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Structural characterisation of adaptive facadesin Europe - Part |1: validity of

conventional experimental testing methods and key issues

Chiara Bedoh, Daniel Honff, Klara V. Machalicky Martina EliaSov4 Miroslav Vok&®, Marcin

Koztowsk?”’, Thomas Wiie&tFilipe Santo¥ Natalie Williams Portaf

Abstract

Given their intrinsic features, adaptive facadesraguired to strictly satisfy rigid structural feemances, in
addition to typical insulation, thermal and energguirements. These include a minimum of safety and
serviceability levels under ordinary design loadis;ability, robustness, fire resistance, capaatgustain
severe seismic events or other natural hazards,Tht overall design process of adaptive facadeg ma
include further challenges and uncertainties esfigcin the case of complex assemblies, where even
multiple combinations of material-related phenomekimematic effects, geometrical and mechanical
characteristics could take place. In this contexiperimental testing at the component and / orhat t
full-scale assembly level has a fundamental raerove that all the expected performance paras\eter

properly fulfilled.
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Several standards and guideline documents areabiaih the literature, and provide recommendatan
procedures in support of conventional testing aggies for the certification and performance assessof
facades. These documents, however, are specificalised on ordinary, static envelopes, and noigims
are given for the experimental testing of dynarataptive skins. In this regard, it is hence expktiat a
minimum of conventional experimental procedures tmagirectly extended from static to dynamic facade
However, the validity of standardized proceduresafitaptive skins is still an open issue. Novel spekific
experimental approaches are then necessarily Befjuio assess the structural characteristics gftzda
facades, depending on their properties and ondbrgil detailing.

In this paper, existing fundamental standardsdsting traditional facades are first recalled amchmented.
Special care is spent for the validity and reliapibf conventional testing methods for innovatieglaptive
envelopes, including a discussion on selected erpatal methods for facade components and systems.
Non-conventional testing procedures which may kefulgor adaptive skins are then also discussetthén
paper, as resulting from the research efforts ef tEuropean COST Action TU1403 ‘Adaptive facades

network’ - ‘Structural’ Task Group.

Keywords: adaptive facades, structural performance parametestrics, experimental testing, experimental

facilities, testing methods
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1. Introduction

Next generation of building enclosures are compl@aptive systems combining high-tech components and
latest technology achievements. This might invdhe use of smart materials and kinematic mechanisms
which make them able to respond to transient |l@adind boundary conditions in order to improve the
overall building performance (see for example [L-3Jthough current numerical tools allow for extére
investigation of the structural performance of did@pfacades at different levels, as also discussét], the
ultimate verification of performance criteria regpd by building regulations and standards mighbive
dedicated experimental testing procedures.

The performance of a building’s facade greatly aetees the satisfaction of occupants, with regard t
perceived serviceability and some extent safetyoperational conditions (see [4-6], etc.). The basic
requirements of a given facade, in this contextecdalifferent aspects that should be properly cowstbi
being mostly related to airtightness, water-pernigglfire resistance and overall structural pen@ance [7,

8].

Given such a final goal, the existing standards guideline documents for testing facades specigteof
minimum performance requirements to satisfy, witailed provisions for systems tested in laboratory
conditions or outdoor environment, respectivelye Furpose of testing could be to prove the fulfiitnef
specific preconditions, but also to prove the coamgle with some strict requirements, thereby hgitiing
superior performance of the tested facade. Testirfgcades might be also requested by the end(ueer
builder, consulting engineer, etc.), or by an appr authority (i.e., a local or state governmeody).

The performance assessment of a given facade akoke,win this regard, can be carried out in an
experimental facility or on site, after installatidDuring laboratory testing, a mock-up is builthmgking a
certain part of the facade (i.e., using the sam&emads and dimensions as to be constructed inrehé
project). The exposures applied at mock-up tesiguglly represent extreme loading conditions, thaing

the building lifetime could lead the system toded. Testing on site, on the other hand, typiclauses on

the identification of spots with insufficient perfoance, due to fabrication and/or installation exrdhe



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

exposure levels are typically lower than mock-ugtitg. For adaptive facades, this approach includes
check of proper functionality, for all the adaptieatures.

In both the cases, the testing configuration shaankdude all the relevant details for the required
performance assessment, thus a certain flexibiilgonventional methods and procedures may be &gbec
for innovative skins. For example, during experitaémesting of the watertightness of a given facdtde
specimen should properly include joints, cornerd aft the assembly details that could be relevant.
specific range of static and / or cyclic water ptass is typically of interest to assess the ghilitthe facade
to avoid water penetrating the building, due to heavy precipitation. Joint detailing is relevatdgo for
structural performance assessment of the samedabatithe key boundary/loading configuration dérast
should be properly detected, case by case.

The structural performance is in fact commonly agded to the resistance assessment of claddingeeks
and connections to the super-structure, againsd Wiads. However, especially for adaptive facadese
other issues might also be relevant. The refereumce pressure for design and testing, in this régarainly
dependent on the geographical location of the sydbeit also on the dimensions and on the shapgeediitl
building. Cladding elements need not only withstamithd loads, but also stay in place with limited
deformations, and possibly null damage. The rediat@termination of the limit deformations for adegpt
facades — given the possible presence of movinfpafidxible components — might not be obvious, and
counterpart could represent a limit of the expeaddptive performances, or in any case be diffitmlt
satisfy.

As far as the airtightness is taken into accouttie expected air leakage through the facade dif. @rimary
interest for energy efficiency and acoustics) mustproperly measured, as a function of a givericstat
pressure. The volume of air leak is then compairig thve allowable volume, which is generally praaddby
standards for conventional claddings. Fire rescgatesting, in addition, is carried out using fsdlale
mock-ups and typically focuses on reaction to fifenaterials and fire spread in the facade systempact

and blast load scenarios, finally, should be prgpatddressed, via test setup configurations ableafuiure
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the expected structural dynamics of a given syssgrthe assembly but also at the component andriadate
levels.

This paper follows and extends the discussion tegan [1], with a specific focus on experimentsting
issues. The document, in particular, first collesdse key standard provisions for conventionalrtgghe
performance of conventional facades, with a disonssf adaptive skins (Sections 2 and 3). In additio
standardized testing methods in use for staticdesaa selection of experimental approaches is then
proposed in Section 4, for some key facade compgeridaading conditions of primary interest for ptiee
systems. As far as the structural performance ofdyc facades must be satisfied under a variablity
multiple parameters (including variations in madksj boundaries, loads, activation systems, etargful
consideration and even unconventional testing ambres may be required, depending on the actual case

Finally, Section 5 briefly emphasizes the role @ftified facilities for adaptive facades.

2. Reevant standardsfor the experimental assessment of facades

2.1 Available sstandardsfor conventional facades

When conventional facades needs to be experimgraafiessed, standardized approaches are avaibable t
investigate their key performances regarding ptiaecof the occupants, nhamely insulation to externa
conditions, on one side, and structural safetyedfidency, on the other side.

Within the European Economic area (EEA), all thedoicts with a CE marking have a proved conformity
with the relevant EU standards. Moreover, thisvedldree movement and sale of those products witien
EEA, regardless of where they are manufactured. mbst relevant standard for facades (with a specifi
focus on the typology of curtain walls) is certgitthe EN 13830 ‘Curtain walling - Product standas#e [9]
and Section 2.2. Another relevant document is ET083 ‘Guideline for European Technical Approval of
Kits for External Wall Claddings’ [10], issued byi®pean Organisation for Technical Approvals (EOTA)
ETAG documents are issued and applied when prostactdards do not cover some specific areas. In

addition to specific standards for facades, theyeh@ also fulfil general harmonized requiremerds f



construction products in Europe including mechdmesistance and stability, safety in case of finggiene,
health, protection against noise, energy and swsiié use of natural resources [11].

The EN 13830, more in detail, specifies differenb-¢ests and procedures for a facade performance
classification by experimental testing. The maist tprocedure according to EN 13830 includes air
permeability, watertightness (static conditionsidvioad serviceability / resistance, air permahilvater

vapour permeability, thermal transmittance, aireosound insulation (see a selected example in &igur

1(a)).




Pre-test Detonation Post-test
(b)
Figure 1. Example of experiments on conventional facadesdyaamic water penetration test (figure

reproduced with permission from [12]) and (b) bkasina testing (reproduced from [13]).
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The reference experimental procedure has to berpegtl in one run, for the facade classificatiore Bhsic
assumption is that the facade performance is askelleis reliable operational conditions, rather rinideal
laboratory setup. Moreover, the real scale teshef¢ often includes all the typical installationetances.
Conventional test methods according to EN 13830latigns are summarized in Table 1.

For adaptive facades, however, the actual relgigmnl hence the possible interference) between aepar
testing methods in use for curtain walls still re&mbe assessed.

Adaptive facades might in fact change material prtigs, surface conditions, shapes and forms, local
global structural characteristics or other relevi@atures as a reaction to external phenomenaa(sed1l]).
Therefore, also the expected performance of dynataiddings (i.e., in terms of deflection, air tigbss,
water permeability, etc.) could modify within a sie scenario, and possibly do not fulfil the cemtional
requests of standardized test procedures. In aasoedwith Figure 2 and [18], different intrinsicaptive
features for a given skin can influence one or ntese parameters. The figure indicates possib&aations
between adaptive features and relevant key perfocenparameters. It is also clear that an adaptatenmal,
component or assembly - depending on the spedadifipguties and behavioural trends - could have mdiffe

classifications, for each one of the adaptive stafe¢he overall performance.

Table 1. Test methods for curtain walls, based on EN 13880lations.

Test method Reference standard
Air permeability EN 12153 [14]
Resistance to wind load EN 12179 [15]
Watertightness EN 12155 [16]
EN 13050 dynamic EN 1027 [17]
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Figure 2. Influence diagram for testing adaptive facadescieordance with existing EN 13830 regulations

for curtain walls (reproduced from [18]).

An additional challenge arises when further keyfqgremance parameters for facades (i.e., thermalkshoc
resistance, seismic resistance, watertightnessruhdaemic conditions, blast resistance (see fomgia
Figure 1(b)), etc.) may be required for specifisteyns, even if not included in the base referenceeplure
for certification.

ETAG 034, for example, states requirements accoregaby corresponding test methods in fields of
mechanical resistance and stability, safety in adsére, hygiene, health and environment, safetyuse,
protection against noise, energy economy and leéatition, aspects of durability and serviceability.

From the point of view of the structure’s reliatyilithe ETAG 034 regulation document defines a nema

mechanical tests of claddings. There is also a odeginescribed for evaluating test results in otdesbtain
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characteristic value for structural design, i.eedking force. This method is in accordance with F390
where principles for design based on experimerdsgaren too. The characteristic value is definedaas
estimation of 5% quantile (with 75% confidence) @sdvalue is also dependent on the number of alvizil
results and the standard deviation. Therefore,raxpatal determination of the characteristic vatay lead

to a relatively large number of testing specimensame cases. Both normal and lognormal distrihatian
be used. The design value based on testing is ¢qulaé characteristic value divided by the pariaflety
factor of given material. These principles shalhiet even in the case of adaptable facades.

It is certainly clear that these standards andeuoes are specifically developed for conventiostitic
facades. On the other hand, the definition of bédisstandard testing procedures for a facade toatbe
intended as an adaptive, moveable, dynamic, kinetgponsive, switchable, interactive, etc., systsm
neither feasible nor promising. Therefore, the @ppility of standardized testing approaches arel th
reference loading / boundary conditions to assasst lme necessarily examined case-by-case. In additi
any possible negative correlation between a ceddmptive behaviour and several performance a@iteri
should be also taken into account. For exampie ffcade changes the form due to wind load, ibssible
that joints could offer lower air permeability orater-tightness, hence requiring careful attention f
assessment purposes. Additional special carejsiregard, should be spent for dynamic adaptivéesys

under extreme loads, including both accidental sydruman-induced extreme loads, natural hazatds, e

2.2 Feasibility of standardized testsfor the assessment of adaptive facades

To achieve the CE marking and based on the existigglations, a given curtain wall must conventlilyna
fulfil the EN 13830 test procedure. The recommentdsting methods are specifically dedicated toadart
walls kit that — in the form of building envelopesare not expected to contribute to the load-bgaoin

stability of the main building structures, and @bbk replaced independently, when required. Trereate

test sample, in this regard, should be represgatéir the chosen product family, assumed thatghimaple

contains the less favourable combination of featuilthe standard test ‘procedure A’ is as followis: a

10
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tightness test, water tightness test, serviceghilind load, air tightness test, water tightness, teltimate
wind load. The ‘procedure B’ has an additionallstteycle for earthquake resistance.
Testing of adaptive facades is, in some simple s;asasible with this standard. Facades with wirgJow
doors or shading devices can be seen as adaptwveeudr, in the case of external shading devicesléds
blinds or fabric blinds) they are not an explidiripof the curtain wall testing and underlie EN 2989] and
others. Technically, the reason might be that cotiweal external blinds do not affect the facade
performance. However, due to the representabilitghe test sample, external blind casings should be
mounted and are passively part of the tightnedsg¢es-or windows and doors, there is another aaev
product standard, namely the EN 14351-1 standd@} Thus, facades with openable windows / doors can
be considered as simple adaptive facades whichrlimdeo air tightness standards. Therefore, thst te
procedure for air tightness is considered as fatlow

1) Measurement of facility air leaka@ (facade sample fully sealed);

2) Facade leakage measurem@pt(openable joints still sealed);

3) Measurement of total leakage, after that opendblaents have been opened for five tifggs

This gives the leakage for the faca@Qe(EN 12153 [14]) and for the window / doQy (EN1026 [21])
respectively, where:

Q= Q- Qe 1)

Q = Qi - Qe 2

andQ, Q, Q are defined above.

These are two simple examples of adaptive facaelked according EN 13830. Undoubtedly, this is not
what we typically consider as adaptive facadesthenother hand, it gives a hint how to handle adapt
facades when a CE marking is required. The thoygftetgiously summarised, in particular, should beta
into account when adaptive facade testing is choig. As the current example shows, there arevieys

to deal with adaptive features in testing, nam@yneglect it if no mutual influence is anticipdter (b) the

11
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performance is covered by other standards. Howe@ssible negative interactions should be properly

investigated, since not covered by standards &ndeded, additional tests should be performed.

3. Testingthe structural performance of adaptive facade systems

3.1 Experimental testing during system development

The evaluation of the structural performance whevetbping an adaptive facade concept is a complek t
since due to its adaptive nature, the loads acimthe building envelop and the way they are temnsfl to
the building skeleton can vary depending on theuanstances. This leads to complications regardistg

of the performance, since standardized testing oasthmight not be applicable directly and a holistic
approach might be needed. The experimental testhmuld provide relevant information about the
performance of individual components, but also a&bthe system as a whole. Therefore, various
experimental setups might be required, such amgeat component, sub-system and system level t@irob
useful information concerning all relevant aspedtthe expected structural response of the facadedlits
service life.

The structural behaviour of adaptive facade compisnis greatly affected by the way they are attddie
the main building frame. Sometimes, the joints needccommodate significant strains or are subjetde
cyclic loading and can consequently accumulate dam@onsideration for local failure phenomena esth
sensitive parts is hence important, when assessengerformance of the facade as a whole. Furthermo
movable elements need to be secured to the systelmpmeevented from falling out, even in case of
unforeseen circumstances. Thus, considerationsrudtgral integrity and robustness are highly intaot
for adaptive facades and scenarios of exceptioh#t®ns such as i.e. extreme winds, explosiord an
impacts might be important.

Adaptive facades are complex systems with a cowrmglc set of requirements. To deal with verificatafn
such requirements through testing the top-levelgdespecifications can be propagated down to variou

subsystem and component levels in a consistenéeffictent way as shown in case of a facade deveéoim

12
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project by Flansbjer et al. [22]. This processftem supported by numerical modelling, using it FEinite
Element method, to simulate different testing agufations and study the effect of changing varidesign
parameters.

During the facade system development, desirablgetsirof structural performance are identified tbget
with other aspects such as architectural, functji@taictural, economic, environmental etc. Thdagctural
performance goals are then broken down into véldiastructural requirements concerning component
behaviour, material and connection characterisii¢gh this the tasks for testing those charactiegsare

defined and the structural performance is valid&ddwing a bottom-up approach (Figure 3).

System ) Validation System
development J realisation

N /

Subsystem h Validation { Subsystem

development U realisation
N\

Component Component
development realisation

Figure 3. Facade system structural performance validatiautin testing (figure adapted from [22]).

The validation through testing is typically and uratly builds upon standardised testing procedsiese
construction product manufacturers, testing insguand authorities are familiar with those methods
Reasonable modification of standard tests is, heweiften needed to study specific questions relatehe

performance of adaptive facades.

13
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3.2 Structural adaptivity for testing

Structural adaptivity is beyond traditional struetuengineering, which typically deals with systeimstatic
and dynamic equilibrium. In a structurally adapgvisystem the equilibrium might change gradually
involving large deformations and movements. Theesgyss thus often a mechanism where the stiffriéss,
geometry or the external forces are controlled egitmanually’ or ‘automatically’. ‘Manually’ and
‘automatically’ here refers to the extent the dimual response to the changes in the environment is
regulated.

From a pure structural point of view, adaptive theaystems can take several forms, involving difier
combinations of materials and kinetic mechanismerévin detail, extreme conditions could derive from
exceptional design loads (i.e., impact, fire, naturazards, etc.), but also from an unsafe geocabtfi
mechanical variation of restraints (activation syss).

In this sense, the actual lack of specific regataifor ‘general’ adaptivity forms, makes it algfficult to
make a clear distinction between structural testieghods, procedures and tasks for the same systems
Generally speaking, for a given adaptive facad&jng should first focus on selected regions/corepis
which are representative of the most common (antst critical) elements of the full building enepé.
As such, this selection is strictly related to doenplexity of a given detail / assembly, or to dwmdition
under and frequency at this component /assemiglydected to move / deform [23].

Further difficulties related to the structural merhance assessment by testing (compared to coomahti
facades) can arise when specific Ultimate Limitt&S{@JLS) and Service Limit State (SLS) performances
should be ensured for a given adaptive systemhénniajority of the cases, adaptive skins resuiinfro
free-form design, complex technical solutions andtiple kinematics. Field testing, finally, shouddivays
include accurate investigations at the facade-bssucture interface. In Table 2, some suggestames
provided. However, given the relatively high numlo¢rpossibilities for adaptiveness (including adapt

features and control strategies), it would be irsjiide to make a comprehensive list.

14



Table 2. Examples of performance parameters for the stralctharacterisation of adaptive facades by
testing (recommendations from the EU-COST TU14Q8i&ural’ Task). Specific configuration definitisn

are reported in [1].

Performance Configuration to assess Testing recommended at:
parameter F=full-scale / assembly level
S=small-scale/ single component level

Structural behaviour | Active cable length control and active cable | F+S
prestress control through mechanical actuators,
for cable-stayed facades to optimise material use
(depending on the loading conditions)
Shape memory alloys (with increased F+S
temperature the mechanical properties of a cable

change => higher stiffness, higher prestress)
High-strength thin glass (flexibility combined | F+S
with high-strength)
Fatigue of moving components / materials S
(depending on the expected design loads)

Safety Reinforcement that acts in the event of F
(UL damage/overload

Flexibility Maximum deformations deriving from service | F
(LS design loads should not exceed a certain

reference limit

Safety under extreme | In case of hurricane (solid) solar shutters couldF+S

actions/ hazards close to protect the facade and (more

(fire, explosions, importantly) the building occupants. These

seismic events, shutters are hence intended as sacrificial

hurricanes, flooding, | components.

etc.) Fire shutters integrated in the facade in the event
of fire

Foam interlayers/paints that respond/act in the F
event of fire.
Inflatable barriers or shutters, in case of flogdinF
(to a certain water level, i.e. 50cm)
Airbags for facades F

Fuses / shock absorbers / dampers, in case of F+S
explosion or seismic action
Use of the whole facade as a sacrificial layer { F+S
shock absorber / energy dissipator

Durability Self-healing materials, such as self-healing | F+S
concrete
Quick / cheap retrofitting of facades or facadel F+S
elements through 3D printing technologies
(regularly update your facade by cheap 3D
printed polymer components that may deteriorate
structurally much quicker than conventional
materials such as aluminium, but at the same time
being able to respond to the latest
requirements/regulations)

Fatigue of moving components/materials F+S
(depending on the expected design loads)

15
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The key aspect in Table 2 is that — for structpraiposes — the safe performance of a given adagkive
may require a different number and / or type ofegipents, both at the component and at the assdenai;

At the same time, from Table 2, it is possible dtice that the required experimental method cadifferent

for a given dynamic skin (when the building clagsuee, or design load modifies), also in preserice o
similar mechanical features. In other words, thgidatructural requirements that an adaptive fagembels

to fulfil to provide appropriate reliability levefsom both a human safety and economic perspectwve
involve different experimental methods (even nonwvemtional), depending on the source and typoldgy o
adaptivity.

As also discussed in [1], adaptive facades arestanidard assemblies and their performance is hardly
tangible by out of-the-box testing procedures. @a bther hand, there are established tests to claim
compliance with essential structural requiremethisrefore a holistic approach has to be appliets ¢buld

be done by an agreement among the customer, mamafizscof components and testing laboratory reggrdi
declaration of the adaptive facade performancesatettion of standards to be applied or adjustedome
cases, the development of additional and uniqus i&s major part in adaptive facade design.

For example, thinking about out-of-plane movemenadaptive facades, there could be joints thatwallo
water to penetrate without impact to water-tighsnds®wever, water could remain and enclosed when th
facade moves back its original shape. The movahits pf adaptive facades can also affect theitirife
with regard to the possible cyclic load and fatigafeindividual parts. Experimental verification die
durability and reliability will always require inddually designed test procedures. Also, under vidadis,
moving parts can cause changes in airflow, espgédiathe case of high-rise buildings which may uieg
subsequent verification of the building model baebawvin the wind tunnel. Marutaa et al. [24], insthegard,
reported experimental data for a model in 1/300esofia high-rise house (square section, 75m tlightje
There, it was shown that wind pressure effectsstangly affected by the surface roughness, paatiigu
near the leading edge of the side walls, wherel Isegere peak pressures are expected to decretise wi
increasing roughness. The latter, in fact, can cedte development of conical vortices occurringhat

extreme regions (i.e., lower and higher parts)uilidings.

16
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Regarding existing standards and test procedunesgxperimental testing of adaptive facades coeld b
consequently a challenging task. There are probabhous options to customize test facilities te th
adaptive behaviour. Therefore, a careful prepamatéind a lot of ‘what if'-thinking is the key factdor

satisfactory adaptive facade tests.

4. Selected experimental testing methods of facade components and systems

Beside the recommended testing procedures — actumluse for the certification and classificatioh o
conventional facades (see also Section 2) — thevativeness of adaptive skins often requires tree afs
dedicated testing methods. These could result frenuse of special / unconventional constructiobenis,
as well as from the presence of time-varying bouedgi.e., due to kinematic mechanisms, or dedgraaa
of material properties, etc.), as well as extremgigh loads, where the adaptiveness of novel skinslead
to critical performances, compared to static fasati¢hile the certification testing procedures aretéd to
selected performance parameters assessment, iedlaid, experimental testing may involve novetling
configurations, measurement techniques, etc. Ti@Miog sections, in this regard, are aimed at faliog a
general view on the potential and reliability ofperkmental methods for adaptive facades, with $igeci

attention for structural performance aspects.

4.1 Testing of mechanical connections

Regardless of whether it is a conventional or aptide facade, today's design is characterized \mriaty
of building materials. Besides ordinary steel oroden components and glass panes, a wide range of
structural facade components exists. These candoe i plastics, textiles, transparent foils ogkariayer
polymer membrane, or a multitude of sandwich stmast that are characterized by the interaction of
different materials. In all these possible confagians, a key role is assigned to mechanical cdiomecand
joints, allowing the physical interaction and eveoamplex dynamic performance of multiple facade
components. Contemporary architecture, in factsdoat limit the use of materials or surface finshe

resulting in relatively large variability of matal$ and their joints. In most cases, however -@&afhe when
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using glass or non-conventional materials - theeena guidelines or standard procedures for theogpiate
experimental verification of joints.

Requirements for the aesthetic appearance of hg#dlimit the use of individual types of mechanical
fasteners which are indispensable either for caiorexof single components to a supporting strgstar to
one component to another. For example, thereriana in the last 30 years to maximize transparé@mcgase

of glass facades and reduce the size of glass gsppad visibility of connections. Screws with a
countersunk head or welds are often used, thusuitiace of the facade cladding remain smooth withoy
disruption by the raised heads of bolted suppddesy promising developments in adhesively bonded
connections for civil engineering applications pd®s new possibilities for facade connections anthe
same time associated problems such as durabilityoag-term mechanical properties.

Procedures for the design and experimental vetibicaof common mechanical fasteners used for the
connection of steel, thin-walled cold-formed predilor wooden framing members are given in the aglev
European standards, see for example the EN 199N dr993-1 -1 [25] and EN 1995-1-1 [26]. The ETAG
034 also states requirements on an external clgddirechanically fastened to a frame and specifies
corresponding test methods and procedures in ¢ldsfof mechanical resistance and stability, safetase

of fire, hygiene, health and environment, safetyise, protection against noise, energy economyhaatl
retention, aspects of durability and serviceabilit}]. In the case of the design of structural glasne
connections [27], normative documents or rulegtieir experimental verification are not yet avaléab

Bolted connections for glass applications have hessd in a wide variety for decades due to requérgm
on minimal visual impact. Their design is based tbe experience from practice and the results of
experimental testing. Bolted connections generafie local stresses because of the bolt is subj¢otstear
forces, whereas the connected members are locdijgcted to compressive stress at the locatiorofact
with the bolt and tensile stresses on side of tietmle. In the case of brittle materials suclgksss, the
material is unable to accommodate local stresserurations by yielding such as elasto-plastic nigier
and it represents the major problem of bolted cotmes for brittle materials. Through the years of

application of bolted connections for facades, pretruded bolt connection was evolved further in
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countersunk fixing that uses conical holes andsltoltresist out-of-plane loading and obtain smeotiernal
surface without any protrusions. Relatively recemiitveloped articulated bolts, which includes d aad
socket, allows free rotation of the facade pandlraduce stress concentrations [28].

Countersunk bolts can be embedded during the laimmprocess of laminated glass panels where ayterl
creates an adhesive bond between glass plates rmnatah component of the bolt. Embedded countersunk
bolts for laminated glass panes can be used a$eanadive to the conventional bolted connectidimyever,
their use is limited due to the lack of knowledpew the behaviour under the short / long-termilogiénd
fatigue. Embedded countersunk bolts for laminatedsgwere recently experimentally tested at theckCze
Technical University (CTU) in Prague, see Figura)4T he typical failure pattern is shown in Figudéb)

and (c), where the embedded metal part was firkimideated from the glass pane, together with the

propagation of several small bubbles around itJevuibsequently the failure of glass followed.

19



(©)

Figure 4. Pull-out test for an embedded countersunk balfT st set-up; (b) delamination of the bolt head

and bubbles around the bolt head; (c) failure efglass pane with the hole for the countersunk bolt
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4.2 Testing of adhesivejoints

Requirements for the aesthetic appearance of hg#ditogether with a more uniform stress distrinuti
generally lead to different types of connection; fwth conventional claddings or adaptive facades.
Adhesive connections, in this regard, provide a lmemmof advantages such as a more uniform stress
distribution along the connection (as a functiontioé adhesive stiffness and joint geometry), jajnin
dissimilar materials, including further positivepasts like low weight of the load-bearing composent
smooth surface of the cladding elements and a rdadduction of local thermal bridges.

For these reasons, structural silicones sealants b@en used in facade joints for many years, gikeir
high durability. Silicone adhesives are known asexifile adhesives with relatively low strength
(approximately 1 MPa) and Young's modulus, whiah applied in several millimetres thickness. Fot tha
reason, structural silicones are often used fadd-sonding systems, thus a low strength is congiedsy

a quite large bonded area. The procedures for imeetal verification mechanical properties of sile

joints are given by ETAG 002 [29].
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Figure5. Tensile test of epoxy adhesive with combined mesamsant of strain using extensometer and

Digital Image Correlation (DIC) techniques [30].

Apart from conventional testing approaches, cortss techniques can be also implemented to aisess
mechanical properties of a given adhesive jointe Thgital Image Correlation (DIC) approach, in this
regard, can offer reliable predictions and robaskiground, in addition to common measurement tecias,
see for example Figure 5 and [30].

The so-called, recently developed Transparent Siraic Silicone Adhesive (TSSA) combines excellent
transparency and superior mechanical characteri@ie for example [31]). It is usually used fortalhéo
glass connection without penetration of the glassbers. In comparison to ‘standard’ silicone sdalan
addition, it shows higher stiffness and strengthictv makes it suitable for structural applicati¢da].

The requirements for larger, disrupted facade etésnfrom various materials, as well as slender stpp
frames and structures, lead to the requirementhigimer strength of joints to be able to transfaghler
loading. Subsequently, semi-rigid adhesives (mgstlyurethanes and acrylates) with higher streigam

flexible silicones and reasonable elongation atkrare needed for current facade adhesive joirn, A
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recently developed structural silicones provide atge tensile strength up to 3 MPa according to
manufacturer’'s documents [33, 34] and even a naewergéion of structural silicones are designed fainp
fixings with 1 mm thick bond-line and tensile stggm4.5 MPa [34].

An adaptive facade is an engineering applicatioth véipecific requirements, such as durability and
compatibility despite joining unconventional matési The design life time and the environmentalirage
effects of adhesive connections are hence fundanespects for the knowledge completion about
polymeric adhesives in facades. Actually, sevemdes and guideline documents are available for the
assessment of adhesive joints durability (see xample [35, 36], etc.). However, these regulatians
specific for the automotive or the aerospace indtksst hence cannot be directly extended to facade
connections, due to a wide series of intrinsicuezdt and differences, like for example the joinimaterials,
the operational environments of joints, the in-B@nconditions, included loading configurationsvasl as
curing properties, joint geometry, manufacturinghaitions and joint life time. In the latter case,is
important to remind that the actual / conventioselvice life of adhesively bonded connections feil ¢
engineering and building applications is signifithatarger than the service life of adhesives asdims for
aerospace structures. In this context, the dutglfiadhesive connections for facade applicativens been
largely investigated at the Klokner Institute of CPrague. The experimental programme (still in peeg)
included two adhesive samples with different cheinimse (a two-part acrylate and a Silane Terminate
Polymer (STP)), together with four batches (i.eref@rence set, extended cataplasm, neutral saly $pst,

or immersion in water). Various types of substratel treatment were also considered for the joiirgs, (
blank aluminium with a smooth or roughened surfacmdized aluminium, Zn-electroplated steel wité th
smooth or roughened surface), see [37] for a @etaiescription of test methods. Worth of intereshat the
available experimental results showed that the rangtal ageing method cannot be identified eadity
facade adhesive joints, because the mechanicahdiztipn effects are different, as far as the chantiase

of adhesives modifies. Consequently, further ex¢dratudies and dedicated tests are hence required.
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4.3 Impact testing

In additions to typical loads acting on the adaptiilding enclosures, impact loads may in some<as
decisive factors for its design, both, in termssaffety in use and maintaining adaptive performance
characteristics. Elements of adaptive facades magubjected to different types of impact, dependindgts
nature (i.e., hard body or soft body) and directfpe., acting from inside or outside of the builglj. In
addition, the impact performance of an adaptivadacpanels may be influenced by many factors iime¢ud
the flexibility of the element itself and the stiffss of the supporting structures, see for exafi3del2].
Therefore, as a general rule, different impacttiooa should be considered for a given facade paaehely
represented by its central region, the midpointisecthe panel edges, the regions in the viciaftgupports
and any other key impact locations that may affeetstructural safety and kinematic performancéhef
facade as a whole.

Several standards and technical recommendationsifispge principles of testing of building facade
elements subjected to impact actions [43-46]. imegal, all the standard procedures involve a madsng
into pendulum motion impacting selected areas efdlement with a defined impact energy depending on
the mass of the body and drop height (see alsaé-igju

The “hard body” impact test simulates the impastuleng from a hard object accidentally falling g the
panel. Such a configuration includes two hard bmdgses for testing, equal to 0.5 and 1 kg, relefieed

an reference height that produces an impact erfesgy 3 to 10J, respectively. The “soft body” imp&est
simulates an impact resulting from a person falligginst the panel. To this aim, the soft body ichprahas

a typical mass of 50kg and is built with a leadag filled by glass spheres [43-45], or can consistsvo
pneumatic tires with a steel mass [46]. Accordinghe expected impact energy is in the range of tb20
500J.

In such a kind of testing protocol, finally, spdaansideration should be spent for the fundamestaamic
parameters of the sample to assess, namely thatieibrfrequencies and damping capacity, and their

sensitivity to the actual boundary conditions (gE3).
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Figure 6. Soft body impact test of point-fixed laminatedsgiganel [47].

4.4 Fireresistancetesting

Within the design configurations that a facade meyequired to sustain, fire loading certainly esgnts a
critical condition requiring appropriate safetydésand experimental methods.

Figure 7, for example, shows a fire experiment etiog to SP Fire 105, a dedicated test method for
full-scale facades, as in use at the fire lab itéesl of RISE Research Institutes of Sweden (RIi8Eweden
(see [49] for further details). Fire resistanceeasment investigations, as known, represent adqayg for
buildings in general, but especially for facadesfggenance evaluations, both in the case of glazing
components - typically highly sensitive to elevatechperatures — but in general for building systéms
which combustible materials are used (see for elanffD-54], etc.). The SP Fire 105 test method, in
particular, specifies a procedure to determineréaetion to fire of materials and construction rfeenal
wall assemblies or facade claddings, when exposetreé from a simulated apartment fire with flames

emerging out through a window opening. The behavibthe construction, the materials and the fireead
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(flame spread) in the wall/cladding can be studkidure 7). To reliably assess the fire performaoicthe
entire system, the facade needs to be tested liscale. Due to the differences in building regolas
throughout the countries, large differences capliserved in the testing methods in Europe. Accgldira
harmonised European methodology for testing andsifleation of facade systems is currently under

development, allowing to assess all relevant moflesrtical fire spread.

(@) (b)

Figure 7. Fire lab facilities at RISE Research InstituteSwofeden. Example of (a) full-scale experimental

setup and (b) damage propagation for a facade eslgodire loading.

45 Blast resistant testing

The determination of the blast protection levetiwil engineering buildings components against esie
effects, in general, represents a topic of cruicrgdortance, in current design practice. Even muatem
catastrophic effects can be expected — given & &lant — in the case of envelopes and facadeggvthese
systems are required to provide the first line efedce of the building occupants. However, someiatu

aspects still need to be properly addressed.
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First, some key aspects for the optimal design lastbresistant structures have been only marginally
considered in the last decades, and currently requigent and appropriate regulations. This is @ajhe
true in terms of experimental testing, with carefohsideration for facades, where the intrinsicemak
brittleness is the major influencing parameter bitast-resistant assemblies. While the blast assagsaof
buildings and complex systems is in fact usuallyi@ged by means of experimental investigationseggn
regulations and guidelines are currently missingcfatain walls, with the exception of limited docents /
test configurations that do not reflect the vatigbiof geometrical / mechanical features of inniva
dynamic skins. In this regard, the European RetsreNetwork for Critical Infrastructure Protection
(ERNCIP) - Thematic Group “Resistance of Structu@sExplosion Effects” is currently attempting at
developing a set of specific guidelines and recondagons to harmonise test procedures in experahent

testing of facades (especially glazed systems)rupidst (see for example [55, 56]).

Experimental testing may then be reliable and udefaddress and optimize novel facade componémts.
[57], for example, special brackets have beendestel proposed as an efficient solution for thégaiion

of conventional glass curtain walls under blase B&gure 8. The dissipative joint aims at redudihg
stiffness of conventional rigid restraints at thieiface between curtain walls and the building stnbctures
(i.e., the inter-storey floor slabs), based on @hmeism able to activate under high strain impelsvents
only, while preserving the structural load beargpacity under ordinary loads. As far as part @& th
incoming blast energy can be dissipated via sa@ificomponents, this can strongly reduce the drpec
effects on the facade components, hence resutimmhanced dynamic performance and optimized design

assumptions.
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Figure 8. Experimental testing of dissipative brackets fmades under blast [57]: (a) bracket detail (front

view) and (b) damaged slab connection after testing

4.6 Multi-functional outdoor testing

In conclusion, it is generally recommended to penfthe experiments in laboratories and facilitiest thave
accreditations to relevant test methods for facaglhen the final intention is to certify productsccording

to EC regulation No 765/2008, the ‘accreditatiory & National Accreditation Body confirms that a
Conformity Assessment Body meets the requiremegitdy harmonized standards and, where applicable,
any additional requirement (including those set ioutelevant sectorial schemes) to carry out aifipec
conformity assessment activiti full list of European accredited laboratoriesgliding their key testing
methods and certification bodies, can be usualipndoin the databases of the National Accreditaiodies,
which are associated with the European cooperé&tioficcreditation (EA), see [58]. Figure 8, in thegard,
presents a selection of EU facilities that are edited for a large number of experimental methadgHe
structural performance assessment of facades ataircwalls (with special consideration for EU-COST

Action TU1403 Partner Countries).

28



1

2

3

ol

10

11

12

13

14

15

16

Given such a general rule, however, the recommamd&b test in accredited laboratory cannot beyfull
applicable in all cases, because the actual offdimited, especially in case of adaptive facadzareful

consideration is required, for example, when exérelesign loads are expected.
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Figure 9. Selection of accredited European testing labaegdor facades assessment (EU-COST TU1403

Partner Countries).

Among the selection of Figure 8, in this regard Hacade Engineering Centre (CC FM) at the Lucerne
University of Applied Sciences (HSLU, Switzerlangfpvides one of the biggest facade and window test
facilities in Europe. The facility is especiallysigned to be used beyond standard test methodexgople,
multiple storey facades can be tested with simdldior slabs. Facades with high deflections, ldeble
facades, can also be tested.

The test rig is designed as a continuously adjiestadutdoor facility (see Figure 10) with an acdass
pressure chamber (2.5m deep) and external sprinklm case of high deflecting facades, a maximum
deformation up to 0.9m can be allowed into the dbem

The test facility has the following specifications:

29



10

11

Dimensions 8x12 M

Pressure + 10000 Pa (depending on tightnessnan800 rih)
Pressure pulse -3000 Pa to 3000 Pa within 5 slscon
Driving rain up to 4 L/(rhmin)

(@) (b)
Figure 10. CC FM test facility at HSLU (Switzerland): (a) 3Refch and of (b) photo reproduced

from [59] (Copyright® HSLU, 2014)

Wireless instruments ensure a straight forward lvagnduring installations, as well as during tegtin
The technical centre is located beside the facestefacility and is divided in two parts; the ergypart and
control part. The engine part contains the devimgspressure generation and rainwater with a water

reservoir for independent water supply of the maater supply. In the control part, the monitoringda
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control computer based on HOLTEN test equipmentocated. All signals of pressure and wireless
displacement transducers are collected from thaaquart.

Test procedures can either manual or programmetiatiedl. For standard procedures appropriate progra
routines are available. For specified observatmrs detailed view in individual procedure steps filrcility
can be manually controlled. In case of standardteeting, results and classification output caeatly be
given, such as (a) test metrics; (b) air tightnésswater penetration; (d) static load resistarjegdynamic
load resistance; (f) deflections.

While the test rig is primarily designed to be udegond standard test procedures, the CC FM hasgstr
experience with unconventional test proceduresabald be relevant for adaptive facades. For exantpls

is the case of hurricane impact testing, involviegceptional dynamic performances for the facade
components. Accordingly, further adaptivity / flesity for adaptive facades is also required foe thesting

infrastructures.

5. Conclusion

In this paper, an insight on novel adaptive facades reported, with special care for the structural
performance assessment of smart envelopes. Althadgptive facades are getting gradually more common
in modern building skins, their structural desigi sepresents a challenging task. Major issuesratated to
the characterisation of their mechanical performaneven in lack of specific design regulations and
provisions in support of engineers for appropretperimental testing approaches. In this regaedrelsent
outcomes of the ‘Structural’ Task Group involvedhie EU COST Action TU1403 were briefly summarised
in this review paper, aiming at discussing the texgsstandards and testing methods for conventional
facades, and pointing out the key features of agapkins and the need of dedicated procedurethér
performance characterisation based on experiments.

Firstly, for performance assessments according\Ndl8330 or ETAG 034 standardized test procedures fo

static facades represent a challenge for adamiv&des. There, a given adaptive facade can haezedif
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performances (depending i.e. on system changeadoth mechanism, triggering event), and thus tesul

in different performance indicators to properly leede. The applicability of conventional experinartest
methods to adaptive facades, given the favourableindavourable adaptive states and the possible
interactions between test procedures and adaptivitist be considered carefully. Additional expeniaé
tests might be also necessary, to offer appropsifiety levels to adaptive skins, even under exdrdasign
loads or unfavourable mechanical conditions. A galieed methodology and testing suggestion —alele

to cover all the possible structural adaptivitynfigr - is however currently not possible. In someesas
unconventional experimental approaches (inclushiarmvative monitoring systems) may be also resplir
The final result is an adaptivity of experimentahtegies that should be able to point out theipltessritical

aspects and performances of structurally efficéataptive facades.
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Adaptive facades are increasingly used in buildings, but these novel skinslack in an appropriate structur
a characterisation

The paper gives a set of definitions and rules for structural performance assessment of adaptive skins

A classification approach is proposed for structural adaptive systems

Reliable metrics and structural performance indicators are suggested

A discussion of experimental methods and regulations for structural testing is presented





