237 +2 mm 43+3 + (0,5 mm
Face type Dlagf)nal Dev1e.1t10n Deviation maximum
medium medium
Flatness of 6 UNE-EN 772-20:2001 - Bed 23742 0£0,5 0£0,5
faces A1/2006 [28]
Stretcher 242 +2 1,1+0,5 1,6 +0,5
Header 49 +2 0,3+0,5 0,3+0,5
Parallelism '
of the beds 8] UNE-EN 772-16:2011 [27] 0,2+0,2 mm
Compression 10 UNE-EN 772- . o . )
strength 1:2011/A1:2016 [29] > 20 (40 in pieces type klinker) N/mm
Absolute
densi 2150 + 100 kg/m3
ensity
"""""""""""" 10 UNE-EN 772-13:2001 [30]
Dry bulk 1970 + 80 kg/m?
density Desellgin
Net volume 10 250 + 10 cm3
Percentage of UNE-EN 772-3:1999 [31]
. 10 <8 %
voids
Water
. 10 UNE-EN 772-21:2011 [32] <1%
absorption
Breaki Breaki
Position reaking reaking Flexural Strength
load strength
2369 N 18158 N 12,5 N/mm?
Position A ‘o
10 v
Flexural [ ) 180.mm [ )
h E-EN-ISO 10545-4:2012
st;eng:(. and UNE-EN-ISO 10545-4:20 413N 1595 N 4,3 N/mm?
reaking [33] Position B .
load 10
) v .
QS22 2 S QU
____________________ o T @
5708 N 14349 N 9,8 N/mm?
Q
10 Position C l
Efflorescence 6 UNE 67029:1995 EX [34] Not effloresced
Heladicity UNE 67028:1997 EX [35] Non-frosting pieces
Na+ + K+
Soluble salt o 0,01 %
10 UNE-EN 772-5:2016 [36] (%)
content
Mg2 (%) 0,01 %

In the test-driven design process, the following phases have been carried out: 1. Adaptation and
design of experimental test procedures according to facade system regulations. 2. Design and
manufacture of auxiliary elements for testing. 3. Trial and error tests according to the dissimilar
materials and geometries available for non-ceramic components, and initial evaluation of compliance
of each one of them. 4. Testing plan final definition and implementation. 5. Redesign-oriented
feedback for the non-ceramic components, based on critical points detected during the execution of
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tests. This last phase is effective in addressing non-compliance with the stresses to which they are
exposed according to regulatory requirements. For instance, based on the results obtained, the type
of stranded cable, cable terminals and cable-terminal joints have been redesigned.

2.4. Wind load testing

The requirements to cope with the action of wind loads are generally defined in the Spanish
regulation Technical Building Code (Codigo Técnico de la Edificacion, CTE) in the basic document
on Structural Safety, Actions in Buildings (CTE-DB-SE-AE) [42] as the application of pressure and
suction loads distributed over the surface of the building that respond to the distribution and value
of the pressures exerted by the wind on a building and the resulting forces depend on the shape and
dimensions of the building, the characteristics and permeability of its surface, as well as the direction,
intensity and gustiness of the wind. Although the Spanish regulations establish the requirements in
terms of load values that the building, and therefore its external skin, must withstand, they do not
specify the methodology to be followed to assess these properties. For this reason, the indications
given in the European Technical Approval Guidelines (ETAG) and the European Assessment
Documents (EAD) are employed; for the evaluation of wind performance, the indications given in
ETAG 034 [38,39], and the EAD 090062-00-0404 [43].

The sample has been tested as defined in section 5.4.1.1 of ETAG 034 [38] for wind suction
resistance tests for ventilated fagade kit. The test consists of applying wind loads at different pressure
steps. Two initial pulses of 300 Pa, 1 pulse of 500 Pa, 1 pulse of 1000 Pa and the rest of the steps
increasing the pressure by an additional 200 Pa are applied. Each step has a duration of at least 10
seconds (Figure 6). After the application of each load step, the wind pressure is stopped, and a new
load cycle is started. During the application of the pressure, the reading of the displacement
transducers on the sample and the residual deformation of the displacement transducers 1 minute
after the end of the pressure step are recorded. Any damage is also noted. The test continues until the
deformation produced is irreversible and causes a malfunction of the lining system or if collapse
occurs.

2500

2000

1500

1000

SUCTION (Pa)

500

0 T T 1 T
0 60 120 180 240 300 360 420 480 540 600 660

TIME (s)

Figure 4. Example of wind load design [43].

2.5. Earthquake testing

DSF and other traditional non-load-bearing cladding systems are construction techniques for
covering and finishing building parts that are considered as non-structural elements. This means that
they are only considered as gravity loads for structural calculations, although the situation becomes
different when analysing the effects of dynamic loads. These elements influence the strength,
damping, hysteresis, and deformation of the building [40]. The existing Spanish standard NCSE-02
[44] refers exclusively to claddings, interior partitions, false ceilings, and other elements, such as
facade panels, etc., all of them must be properly bonded to structural elements to avoid the
detachment of parts during seismic shaking, especially if the ductility of the construction is assumed
to be high or very high. In addition, in transit areas, the fixing of cladding and the anchoring of
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cladding or other facade elements shall be carried out with highly durable materials and by
appropriate techniques to prevent the detachment of parts in the event of an earthquake. Emphasis
is placed on the risk derived from the detachment of facade elements due to inadequate fixing,
considering as such the exclusive use of chemical joints, indicating that mechanical fixings by means
of metallic elements are considered appropriate [42].

It was considered necessary to know the system performance against the earthquake dynamic
action, so a test and loading protocol was followed based on the proposals of FEMA 461 [41] and the
study carried out in the article "Experimental study on the response of seismically isolated masonry
infilled steel frames during the initial stages of a seismic movement" by Pallarés et al. [40]. A
horizontal cyclic load is applied to the upper beam of the portal frame (loading and unloading) which
houses the ventilated facade leaf and a rear brickwork cladding, which simulates the conditions
against a seismic load in a real situation. The operator that applies the load and thus generates the
cycles has a capacity of up to 500 kN and is responsible for increasing the displacements at the head
of the gantry by applying an increasing force at each cycle. For more detailed information on the
process see Appendix A, Table A.3. The main characteristics of the test are defined below:

- There is a protocol where the monitored quantity is the displacement.

- Each cycle (cyclic load applied) is composed of two sub-cycles. The first is the so-called noval sub-
cycle and is composed of four sections: a) First section. The gantry is pushed to the right until the
target displacement is reached in the load cell. b) Second section. The gantry is pulled to the left until
it returns to the initial position. c) Third section. The gantry continues to be pulled to the left until the
same displacement as the first section is reached in the load cell, but in the opposite direction. And
d) Fourth section. The gantry is pushed back to the initial position. For more information see
Appendix A, Figure A.1.

- In the second sub-cycle, known as the reloading sub-cycle, the same operations are repeated as in
the first noval sub-cycle with the same target displacement.

2.6. Safety in Use: Exterior impact testing

The Spanish regulatory framework follows the requirements established in the Technical
Building Code, which does not establish a minimum performance that ventilated fagade systems
must guarantee in relation to resistance to external impacts [42]. The regulation is the same for
internal partitioning systems, which are also assessed against impact situations and eccentric vertical
loads to ensure safety in use, although there are no national regulations in this respect [45]. The
European standard establishes through the Construction Products Regulation no. 305/2011 (CPR)
that systems can obtain the CE mark if they are assessed according to the European Technical
Approval Guidelines (ETAG) or through the European Assessment Documents (EAD) [25]. In the
case of impact assessment, it is used ETAG 034 [38,39] later converted into EAD 090062-00-0404 [43].

Tests are based on the application of an impact energy on the facade sheet. The energy
transmission is done using both, a hard body, and a soft body, which resemble the impact of a small
but hard object (e.g., hail or stones) and the impact of a larger but soft object (e.g., a falling person).
Thus, the facade system performance is evaluated and classified according to a category of use
depending on the joules of energy supported. The category of use establishes the locations where the
evaluated system could be placed depending on whether they are accessible, heavily used, public,
private, high, etc. For more detailed information see Appendix A, Table A 4.

In addition, following the ITeC criteria, a sub-classification is added that allows facades to be
categorized as easily replaceable or repairable products if they can maintain their position on the
facade when they have broken due to the effect of an impact, without allowing them to fall after
breakage [46]. In this way, the energy values of impacts on the fagade are reduced, allowing products
that are in principle more fragile to access better categories of use. For more detailed information see
Appendix A, Table A.5.
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3. Results and Discussion

3.1. Wind load assessment

Once the individual characteristics of each of the components have been evaluated, the
performance under wind loads is studied, especially when they could compromise the functioning
of the facade system. An experimental laboratory test was carried out on a real scale of a suitably size
to test different configuration cases. Once the experimental test has been carried out, several
simulations are performed using finite elements (FE) to check and validate the interaction of the
ceramic pieces with the vertical metal wiring, characteristic of the system when it receives wind loads,
as well as the behaviour of the point anchors that are distributed along the surface of the fagade,
known as retaining devices (Figure 3c) and whose purpose is to support these actions on the surface
of the facade.

Case study is designated as a ventilated fagade ceramic exterior cladding kit according to ETAG
034 [38], with dimensions 1820 x 1720 mm2 (W x H), with a ceramic surface area of 3.13 m2 in a
normal arrangement (60 mm spacing between cables) for the supporting devices. To simulate real
on-site installation conditions, the samples were installed on a steel tube perimeter support frame
with vertical profiles of 100 x 80 x 6 mm and shaped top and bottom profiles of 100 x 120 x 4 mm
welded on a profile of 100 x 40 x 4 mm. Two welded steel tube uprights, a horizontal and a vertical
cross member of 100 x 60 x 6 mm are added to simulate the anchoring arrangement on site, as shown

in Figure 5.
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Figure 5. Perimeter and support frame for testing: 1. Profile composed of two welded tubular profiles
type RHS 120.100.1 and 40.100.4; 2. Tubular profile RHS 80.100.4; 3 and 4. Tubular profile RHS
100.60.6; 5. Yellow lines, continuous seam welding in the workshop; Blue markings, retaining
device/m2; Red markings, 2 retaining devices/m? All dimensions are in millimetres.

The specimen is installed in a K. Schulten Fenstertechnik model KS 4040/650 PC with manual
clamping cylinders [47]. To improve the air tightness of the specimen, so that the appropriate
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pressure can be generated in the test rig, the inner side is covered with a non-air-permeable foil,
leaving sufficient clearance so that it cannot influence the specimen performance during the test. In
this way, the specimen becomes airtight, preventing leakage between the joints of the ceramic pieces.
The lateral space between the sample and the supporting structure is closed with two "L" profiles
screwed to the structure (Figure 6).

@ o ®)
Figure 6. Test sample: (a) Metal frame on which the ventilated fagade is mounted; (b) Facade panel
installed on the metal frame and with L-profile perimeter enclosure.

To record the displacements during test, linear measurement transducers are implemented. Two
different displays are used, one for configurations 1 and 2 and a second for configuration 3. This is
due to the varying distance between the wind retaining elements and the different position of the
measuring transducers. One of them in the middle of the horizontal between retaining devices (Al
and B1); a second one on a retaining device forming the previous horizontal (A2 and B2); a third one
on half of the vertical joining a retaining device (A5 and B5); a fourth one on a retention device
forming the previous vertical (A3 and B3); a fifth one on the crossing between vertical and horizontal
traced (A4 and B4) and, finally, a sixth one on the half of the diagonal joining (Figure 7).
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Figure 7. Arrangement of the linear measurement transducers on the sample under test: (a) Reference
in red for execution of configurations 1 and 2; references in blue for execution of configuration 3. All
dimensions in millimetres.
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For configurations 1 and 2, similar results have been obtained in terms of displacement under
load and residual deformation when the load is no longer applied. The displacement produced in
these cases is small, around 20 mm, and once load ceases, the pieces recover their original position.
In the case of configuration 3, higher values of displacements are achieved since the proposed
configuration of retention devices allows a greater displacement of the fagade skin, around 70 mm
for 3200 Pa of pressure (Figure 8).
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Figure 8. Wind pressure test results: (a) Displacements obtained in each of the configurations at all
indicated load steps; (b) Residual deformation value after load application has stopped for each

configuration.
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Following the criteria described for the sensors display, a complete sector of the sample is
accurately monitored and, since the pressure is assumed to be homogeneous and fully symmetric on
the vertical and horizontal axes, it is possible to know the values produced on the rest of the surface.
Knowing these values, it is possible to represent the most unfavourable situations of each of the
configurations and to obtain, by means of a horizontal section (Figure 9) and a vertical section (Figure
10), the deformations produced during the test on the ceramic skin.

A1 A2
, \ ‘ Residual
Configuration 1 1,11 mm 1,26 mm 1,11 mm 2400 Pa
= 269mm 269mm
16,33 mm
Residual
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=197 mm 1,97 mm~
70,07 mm
_ 3200Pa
2,49 mm 2,49 mm
75,09 mm
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Figure 9. Deformation about the horizontal for each configuration. Maximum values.
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Figure 10. Deformation about the vertical for each configuration. Maximum values.

Results obtained during the execution of the tests are considered satisfactory, with the sample
reaching 1800 Pa of pressure (1.8 kN/m2) with no defects in either the ceramic or metallic elements.
During the execution of the test for configuration 1, breakage of ceramic pieces near the retaining
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devices occurred. In the repetition for configuration 2, breakage occurs in 1 piece at 1800 Pa (1.8
kN/m?2) and in 3 pieces at 2200 Pa (2.2 kN/m?2), although the test continues up to 2400 Pa (2.4 kN/m2),
matching the test for configuration 1. During the execution of configuration 3, breakage of the first
ceramic pieces occurs at 2800 Pa (2.8 kN/m2) and the test continues up to 3200 Pa (3.2 kN/m?2), the
upper limit of the test chamber. The ceramic skin has showed flexibly, as expected, with breakage
occurring in the configurations with a greater number of retention devices and therefore less
flexibility. It should be noted that, although there was breakage of parts, there was no detachment
from the plane of the facade, as they remain locked with the metal cables (Figure 11). For more
detailed information see Appendix A, Tables A.6. and A.7.

(b)

Figure 11. (a) Deformation of the sample plane during the execution of test 3 under 3200 Pa pressure;

(b) Damaged ceramic pieces at the end of the test.

Prior to carrying out the tests, a theoretical model was developed to determine the facade cabling
performance with the main objectives of understanding its functioning and developing a calculation
abacus of possible situations in which the system could be installed depending on the location of the
target building. In Figure 12, the curves in the graph represent the deformation of a cable for different
wind pressures. The comparison between the experimental deformation of the central cable (dashed
lines) and the deformation obtained by theoretical calculation (continuous lines) considering a
separation between retaining anchors of 1 m is shown.

The resulting conclusion is that the theoretical model does not reproduce the coercion generated
by the ceramic pieces and, therefore, reduce the deformation at the intermediate point, as does occur
in the execution of the test according to the data obtained. The theoretical deformations produced
greater deformations than the experimental ones, thus being on the safe side.

However, although these results have a margin of security, the theoretical model was adjusted
by fitting the results obtained in different cable configurations with the most unfavorable values from
the experimental tests. The result is shown in Figure 13, where the theoretical model reproduces the
experimental results more adequately. In any case, the theoretical model continues to provide higher
values compared to the experiment and therefore offers more reliable values.
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3.2. Earthquake response assessment

The DSF case study performance assessment during an earthquake event was carried out
experimentally as part of the fagade characterization tests, on a full-scale test specimen built in the
laboratory. The objective consisted of testing the performance of a ventilated facade of the system,
built on a concrete portal frame filled with traditional brick masonry elements, similar to the most
common construction types in Spain [48].

The sample built for the test represents an intermediate portico of a building and it is constituted
on the basis of 3 essential parts: 1. Concrete frame, responsible for receiving the cyclic thrusts and
tractions, as well as supporting the rest of the elements; 2. Pre-existing enclosure, consisting of a
traditional facade with a double brick fagade and hollow bricks cladding, both brick walls free of
seismic insulation systems (Figure 14); 3. Outer sheet of the ventilated facade system, consisting of
small ceramic elements and vertical cable mesh in its usual configuration as showed in Figure 2.

The frame, a reinforced concrete portal frame consisting of two beams and two 30 x 30 cm square
columns, 3 m high and 3 m wide. The frame is fixed to the foundation slab by means of two joints at
the lower ends of the columns. Each of these elements is reinforced both longitudinally and
transversely to withstand the stresses simulated during the test. The so-called pre-existing enclosure
is a 2.7x2.7 m2 double-brick wall confined within the reinforced concrete frame. It simulates the
stiffening performance of vertical separations within multi-story arcade structures. It is composed of
several layers: A. 11.5 cm white klinker facing brick with 1 cm thick M7.5 mortar joints; B. 1 cm thick
cement mortar filling on the inside face of the facing brick leaf; C. 3 cm unventilated air space; and D.
a 7 cm double hollow brick (Figure 14).

(b)

Figure 14. Pre-existing cladding: (a) Outer leaf of facing brick; (b) Inner leaf composed of a double

hollow brick lining.

The third part of the sample installation corresponds to the ventilated fagade sheet executed dry
and with stainless steel wire mesh corresponding to the system developed, with a total of 64 rows
with 12 platelets for each one (Figure 15).
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Figure 15. (a). Elevation and exploded view of reinforcement for the reinforced concrete portal frame.
Dimensions in mm. (b). Ventilated fagade leaf built over the pre-existing frame and cladding.

Since during the test execution usually occur unexpected events that are not visually controlled
in the hidden parts of the specimen, the sensors’ location is carefully planned to check the state of the
concrete frame and the pre-existing brickwork leaves. These walls are also partially hidden behind
the ventilated facade panel on the outside face. For more detailed information see Appendix A, Table
A.2.The whole loading protocol establishes 15 cycles of cyclic loading (Table A.1), however, if during
the development of the test there are evident signs of failure or collapse of the sample, the procedure
is stopped, and the test is terminated. In this case, the test was stopped at the completion of cycle
number 13, after the collapse of the hollow brick inner leaf and after having followed the standard
protocol cycles, for more detailed information see Appendix A, Table A.3. The graphical display of
these cycles is showed in Figure 16.
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As already specified, the test process is stopped at iteration number 13 due to the existence of
considerable damage in parts 1 and 2 of the sample, i.e., in the double brick sheet, similar to a
traditional fagade. The magnitude of the damage can be seen in Figure 17. The proportions of these
damages prevent from continuing with the standard progress of the cycles, so it was decided to stop
the procedure and conclude the test.

5
(b)

Figure 17. Damages in the pre-existing cladding at the end of the test: (a) Front view of the sample.
State of the facing brick sheet after removing the ventilated fagade sheet. And (b) Rear view of the
sample. State of the interior facing brick sheet.

During the execution of the test, the ventilated sheet performance consists of the displacement
of the plane of the sample from left to right, following the movement of the concrete frame according
to the moment of the cycle in which it is found. As the system has a certain degree of freedom in the
face of loads, the ceramic tiles adapt to the new positions imposed by the movement of each of the
cycles and there are hardly any small defects visible to the naked eye.

The damage assessment at the ventilated fagade level covers both the verification of ceramic and
non-ceramic elements. This distinction is made because ceramic elements are understood as a non-
structural cladding, in which the replacement of affected parts after a hypothetical earthquake is at
the discretion of the risk that may exist against the detachment of small debris, but not because the
overall stability is compromised as it would be in the case of non-ceramic elements. The damage to
the ceramic skin is limited to small flaws, chipping or breakage of pieces that appear as cracks, but
without any detachment of rubble at any time (Figure 18). In the non-ceramic elements, it has been
checked that there is no appreciable damage by visual inspection, paying special attention to the
position of each element at the beginning and end of the test, with no damage to the support device
or the wind retention device (Figure 19).
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(b)

(a) (b)
Figure 19. Sample front view, non-ceramic elements at the end of the test: (a) Detail of the state of the
wire ropes. And (b) Detail of the state of the wind restraint device.

As key points of the earthquake test assessment on the ventilated facade panel, the following
conclusions can be stated: 1. Damages derived from the action of the earthquake on the traditional
walls are produced, as well as detachments in both brick walls and total collapse in the interior
cladding leaf; 2. The concrete frame, reproducing an intermediate floor, is fatigued and cracked, thus
reducing its resistance capacity and its useful life (Figure 20). 3. The cladding executed with the
ventilated fagade system is complete once the test has been concluded, with only small cracks that
are not very noticeable in most cases and can be easily repaired by replacing parts. 4. In relation to
the amount of surface area covered, the percentage of cracked pieces is very low and no pieces of
ceramic tile or falling debris originating in the ventilated facade have fallen off.
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Figure 20. Concrete frame deformation in the last cycle when the maximum head displacement is
reached.

3.3. Impact assessment

A sample of dimensions 1820 x 1720 mm? (width x height) was used for the impact test, using
the steel frame manufactured for the wind test and applying the same standard arrangement of
ceramic tiles with wire spacing every 60 mm (Figure 5). The devices used as impact means are 2 steel
balls of 0.5 kg and 1 kg as hard bodies and two bags of 3 kg and 50 kg as soft bodies (Figure 21).

| N . ‘ y
(a) (b) (©) (d)

Figure 21. Devices used for impact tests: (a) 0.5 kg and (b) 1 kg steel ball as hard bodies. And (c) 3 kg
and (d) 50 kg bags as soft bodies.

The sample was tested as defined in section 5.4.4 of ETAG 034 [38], as well as the ITeC criteria
[46] for ventilated facade systems that allow replacement. The criterion used is to first perform all
hard body impacts by replacing the impacted parts with untested parts, before moving on to the next
loading step. The hard body impacts are carried out according to the following criterion: First impact
in a centred position on a ceramic piece, second impact on the vertical between two pieces and third
impact at a point where three pieces meet, without using previously impacted ceramic pieces in each
of the repetitions. For the soft body impacts, the criterion of carrying out the different collisions both
in the areas close to the retainers and in those further away is followed, with the aim of testing and
comparing the sample performance in different confinement conditions, both cable and ceramic tiles
(Figure 22). The procedure for handling the impact bodies is shown in Figure 23.
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Figure 22. Position criteria for hard body (blue H-marks) and soft body (magenta S-marks) impacts
on geometrical definition of the test specimen.
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Figure 23. Procedure for the use of impact bodies. 1. Determine point of impact. Green point; 2.
Dimension H. Height of fall according to body type and the impact energy in joules (J) according to
ETAG 034 and EOTA Technical Report TR001; 3. Anchor point for the impact pendulum determined
by 1,75*H; 4a. Height from the anchor point to the ground; 4b. Sample separation coincident with the
radius of the impact ball; 5. Angular range between vertical and impact body actuator; 6. Impact body
actuator.

Following the above criteria, the impacts are performed by energy steps and with the impact of
the hard body on the ceramic skin (Figure 25): First impact performed H1, of 1 J with 0.5 kg hard
body, a drop height of 0.20 m and three repetitions. It causes through cracks in the ceramic elements
that can be seen on the back of the piece, but no pieces are detached (Figure 24 (a) y (b)). With the
same energy, a repetition of the HIR impacts is carried out in other locations, with the same result.
Second impact H2, of 3 ] with a hard body of 0.5 kg, a drop height of 0.61 m and three repetitions. It
causes through cracks with detachment and twisting of impacted ceramic elements (Figure 24 (c) y
(d)). For the same impact energy H2R, a repetition of three impacts is carried out with the same result.
Results obtained for the impacts with the 0.5 kg hard body led to a decision not to continue at higher
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energies as the 3 ] impacts determined that the test for this body should be stopped. The test continues
with the soft body impact: First impact performed S1, 10 J with a 3 kg soft body, a drop height of 0.34
m and three repetitions. No damage to the ceramic elements (Figure 24 (c)). Second impact S2, 60 J
with a 3 kg soft body, a drop height of 2.04 m and three repetitions. It produces through breaks in the
ceramic pieces, allowing, in some cases, the cracked elements to rotate on the braided cable. No
detachments occur (Figure 24 (d)).

Figure 24. Hard body (HB) and Soft body (SB) impact tests results: Applying 0,5 Kg: (a) HB 1 ] energy
and (b) HB 3 J energy. Applying 3 kg: (c) SB 10 J of energy and (b) SB 60 J of energy.
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Figure 25. Position of the hard body (H1, HIR, H2 and H2R) and soft body (S1 and S2) impacts
performed in the test.

The analysis of the results of the tests carried out to determine the safety of use against external
impact shows that the ventilated fagade system withstands soft-body impacts without deterioration,
which allows a Category IV classification as prescribed in Tests based on ETAG 034 [38] [39]. On the
other hand, the impacts carried out using a hard body indicate the fragility of the ceramic pieces
against this type of impact. However, as it is a system in which the replacement of pieces is simple
and as there is no detachment of rubble as it is confined in the mesh, the system could be used in
Category IV. This category allows the system to be suitable for use as facade cladding outside the

doi:10.20944/preprints202311.0146.v1
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reach of the ground level, not allowing its use on plinths, ground floors in front of public spaces and
similar situations.

3.4. Discussion overview

The following discussion overview presents a step-by-step and cross-sectional analysis of the
results from a series of tests conducted on a full-scale prototype of a cable-suspended DSEF. These
tests were designed to evaluate the facade’s performance under different load conditions, including
wind loads, seismic loads, and impact loads. The objective was to gain insights into the structural
behaviour of this innovative fagade system under realistic load scenarios, thereby contributing to the
ongoing research in this field.

In the present research, in addition to the characterisation of individual components,
experimental characterisation and testing of the construction system was conducted to verify its
performance. A summary of the results of these tests is shown in Table 2 below. A priori, tests of
wind pressure and suction, impact, and seismic behaviour. Once the experimental data has been
obtained, the process proceeds to a feedback and redesign of elements if necessary, following the
scheme foreseen in the design and characterisation of individual components already described.

Table 2. Characterization of component and system performance.

1
Test San;p € Standard Results
Breaking strain UNE-ENISO
e 6 6892-1:2017 2807,56 N
stranded cable
[37]
It
Displacement force Ultimate
Supporting set strength to strength
PP tg 1 8 paralmm para 3 mm Ral
verdeatforee (Retmm)? (Resmm) 1 o
5 1,79 kN 4,71 kN 4,67 kKN
Re51du'al Ultimate
deformation 1
. strength
Supporting set strength to min
horizontal force @~ Reimm! Rau!
________ 5 Suction 7,76 KN 7,57 kN
5 Pressure 7,30 kN2 7,30 kKN
Elastic limit Maximum
strength
Cable and the tensioner Ral Redl
’ strength. 5 Normal 1789,16 N 2104,60 N
ure fraction 5 Fatigued 178345 N 1923,80 N
Tests based on Ratio 99,7 % 91,4 %
ETAG 034 [38] Maximum strength
[391 Re!
Wmd-l.wldmg stre.ngth unit T Normal 268070 N
to horizontal suction force - -
________ 5 Fatigued 2818,60 N
Ratio 100 %
Flange breaking strength
I{Cl.l1
Flange strength of parts 5 Central 553,90 N
5 Extreme 382,80 N
Classification
Hard and soft body 1 Soft body S1
impacts. Complete set up Hard body H2
Classification Category IV
Retai Maxd Displacement
1ner: aximum
Wind pressure and suction. 1 € ;:nze s Q Under max  After 1 min
Complete set-up Q recovery

2 2400 Pa 21,90 mm 3,10 mm
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14,20 mm (Para

1 3200 Pa 56,43 mm
3000 Pa)
Small cracks in the ceramic pieces, without
. Test based on detachment of rubble. The test is stopped due to
Earthquake resistance 1 [40] and [41] collapse of the inner and intermediate leaves

belonging to the traditional test leaf.

From the overall analysis of the results, it is determined that the use of flexible ceramic systems
in DKF can be a suitable alternative to rigid ventilated fagade solutions even under stressful wind,
impact or seismic conditions that evaluate the stability of the constituent elements of the ceramic
sheet. In the full-scale tests, the appropriate strength and stability of the metal components were
assessed, and even though some of the ceramic tiles were damaged or broken, most of the tested
prototype coped adequately with the test’s cycles. If the proposed system is compared with
conventional ventilated facade solutions, it is easier, in this case, to adapt it to adverse conditions,
especially under seismic and wind loads conditions. Furthermore, when a failure occurs, it is easy to
replace the ceramic tiles due to system design and it implies less of a risk in case of detachment
compared to conventional cladding panels.

4. Conclusions

The interaction between wind and seismic loads with permeable Double Skin Fagades (DSF) can
be particularly critical. This is especially true when different deformation ranges coexist in both
facade sheets because one of them is a flexible constructive system. This paper seeks to bridge this
research gap by presenting the findings of an experimental program specifically designed to evaluate
the performance of such non-structural components under lateral loads. The paper, then, presents an
evaluation of the behavior and stability of permeable, cable-supported DSF. The performance
assessment was carried out using a comprehensive methodology that measured the individual
capacities of connections, components, and materials. This was achieved through the application of
both standardized and non-standardized testing procedures. The performance assessment was
conducted following a five-step methodology: design of system components, analysis of regulatory
requirements, definition of test plan, adaptation, and application of test procedures, and, finally,
evaluation, validation and adaptation of system and individual components.

Key findings indicated that the connection mechanism between the cable, the restraint devices
and their attachment to the building structure overcome highly demanding service stresses. Despite
successfully passing most of the tests, based on the full-scale results, the type and diameter of the
initially used stranded cables, as well as the cable lugs and cable-terminal joints, were redesigned
and adjusted. Comparing the acquired results of the proposed DSF with other obtained from similar
constructive solutions such as the one analyzed by Reyes et al. [7], in the experimental wind
assessment, whereas in the present case study the full-scale sample was subjected to a maximum
pressure up to 3200 Pa obtaining a maximum relative displacement of 56,43 mm with 14,20 mm of
permanent deformation, in the same test, Reyes et al. exposed the outer layer of their ventilated
facade case study to a pressure of 1590 Pa obtaining a maximum mid-height relative displacement of
198 mm with 87 mm of permanent deformation. For both case studies, when exposed to wind loads,
it was proved the high adaptability of flexible DSF systems and the progressive distention of the
cables when the lateral load increased; nevertheless, only local damages was evidenced at the end of
the tests. In the earthquake testing, the improved performance of the outer DSF sheet was
demonstrated due to its flexibility when compared to the collapse of the rigid inner walls of the
prototype. Similarly, in the impact testing, only when a higher load was applied, both in the hard
body and soft body cases, was it possible to observe damage to the system components under test.
All this leads one to consider the convenience of further developing flexible ventilated fagade systems
as suitable alternatives in the construction and refurbishment of buildings.
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Appendix A

This appendix is a section that contains details and data supplemental to the main text but
nonetheless remain crucial to understanding and reproducing the research shown.

Table 1. Earthquake testing: Loading protocol. Cycles and target displacements.

Cycle Target displacement (mm) (?111);3:)
1 0,6200 0,05
2 1,9189
3 3,8383 0,1
4 5,7567
5 7,6756
6 11,5134 03
7 17,2000
8 25,9053 0,6
9 30,7026
10 46,0538
11 61,4051
12 76,7564
13 90,0000 08
14 100,0000
15 120,0000
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Figure Al. Earthquake testing: Loading protocol. Displacement at the head of the gantry (d) versus
test execution time (t). Percentage of displacement in relation to the height of the panel (Drift

(d/H'*100).
Table A2. Earthquake testing: Measuring sensors.
Element Number Location Use
10 on the outer leaf and 3
. Masonry
. on the inner leaf of the pre-
Strain gage . . sheets
band 37 existing enclosure. 6 units deformations
at each of the 4 nodes of
. area
the portico.
10 on the right pillar, 6
. on e HEAt pITal, DO pi tal frame
Linear the upper beam and 7 on .
23 deformation
transducer the bases and anchor plates
. area
of the joints.
Accelerometer 4 Depend'ing o the test Vibl;ation
situation size
2 in front general view and  Performance
Photographic 6 a rear general view, and 4 recording
equipment in each quadrant of the during the
sample. test.

Table A3. Earthquake testing: Load cycles performed during the test.

Target Achieved Speed
Cycle displacement displacement (mm/s)
(mm) (mm)
Noval 0,65
! Reloading 0,6200 0,64 0,05
Noval 1,93
2 1,91
Reloading 189 1,95
Noval 3,84 01
3 V Reloading ‘ 3,8383 3,94

4 Noval 5,7567 5,80
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“Reloading 5,80
Noval 7,76
> “Reloading %7 7,71
Noval 11,63 0,3
®  Reloading 11,59
Noval 17,36
7 Reloading 7% 17,33
Noval 25,96
8 Reloading 2% 26,05 06
Noval 30,69
?  Reloading 7% 30,83
Noval 46,06
10 “Reloading 0% 46,30
Noval 61,57
U Reloadng =~ V! 61,51
Noval 76,98
2 Reloadmng 7% 76,90
Noval 100,00 08
1 "Reloading 0% 100,12
Noval Stopped
" Reloading %% Tsiopped
Noval Stopped
B Reloading 2% T siopped

Table A4. Impact testing: Use categories [43].

Test Use

A zone readily accessible at ground level to the public and vulnerable to hard body impacts
but not subjected to abnormally rough use. (e.g.: Facade bases in buildings sited in public
locations, such as squares, schoolyards, or parks. Cleaning gondolas may be used on the

facade).

A zone liable to impacts from thrown or kicked objects, but in public locations where the
height of the kit will limit the size of the impact; or at lower levels where access to the building
is primarily to those with some incentive to exercise care (e.g.: Fagade bases in buildings not
sited in public locations (e.g. squares, schoolyards, parks) or upper facade levels in buildings
sited in public locations that occasionally can be hit by a thrown object (e.g. ball, stone, etc.).
Cleaning gondolas may be used on the facade).

A zone not likely to be damaged by normal impacts caused by people or by thrown or kicked
objects (e.g.: Upper fagade levels in buildings (not including base) not sited in public locations,
that occasionally can be hit by a thrown object (e.g., ball, stone, etc.). Cleaning gondolas should
not be used on the facade).

A zone out of reach from ground level (e.g., high facade levels that cannot be hit by a thrown
object. Cleaning gondolas should not be used on the facade).

II

II1

v

Table A5. Impact testing: Hard and soft body impact tests [43] [46].

External impacts and assessment (In red values for replaceable products)
Category IV Category Il Category II  Category I

Weight: 0,5 kg

N No Pen?
=BT ST . . 0 Pen’
'E 2 E® H1  Impact: 1] (height 0,20 m) No Per®

0,5] (height 0,10m)
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No. impacts: 3
Position of impacts: three different
locations
Weight: 0,5 kg
Impact: 3 J (height 0,61 m)
1] (height 0,20 m) No Pen?
No. impacts: 3 No Per?
Position of impacts: three different

H2 No Det! No Det!

locations

Weight: 1 kg

Impact: 10 ] (height 1,02 m)
3] (height 0,31 m)

No. impacts: 3

No Pen?
No Per? No Det!
No Det!

H3

Position of impacts: three different
locations
Weight: 3 kg
Impact: 10 J (height 0,34 m)
6] (height 0,20 m)
No. impacts: 3

S1 No Det! No Det!

Position of impacts: three different
locations
Weight: 3 kg
Impact: 60 J (height 2,04 m)
20 J (height 0,68 m)
No. impacts: 3

S2 No Det! No Det!

Position of impacts: three different
locations
Weight: 50 kg
Impact: 300 J (height 0,61 m)

100 J (height 0,20 m)
No. impacts: 1
Position of impacts: At least in the
centre point of a cladding element
Weight: 50 kg
Impact: 400 J (height 0,82 m)

130 J (height 0,27 m)
No. impacts: 1
Position of impacts: At least in the
centre point of a cladding element

Soft body impact

S3 No Det!

S4 No Det!

! No deterioration. Superficial damage, provided there is no cracking, is considered as showing "no
deterioration” for all the impacts. Collapse or any other dangerous failure is not allowed. 2 No penetration. The
test result is assessed as being "penetrate” if there is any cracking penetrating to be observed in the cladding
element (to be also observed by the rear side). Superficial cracking (no penetrating) is allowed. Collapse or any
other dangerous failure is not allowed. 3 No perforation. The test result is assessed as being "perforated” if there
is a destruction of the cladding element (to be also observed by the rear side). Collapse or any other dangerous
failure is not allowed.

To have a magnitude baseline of the pressures reached during the test and their effects, these
pressures have been translated into wind speeds (Table A.6) and the different speeds to which the
facade elements have been subjected have been placed on the Beaufort Scale (Table A.7), used to
measure the wind speed according to its effects observed on the earth's surface. As can be seen
between the two tables, a pressure of 1800 Pa (=199 km/h for an air density of 1.184 kg/m3), a test step
in which no defects occur in the fagcade elements, would be by far equivalent to a hurricane situation
in which the complete stability of vehicles, houses, trees, or people is called into question.

Table A6. Air pressure to air velocity.

Pa kN/m2 m/s km/h
300 0,3 22,51 81
500 0,5 29,06 105
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1000 1 41,10 148
1200 1,2 45,02 162
1400 1,4 48,63 175
1600 1,6 51,99 187
1800 1,8 55,14 199
2000 2 58,12 209
2200 2,2 60,96 219

Table A7. Beaufort Wind Scale [49].

Wind Wind Speed

Force Description (km/h) Specifications
0 Calm 0-1 Smoke rises vertically.
Direction shown by smoke
1 Light Air 2-5 drift but not by wind
vanes.
Licht Wind felt on face; leaves
2 '8 6-11 rustle; wind vane moved
Breeze .
by wind.
Gentle Leaves and sm:.all twlgs in
3 12-19 constant motion; light
Breeze
flags extended.
Raises dust and loose
4 Moderate 20-28 paper; small branches
Breeze
moved.
Small trees in leaf begin to
Fresh
5 29-38 sway; crested wavelets
Breeze .
form on inland waters.
Large branches in motion;
6 Strong 38-49 whlsthn.g heard in
Breeze telegraph wires; umbrellas
used with difficulty.
Whole trees in motion;
7 Near Gale 50-61 inconvenience felt when
walking against the wind.
Twigs break off trees,
8 Gale 62-74 generally impedes
progress.
Slight structural damage
9 Strong Gale 75-88 (chimney pots and slates
removed).
Seldom experienced
10 Storm 89-102 inland; trees uprooted;

considerable structural
damage.

. Very rarely experienced,
11 Violent 103-117 accompanied by
Storm ,
widespread damage.

12 Hurricane >118 Devastation.
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