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Abstract

Optimally designed tuned medampe-inerters (TMDIs) are considered to meet «-prescribed serviceability criteria in typic
wind-excited tall buildings subject to vortex sheddiffgets in a performan~-based design context. ThéMDI, couples the
classical tune-mas-damper (TMD) with an inerter, a t-terminal device resisting the relative acceleratdrits terminals
achieving mas-amplification and highrmodesdamping effects compared to the TMA benchmark 7-storey buildilg is
considerec where TMD is added to the structural system assuming idealrlimeater behavior. The wind actids defined
through a no-diagonal power spectral density matrix supportiomputationally efficient frequency domain structuaaalysis.
The TMDI is optimally designed fostiffness, damping, and iner constant paramet¢ via a standard numerical optimizati
searcl, for a range ofprespecified attacheTMDI massvalue:. It is shown that the TMDI achieve more lightweight
constructiorin the design of new co-compliant tall buildings against wi.
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1. Introduction

Performanc-Based Engineering (PBE) in integrated framewo thatduring lastdecadereceived significal
attention fron researchers and practitionaiming tooptimally design strcturesachievingpre-specified levels ¢
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structural performance under different hazards [h].this context, PBE has been considered to trhat t
serviceability performance of tall buildings und@nd excitation [2]. In particular, wind-excitedesider high-rise
buildings with rectangular floor plan are proneetessive accelerations in the across-wind dinediie., within
the normal plane to the wind direction) due to e®rshedding effects generated around their edgép Bnsuring
that the across-wind floor accelerations remaimWwed certain threshold associated with users’ canfifecomes a
critical performance requirement for serviceabi[i}. In general, increasing the stiffness of thelding does not
lead to suppression of wind-induced peak acceteratj6]. Consequently, supplemental damping systmm®sften
provided to modern tall buildings appropriately idasd to meet the occupants’ comfort requiremergsqgribed by
building codes and guideline. To this aim, tunedsydampers (TMDs), among other devices and configunrafor
supplemental damping, have been widely used owepdst three decades for vibration mitigation indméxcited
tall buildings [7,8]. In its simplest form, the &ar passive TMD comprises a mass attached towagd®phof the
building whose oscillatory motion is to be conteall (primary structure) via linear stiffeners, imgmction with
linear energy dissipation devices (dampers). Thectffeness of the TMD relies on “tuning” its stiffseand
damping properties for a given primary structurel attached mass, such that significant kinetic ggnes
transferred from the dynamically excited primamusture to the TMD mass and eventually dissipatedutih the
dampers.

The two main drawbacks of the TMD regarding the segpgion of lateral wind-induced floor acceleratianss:

e The TMD is commonly placed at the upper floors of bdding and tuned to control the fundamentalrkite
mode shape of the primary structure (e.g. [9]). étheless, peak floor accelerations are heavilpaeniced by
higher modes of vibrations which the TMD cannot cont

e The effectiveness of the TMD for vibration contropdads heavily on the attached mass [8,10]. Therlatn
rarely exceed 0.5% to 1% of the total building masdall buildings as it becomes overly expensive t
accommodate its weight and volume due to strucamdlarchitectural limitations, respectively.

To address the above issues and concerns in anativ@wmanner, Giaralis and Petrini [11] exploreel plotential
of incorporating an inerter device to wind-excitdd1D-equipped tall buildings, to achieve enhancedoffl
accelerations suppression in the across-wind ddreetithout increasing the attached TMD mass. Tlestar is a
line-like two-terminal device introduced by Smith 2002 [12], having negligible mass/weight resiptielative
accelerations between its terminals, and charaetiby a scalar variable called “inertance”. In][the tuned mass-
damper-inerter (TMDI) configuration, originally ioduced by Marian and Giaralis [13,14] for earthaquak
engineering applications, was considered. Appréeighins in reducing peak top floor acceleratians i74-floor
benchmark tall building were achieved comparechto TMD through a parametric study considering nptireal
TMDI stiffness and damping coefficients for fixedaehed mass and increasing inertance. These gaiadgtabuted
partly to the mass-amplification effect and patthy higher-modes-damping effect endowed to the TMDtHey
inerter. In the present paper, the same buildimgchmmark structure is used as in [11] to derive roati TMDI
stiffness and damping improving further the TMDIi@#incy for floor acceleration control compared same-
attached-mass TMDs.

2. The Tuned Mass-Damper-Inerter (TMDI) for multi-storey building

Conceptually defined by Smith (2002) [12], the idawerter is a linear massless two-terminal mecoteini
element resisting the relative acceleration ateitsiinals through the so-called inertance coeffitgie, measured in
mass units. In this regard, the inerter elementefér shown schematically as a hatched box in the wifldtig.1
reads aF =b(u, - 1) , where, a dot over a symbol signifies differemtiatwith respect to time. The ideal inerter can
be interpreted as an inertial weightless elemenisetgain depends dnand on the relative acceleration observed
by its terminals [15].

The above considerations led to the TMDI configuraiio [13,14] where an inerter device is used asaasm
amplifier contributing additional inertia to thetathed mass of the classical TMD without increadimgveight to
enhance the TMD vibration suppression effectivengpscifically, consider a planar linaastorey frame structure
modelled as an-DOF dynamical system with masg (k=1,2,...n) lumped at thé-th floor as shown in Fig.1 (a).
Treating the above system as the primary structieeTMDI configuration comprises a massyp, attached to the
top floor via a linear spring of stiffnessyp and a linear dashpot of damping coefficienip, and linked to the
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penultimate floor by an ideal inerter of inertarb. The massM, the dampincC, and the stiffnesK matrices
characterizing the dynamic behaviourthe TMDI equipped system in Fig. Ire given in Eg. 1) wherec;; andk;;
are thei,j) elements of the primary structure damping arfthetss matrices, respective

m 0 0 [a: c. Gn 0
0 m : (o : :
M = : : 0 O 0 ,C Cn—2,n—1 Cn—z‘n 0 ,
0 m,+b 0  -b Goant G 0
0 0 m, 0 SYM Gt Crmo — Guoi
L 0 0 -b 0 My + b_ L Crvoi J (l)
Ky ki K, 0
K, , : :
k k 0
and K — n-2,n-1 n-2,n
kn—l,n—l kml,n 0
SYM iﬁ,n"' KMDI - KMDI
L kTMDI i
.5‘1076,
E —<—uncontrolled
J &--TMD
g -A--TMDI

Acceleration

Fig. 1. Lumpedmass linear model of a wind excite-store\ frame building equipped withTMDI (a); suppression of higher modes of vibra
in terms of acceleration transfer funct, casgs=0.69,4=0.1 (b)

Note that the incluion of the inerte changes onl the mass matr M of the controlled structure (i.eC andK
are the same for the TMD and for the TMI and thatfor b=0 the mass matrix otthe TMLC-equippedframe
building is retrieved (i.e., the TMD is a special case ofiMDI). Furthermore, fob£0, M in Eqg.(1) s notdiagona
since the inerter introducs “gyroscopic” inertil crossterms that couples tt DOF of the attached mass, numbe
asnt+l, with the DOF of the penultimate flo Thesecros:-termsalterthe dynamics of the primary structisuch
that higher modes of vibraticare damped besides tfundamental moc shapeAs a final remark, the fact that t
effective inertia corresponding to the DOFthe attached mass is equal mpyptb) in Eq.(1)(mass amplificatiol
effect of the inertermotivates the definition of the followirfrequency raticwryp and damping rati¢myp,.
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Krwioi
(Mo + B Crvoi (2)

Frver = wl ’ gTMDI B 2\ (rnI'MDI + b) lﬂ'MDI ’

to characterize the dynamics of the TMDI given dadited masBypy and inertancé.
3. Adopted primary structure and wind excitation model

To optimize the TMDI in Fig. 1(a) for suppressing dimduced oscillations in tall buildings, a higkeibuilding
previously considered for the development of agremince-based wind engineering framework [4] ietaks a
benchmark structure. The adopted structure is aoféyssteel frame building of 305m total heighttwé 50m-by-
50m footprint. The building comprises two spati@destframes, one inner including 12 columns, and omer
formed by 28 columns, the two frames are connebtethree outriggers located at 100m, 200m, and 300m
elevation. All columns have hollow square sectianish) varying outer dimensions and thickness altivegbuilding
height ranging in between 1.20m to 0.50m, and 0.06r0.025m, respectively. Beams are of variousdsteh
double-T steel section profiles and all beam-tatool joints are taken as rigid. The outriggers aeeds consisted
of double-T beams and hollow-square diagonal stiThe first three natural frequencies of these maaled the
corresponding modal participating mass ratios eptheses are 0.185Hz (0.6233), 0.563Hz (0.190@),1e052Hz
(0.0745). The modal damping ratiéshas been assumed equal to 2% for the first 9 mfidds Starting from
detailed FE model of the structure, a reduced dynaystem withn=74 DOFs is derived in terms of mass,
damping and stiffness matrices to serve as theapyinfjuncontrolled) structure. The 74 DOFs of thatem
correspond to the lateral translational DOFs offBemodel. The wind action is considered only inabmss-wind
direction as this is the critical direction to ckdor the occupants’ comfort criterion for this pamlar structure [4].
The wind force componeng (k=1,2,...,74) acting at the slab heights of the primsructure as pictorially shown
in Fig.1 are modelled as a zero-mean Gaussian ierggmatially correlated random field representedthie
frequency domain by & (@) e R™™ PSD matrix.

The response displacement and acceleration PSDcewtf the TMDI-equipped primary structure are otedi
using the frequency domain input-output relatiopshi

S, (©)=B(0) S (0)B(0) and S, (0)=0'S, (o) 3)

respectively. In Eq. (3)Se is the PSD wind force matri$/t augmented by a zero row and a zero column
corresponding to the DOF of the TMDI which is nobjgated to any wind load and the “*" superscriphoies
complex matrix conjugation, and the transfer maris given asB(o) =[K - o°M +iwc]’1, beingi = +/~1. Finally,
peakk-th floor accelerations are estimated by the exyoeseak(x, } = g\/g , and the peak factgris estimated by
the widely used empirical formulg= [2in(5T,,,,) + 0.577,/ 2n(1T,,,) -

4. Performance-Based optimization of the TM DI

The performance of the building in term of occupardsnfort are evaluated by comparing the hourly peak
accelerations of the floors as experimented undksiggn wind having an annual return period (meand welocity
V=35 m/s at the top of the building at the considesige), with code-prescribed threshold values dédimg on the
first natural frequency of the building in the aggsewind direction.

Then, considering the configuration in Fig. 1(a}timzation of the TMDI parameters (Design Variabld3Vs)
ormpr and&mypy in EQ. (2) is conducted for fixed values of the TMiass ratiQi= Mrypi/Myiging @Nd inertance ratio
S=b/Mpiding by using the pattern search algorithm [16]. Sitneemaximum peak acceleration is always attained by
the top floor of the building, the goal of the opization problem is to minimize the hourly peak tfhpor
accelerationpeak{x,,} induced by the considered wind loads, subjectethéoconstrains of meeting the structural
performances in terms of peak top floor accelenatifpeak{x,,} < %,....« O building occupant comfort) and

maximum peak drift along the height of the buiId(r}ga&jm[ peal{xj - XH}] < 0,00 Structural and non-structural
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damage limitatior. The details of the suctural optimization problem atrsummarize in Table 1,showingthe
threshold values considered for the constrainglavalue range considered for the D\.

Table 1.Parameters’ values in the TMDI optimizat

Design variabls min Max
OTMDI 0.z 1.2 Note: the objective is to minimize the petop
Sl 1c® 0.8 floor acceleration at the top of the build
Fixed paramete value: Threshold responsvalue
u 01%-0.9% Ko rocrnin 102.9 mm/%
p 0-0.4 o, 0.004

The resulting values of thoptimization are shown iiFigure 2, where the performar of the optimizec
configurations in terms (peak{s,,} arealsocompared tdhe classical TMDcasef=0). Moreover, the peak inert
force, obtained by multiplying the inertanb by the peak relative acceleration between the heaér terminals, i

shown in Fig. 2(d). It is seen that this force ke reasonable values that can well be accomnubdstehe
structure
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Fig. 2.Results of the TMDI optimization in at fixed valueku andp : (a) optimabmvp values; (bpptimal &rvp, values; (c) structural
performances of the optimal configurations peak inerter force for the optimal configurati

In order to express the optimal values vryp and &rypy in closed forr, a linear regression of the values
figures 2(a) and 2(b) wity, i.e. vrypi=ai+c; andémyp =&:U+c; is first undertake for differentvalues off. Nexi,
the obtained values of ttg andc; (i=1,2) parameters a fitted with polynomiallinear andbr quadraticlaws with
respec to # andor /s . Finally, the obtainedpolynomial coefficient: are expressed bifractions of two intege
numbers At the end of th fitting process,he optimal valueare writter as

26 288) 1 11
Urvipi Zﬂ[aﬂ_aj_aﬂ*'l ' Srwoi =1],u(ﬁ—\/ﬁ+ ])+€f+§ﬂ (6)
where & is the modal damping ratio of the first structumode of the primary structure equal2% in the
examined cas The matching betwe: the numerical values olined by the optimization algorithndots of various
shape) and thevalues fron Eq. (6) (dashed lines) are showi Figure I, where the agreemebetween the twis
shown to besatisfactor, with a maximum erro(absolutedifference between the tr and thefitted values dividec
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by the true value) equal to 0.06% fatp, and 7% forcryp,, in both cases occurring for the largest consitigre

value.
1.00

. 0.16 g
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Fig. 3. Comparison between fitted (Eq. (6)- dadimezk), and optimum valueg£0.1 (A), 0.2 ©), 0.3 &), 0.4 @)) for vrmor andérmp
5. Conclusions

Optimal TMDI damping and frequency ratio parame{éfgp, andotvp; respectively) are found to follow the same
trend of classical TMD parameters at increasimagsfor fixed inertancevalues. Structural response results (Fig.
2(c)) confirm that for small attached mass the TNyBiforms significantly better than the TMD. Peakrieeforce

is found to be at manageable levels for connedtieginerter terminals with the primary structurastly, closed
form expression ofryp andémyp parameters as a function mfassandinertancehave been derived by means of
ordinary polynomial fitting techniques in the rangferalues that are relevant to tall buildings.
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