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Abstract

Multiple design aspects influence the building parfance such as architectural criteria, variousrenmental impacts
and user behaviour. Specific examples are sun,,wénaperatures, function, occupancy, socio-cultasglects and other
contextual aspects and needs. Even though thesetaspre acknowledged to be variable, conventibo#diings are
conceived to provide one design solution, represkint a static configuration. Ongoing researchudek several of the
above mentioned environmental design drivers, astoripers wind, earthquakes, daylight, interior exrior climate
as well as user requirements.

In this paper two of these aspects shall be coreidend discussed in more detail; namely wind anthquakes, which
are manipulated with shape morphing elements witterbuilding envelope and / or active structutaihents. Finally an
outlook will be presented how the introductionlué idea of adaptive systems will have impact orfuhge of structural
engineering.
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1. Introduction

Multiple design aspects influence the building parfance such as architectural criteria, variousrenmental impacts
and user behaviour. Specific examples are sun,,wéneperatures, function, occupancy, socio-cultasglects and other
contextual aspects and needs. Even though thesetasgre acknowledged to be variable, conventibnddlings are
conceived to provide one design solution, represkimt a static configuration. Due to the change®ids and context, a
static building cannot guarantee the same levekoformances over time. This will lead to a disemrggy between the
building and the environment.

Ongoing research includes several of the above ioratt environmental design drivers, amongst othveirsd,
earthquakes, daylight, interior and exterior clienas well as user requirements. In this paper fwlese aspects shall be
considered and discussed in more detail; namely wid earthquakes.

Within this paper the possibility to utilize theagdation of the facade in order to control its sianoghness and thus
manipulating the air-flow characteristics of higker buildings or wide span structures. Shape magpklements, for

example made out of smart composite materialspedocated at specific areas of the building erpel® modify the

wind velocity field close to the fagade to contitué heat exchange between inside and outside thigngu Further on to

this adaptation, which takes place at building congmt level, a global shape changing system dbitede leads to new
ideas about wind optimised buildings, which leadhigh-performance aerodynamic systems

A second area of application of adaptive structsiyatems is seismic design: in this paper a stfidy @fficient seismic
responsive adaptive structure will be presentedndJactive elements the internal force pattern vl optimised to

control the behaviour during a seismic event. Bvalht the brought-in energy will be re-distributeithin the structural

system in a beneficial manner and this will alldve tuilding to be truly an adaptive structure, @ast of a passive
structure controlled by active systems.

2. Design Drivers
2.1. Wind Loading

One of the key aspects for large-span or highstisectures is the wind loading, which is a highjjndmic phenomenon
and therefore a very interesting driver for adaptarchitecture. While in other disciplines, suchaasospace or
automotive industry, aerodynamic performance-oatatt shape optimisation is a regular approach rdhitactural
design it is less common. Of course the major difiee between these other disciplines and architedés that for
aerospace or automotive a clearly defined flowdtioe exists, while the design of buildings reqgsitiee consideration of
variable directions (and velocities as well).



One possibility to deal with this is the shape nhimg at a large scale [1-4], the second optioo isandle it at a smaller
scale, namely the roughness of the envelope [5-7].

The wind load of a high-rise building with a geonwtlly morphing facade is analysed by numericalidation. In this
paper the focus is on the influence of the surfagture, on the wind pressure and velocity fiellslesign solution is
presented of an adaptive building skin construcedmart materials, which are capable to sensenattoally and
inherently to detect changes in their environmeuntta respond to those changes with some kindtaé#on or action. In
this project the focus lies on shape morphing smeaterials, which are able to adapt the buildinguiee by intrinsic
material characteristics, such as smart compositenmals [7, 8].

2.2. Seismic Loading

There are two possibilities to design a structareesist lateral earthquake loads: The first ongiving it enough
dissipation capacity, in order to dissipate thergp@ntroduced by seismic motion of the structdree second one is to
isolate it from the ground, avoiding energy thatyrba introduced in the structure.

The traditional strength based-design is basedtbaraugh selection of load-bearing componentsatfuecture, in which
the following properties of the chosen materialr@tevant: modulus of elasticity, ultimate stresd density, which must
be taken into account. Besides geometrical cordigum and function, these properties allow to deige the ultimate
strength of the structure and to face predefined lkkases. However, it is assumed that buildingsweitk in a "static"
mode when its structure bears the dead and liwdslram the roof or top story through the groumdthle other case, the
building will work in a "seismic" or dynamic moddijssipating through vibration or motion. In praetithe same
structural system is assumed i.e. a configuratiorolads, which works in both modes: static andraéi.

3. Case Sudies
3.1 Wind-adaptive facade system

On simple case studies a series of CFD simulati@ave been performed to analyse the actual influefaxternal
roughness elements on the wind flow field closénéosurface of a building. The code OpenFOAM 1 as Iheen used for
this purpose [7]. Figure 1 shows the geometry ef lihw rise building with dimensions 10 by 7.5 by ifeters.
Balcony-like appurtenances are added on the fem@ fupwind facade). The following two cases haaensimulated:

Al. Smooth wall
B1. Wall with balconies

Figure 1: Low rise building with balconies

The second case study is a simple square higheriger, which is 30 m wide and 100 m high. The roggds elements are
chosen as balcony-like horizontal fagade projestias long as the building side and as fin-likeieatiprojections as
high as a floor (Figure 2). The following casesébeen studied:

A2. Smooth surface
B2. Horizontal roughness elements on the side wall
C2. \Vertical roughness elements on the side wall



Figure 2: High-rise building with roughness elensefiteft: case B2 and right: C2)

Simulationsresults and discussion

Figure 3 shows the comparison between the predmids of the smooth building (case Al) and thelding with
appurtenances (case B1). Only the values of tht §ide (the one facing the wind) are reported. difierences between
the two fields are rather evident because of tkegnce of the balconies, especially at the togladround floors.

After validating the methods and demonstratingabesibility to modify the pressure field by meahfagade projections,
the second case study has been analysed. Theedifem the pressure fields for the case of a smaad a rough facade
are much less evident for high rise buildings. Hesvethe influence of the roughness elements ishnstronger on the

velocity field.

Figure 3: Pressure field on the upwind facade efldlw-rise building (Case Al and B1)

In Figure 4 the velocity fields of case A2, B2 @@ are compared (wind coming from the right haue sif the picture).
The values of velocity are taken along a planetitat 0.5 meters away from the facade surfaceshwvrresponds to
the plane. This intersects the roughness elemethgia centre point. It is possible to notice howich the flow field is
affected by the presence of the roughness elem&lotsg the smooth facade (case A2), velocitiesnaostly within the



range 5 — 9 m/s and up to 15 m/s close to therndgle upwind corner. Right after this corner, ¢hisran area where the
velocity is almost equal to zero.

Moving the roughness elements in a vertical dioecfcase C) a larger uniformity of the flow fieldlee provided. They
offer a big resistance to the wind, decreasingtheelocity close to the facade. This effect carekploited when there is
need to decrease the heat exchange between tha d outdoor environment. Turning the roughnésments into a
horizontal direction, provides a sort of canaligatof the air which can be exploited for moving #tane at a higher

velocity where desired [7].

Figure 4: Velocity field on the side wall of theghirise building (case A2, B2 and C2). The windasning from the
right-hand side.

A minor positive effect obtained by adding rougtmetements on the facade is the decrease of vwprtikise to the
upwind corner. Figure 5 shows the different presslistributions on the lateral side of the build{mgnd coming from
the right hand side of the picture) with (case A2y without (cases B2 and C2) the roughness elamarthe side wall.

The zones characterised by a strong under-pressutetherefore by a strong suction on the facadmestés (e.g.
windows or double skin elements) are coloured th teis evident in Figure 5 that close to the g corner in the
upwind zone there is a strong under-pressure ai@a.is because of the presence of a corner vavtegh is almost

completely eliminated.



Figure 5: Pressure field on the top region of ide svall of the high-rise building (case A2 and BRhe wind is coming
from the right-hand side.

3.2 Earthquake-adaptive structural system

A typical example based on a 5-story building Wélused to study the optimal stiffness distributiba vertical structure
faced to earthquake motion. The final aim is tolys®the adaptiveness or capacity of the structueglapt itself to the
very significant loads that change in time.

The elastic response of the structure to lateraef®is depending on the stiffness properties @fsirstem. In order to
determine the base shear, most procedures areddfinseismic design codes in which the final vadugbtained from

different parameters: acceleration and main featafehe ground, structural system of the buildamgl weight of the

structure. These parameters (among others as pgatmmce factor depends on a building’s functior)used to define a
factor that multiplies the total weight in order fbe base shear to be a percentage of the tota afiduilding, see figure
6.
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Figure 6: Load cases 1 and 2 (left and right) &erdal loading equivalent to base shear in 5-gtoigs [10]



Load Path M anagement

Load path management (LPM) [9] aims at optimisimg performance of the load bearing system, whilgimising its
weight, by manipulating the properties of the suital elements, in order to control its responsethe context of
dynamics various properties, such as moving masksesping and/ or stiffness, can be used to cothmlstructural
behaviour. For instance if the displacements cacoérolled to zero, it is possible to reach audttinfinite stiffness of
the structure supported by means of input of enbrgywithout additional mass.

The first step of LPM is the optimisation of therde paths for a fixed geometry and neglecting ahjgatibility
constraints, see fig. 7. This results in an optionaks section distribution with a 100% stresssatiion.
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Figure 7: Passive optimized stress distribution
Displacement Control and Adaptation
Based on the force path optimisation a conventidfaM analysis is carried out to determine the feremd

displacements of the given system. The differeretevéen this analysis and the aimed optimal fordh gdefines the
required active response of the system, includiegiumber and location of active elements.
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Figure 8:AN = Optimized — FEM axial forces

The selection of actuator and sensor numbers aradidms is carried out through a sensitivity analyshich tests the
effects in nodal displacement and axial forceseaes the length extension in one unit for eaelmeint of the structure.
The iterative process output is the selection efrttost efficient positions, i.e., how far this aion in length will allow

achieving the desired state of forces or deformatiigure 9 shows the configuration of the struetwith the most
efficient actuators.
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Figure 9: Distribution of eight most efficient aatars for each load case

For dynamic case, it is more likely that the sessord actuators will be at different locations loa $tructure, although a
regular configuration permits some simplificatighg].
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Figure 10: Stress utilization in passive (left) aathptive force path optimized (right) system,lf@1 and LC2 in the
most stressed elements in the structure

Finally, the determination of the optimal force hmtakes place after a comparison between theveaegiimized

structure and the adaptive solution. The adaptiueire considers active elements in the locgti@uefined. In figure
10 it can be seen that the passive force path gatiion achieves a stress utilization of 100% folysome elements of
the structure, while a stress utilization of 100%4ll elements in all load cases can be achievethéoadaptive system.

4, Conclusion

The presented case studies demonstrate the pbtdraagaptive systems in the built environment. Amyire constructed
building system or its components should be evatuah their potential to react flexible and adaptvfuture changes of
user requirements or variable environmental comatiti The introduction of smart materials and cdrdystems into

architectural and engineering systems will providey possibilities to achieve new levels of perfonoes.
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