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Abstract

Mass damping is a well known principle for the reduction of structural vibrations and applied
in tall building design in a variety of configurations. With mass usually small (around 1% of
building mass), the properly “tuned” mass damper (TMD) shows great effectiveness in reduc-
ing wind vibrations, but minor advantages under earthquake excitations.

The above limitation can be surpassed by utilizing relatively large mass TMD. For this pur-
pose, two different solutions are here proposed. In both cases, the idea is to separate the
building into two or more parts, thus allowing for a relative motion between them, and acti-
vating the mass damping mechanism.

In the first solution, the building is subdivided along elevation into an upper and a lower
structure, separated by means of an intermediate isolation system (11S). In the second solution,
by revisiting the classical mega-frame typology, the exterior full-height structure provides the
global strength and stiffness, and secondary structures, extending between two transfer levels,
are physically detached from the main structure at each floor and isolated at transfer level.
Simplified lumped-mass models are developed for illustrating the dynamic behaviour of the
two solutions and carrying out parametric analyses. Procedures for deriving optimum values
of design parameters are also proposed and compared to the parametric study.

Keywords: mass damping, motion based design, vibrations control, tall buildings, Mega Sub-
structure Control System, Intermediate Isolation Systems.



mailto:elenmele@unina.it
mailto:diana.faiella@unina.it
mailto:mario.argenziano@unina.it

E. Mele, D. Faiella and M.Argenziano

1. INTRODUCTION

Mass Damping (MD) is nowadays a consolidate passive strategy, widely applied in tall building
design since 1976 (John Hancock Tower in Boston) for mitigating structural vibrations and improve
serviceability and occupant comfort [1]. A Tuned Mass Damper (TMD) is an auxiliary device at-
tached to the main structure, consisting in a mass, spring, and damper. While TMDs with relatively
small mass are very effective for reducing wind-induced response, they are not equally interesting
under earthquake excitations [1 - 4].

In order to improve their seismic effectiveness, large mass TMDs can be utilized. With this
choice, in fact, the system becomes most robust against deviations from design parameters and less
dependent on the earthquake frequency content and the impulsive character of the seismic input [5].
This large mass can be obtained by converting a part of the structure into a huge mass damper, also
appointed as non-conventional mass damper [5 - 9], thus combining control and structural functions.
For this purpose, two different solutions are here proposed, by separating the building into two or
more parts that vibrate out of phase and, thus, activate the mass damping mechanism.

In the first solution, the building is divided into two substructures, a lower and an upper structure,
separated by means of a flexible horizontal disconnection, the isolation system, thus realizing an
Intermediate Isolation System (IS, Figure 1a). This configuration is widely utilized in Japan, where
more than 60 buildings have been already realized [10], both for the seismic design of new build-
ings [11 - 17], and retrofit of existing buildings by means of vertical addition [13, 14]. While the 1IS
represents an extension of the Base Isolation System (BIS), its dynamics is more complicated due to
the flexibility of the lower structure. In fact, the isolated upper structure behaves like a base isolated
structure and as a large mass TMD for the lower structure [5 - 9, 18 - 26].

In the second solution, starting from the classical mega-frame typology for tall building struc-
tures [27 - 29], the building is subdivided in an exterior primary megastructure that provides the
global strength and stiffness, and several interior secondary substructures, extending between two
transfer levels, physically disconnected from the main structure at each floor and isolated at transfer
level. Therefore, a Mega Substructure Control System (MSCS, Figure 1b) is realized, in which each
isolated substructure behaves like a base isolated structure and the mass damping mechanism is ac-
tivated by allowing the relative motion between the substructures and the main structure. This ap-
proach has been firstly proposed by Feng and Mita in 1995 [30], and then developed by the same
authors [30 - 32] and by other researchers in a variety of solutions [34 - 45].
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Figure 1: (a) Intermediate Isolation System (11S) and (b) Mega-Substructure Control System (MSCS).

Both the mass damping solutions can be preliminary analysed by means of a simplified two-
degree of freedom lumped mass model (2DOF MD, Figure 2b). For the Mega Substructure Control
System, the main system accounts for the exterior megastructure, while the absorber globally repre-
sents the internal secondary substructures; instead, for the Intermediate Isolation System, the main
and secondary system respectively refers to the lower structure and isolated upper structure. It is
worth recalling that the 11S is generally analysed by means of a 3DOF model, accounting the DOFs
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of the lower structure, the isolation system, and the upper structure. However, for evaluating its
global dynamic behaviour, a 2DOF model can be adopted by satisfying the following two require-
ments: the upper structure is rigid with respect to the isolation system [46, 47], and the higher
modes coupling is avoided [25, 48, 49].

In the present paper the dynamic behaviour of the two solutions is explored by carrying out par-
ametric analyses on the simplified lumped mass model. The authors also propose procedures for
deriving optimum values of the mass damper's design parameters, by minimizing the displacement
amplitude of the main system under white noise. Finally, the optimal procedures are compared to
the parametric study.

2. OPTIMIZATION PROCEDURE FOR NON-CONVENTIONAL MASS-DAMPING (MD)
CONFIGURATIONS

Non-conventional mass-damping (MD) configurations utilising isolation system, such as Mega
Substructure Control Systems and Intermediate Isolation Systems, can be preliminary analyzed by
means of a simplified two degree-of-freedom (2DOF) lumped mass model, as depicted in Figure 2b.
The first oscillator represents the main system with mass, stiffness, and damping coefficients named
as my, k1, and c1, while the second oscillator represents the absorber (or secondary system) with
mass, stiffness, and damping coefficients named as my, ko, and ca.

Figure 2: (a) simplified SDOF FB model, (b) simplified 2DOF MD model.

The equations of motion of the 2DOF MD model are:

@)
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being X1 and x» the relative displacements of the two oscillators with respect to the ground and X4
the ground acceleration.

By considering the stochastic nature of earthquake, the ground acceleration X4 is modelled as a
stationary Gaussian random process characterized by zero mean and white noise power spectral
density Sii(w) = So, in which there is no statistical correlation on what happens in two subsequent
instants to and to+t. Although it is neglected the dependency on the excitation frequency content,
this process seems to be acceptable in an initial design phase, [e.g. 5].

For the 2DOF MD model shown in Figure 2, the optimization procedure provided by the authors
is based on the minimization of the variance of the response x1, E[x1%] given by:

2

E[x12]=SOT|H1(a))| ow (2)
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where Hi(w) is the transfer function of the displacement of the main system expressed in the fre-
quency domain ® and obtained by means of the Fourier Transform of the linear differential equa-
tions (1) as a function of some dimensionless parameters:
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and p = mz/my is the mass ratio, v = w2/m; is the tuning ratio, o1 and > are the natural circular fre-
quencies while & = c1/(2miw1) and & = c2/(2mqwm2) are the damping ratios of the main and second-
ary system, respectively.
The ranges of values selected for the non-dimensional parameters, covering a wide range of civil
engineering applications, are: p =10, 2], v=1]0, 2], & =0, 0.1], & =[O0, 1].
By applying the Cauchy's residue theorem, the integral (2) can be analytically obtained [50, 51],
leading to the following expression of E[x:?]:
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The square root of E[x:?] is provided in Figure 3a and b, respectively for a damping ratio & equal
to 0 and 0.05. Each triplet of charts refers to mass ratios equal to 0.01, 0.1, and 1, by assuming unit
values of the spectral density So and the circular frequency w:. From Figure 3 it can be noticed that,
by increasing the damping of the first oscillator for the same value of mass ratio, the variance of x;
is reduced, highlighting the beneficial effect of &: in reducing the response of the main system. In-
stead, by increasing the mass ratio for the same value of &;, the number of couples &»>-v character-
ized by the same variance increases, leading to lower dependance of the response on the design
parameters, and thus, to a major robustness of the system.

The minimization of the variance E[x1%](4) is implemented by imposing that its gradient is null
with respect to the tuning ratio v and the damping ratio &, i.e.:

aE[xf]
ov

aE[xf]
0&,

The optimal values of the tuning ratio vopt and the damping ratio &opt, Obtained from Eq. (5), are
presented in graphical form in Figure 4 by varying the damping ratio & and considering the range
of validity of the mass ratio p equal to 0 — 1. In particular, the optimal tuning ratio decreases, and
the optimal damping ratio increases, by increasing the mass ratio. From Figure 4 the effect of the
first damping ratio on the trend of the optimal parameters can be also evaluated. While the distance
between the optimal tuning curves becomes significant for &; equal to 0.05 and 0.1, with scatters up
to 44% for medium-high mass ratios (Figure 4a), in terms of optimal damping curves, only for
&, = 0.1 and for mass ratios approaching to 1, considerable scatters, up to 56%, are obtained (Fig-
ure 4b).

Depending on project specific considerations, related to both architectural/functional and con-
structive aspects, as well as to structural and dynamic requirements, the values of the optimal pa-

Elx’]1= (4)
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rameters cannot always be simultaneously adopted. In order to account these cases, starting from
the optimizing conditions of Eq. (5), a single design variable is assumed, either the tuning ratio vopt
or the damping ratio &2,0pt, While the other variable and the mass ratio are assumed as design data.
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Figure 3: Response displacement of the main system: (a) first column 51 =0, (b) second column 51 =0.05.

Also for these optimization procedures, the values of the optimal parameters are provided in
graphic form (Figure 5), by assuming the damping ratio &: equal to 0.05.

It is worth emphasizing that the first procedure proposed in this paper represents the generaliza-
tion of the optimization algorithm implemented by [52]. In fact, by neglecting the damping of the
main system, Warburton [52] imposes the minimization of the variance of the main system subject-
ed to a white-noise input, with respect to & and v, thus analytically deriving optimal parameters.
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Additionally, by considering a single design variable, & or v (Figure 5), the optimization method
degenerates into the procedure proposed by [30], when the damping ratio of the main structure is
assumed equal to 0 and &; is set equal to (2mzm1)™.
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Figure 4: Optimal parameters: (a) tuning ratio v, , (b) damping ratio fz,opt.
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Figure 5: (a) optimal tuning v, by varying &, and z, (b) optimal damping fz,om by varying v and u .

3. PARAMETRIC ANALYSIS

A wide parametric analysis is carried out for analysing the dynamic behaviour of non-conventional
MD configurations and their potential benefits in reducing the seismic response of tall buildings, by
adopting the simplified 2DOF model defined in the previous section 2 (Figure 2b). In particular, the
dynamic characteristics of the MD models (periods and participating masses) are derived from clas-
sical modal analyses of the undamped system, while the complex eigenvalue problem has been
solved in the state space for accounting the effect of the non-proportional damping. Then, response
spectrum analyses are carried out by considering the complex modal superposition methods, in or-
der to derive the base shear and displacement demands. Finally, time history analyses are performed
for highlighting the effect of the seismic input (frequency content, duration, etc.), for discussing the
effectiveness and robustness of the system, and for comparing different procedures of optimization.
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3.1.  Simplified models and design parameters

A 40-story tall building is adopted as a reference for the fixed-base (FB) single-degree of freedom
model, by assuming the mass m; equal to 80000 kNs*m and the damping ratio & equal to 0.05.
Three baseline SDOF FB (Figure 2a) models are defined by varying the fundamental vibration peri-
od Ty, thus accounting for different structural solutions, from very rigid (e.qg. stiff diagrid structures
or diagonalized mega-frame) to more flexible structural systems (e.g. moment resisting frames or
frame tubes). In particular, the fundamental vibration periods T1 are assumed equal to 1.62 s, 2.5 s,
35s.

The design parameters adopted for exploring the dynamic behaviour of the controlled 2DOF MD
configurations (Figure 2b) are the mass ratio p, the isolation period T», and the damping ratio of the
isolation system &, which vary in the following ranges:

- T2=0.05-10s (50 values);
- u=0.1,0.5,1.0, 1.5;
- & =0.05-0.5 (26 values).

Hence, by varying all the design parameters, a total of 15600 models have been generated.

It is worth observing that, while some values of the mass ratios and of the isolation periods are
not realistic, they are considered herein to fully characterize the behaviour of the system and pro-
vide a comprehensive view of its potential applications and limitations. The range for the damping
ratio & has been chosen considering different isolation systems, composed either by high damping
rubber bearings or by natural rubber bearings plus viscous or hysteretic dampers.

3.2.  Non-proportional damping and complex mode superposition method

In the controlled MD configurations, the structural damping & is assumed equal to 0.05 while the
damping of the isolation system &> varies between 0.05 and 0.50. Structures with very different val-
ues of damping ratios represent non-proportional (or non-classical) damped system, characterized
by complex-valued natural modes. In this case, the off-diagonal terms in the damping matrix C
cannot be neglected, since the system does not satisfy the Caughey and O’ Kelly identity: CM™* K =
KM™ C (with M, K, and C the mass, stiffness and damping matrices) [53]. Furthermore, when C is
an arbitrary symmetric positive-definite matrix, the expansion in terms of the eigenvectors for the
undamped system and real modal coordinates does not lead to uncoupled modal equations. There-
fore, rather than working with a second-order equation, it is more convenient to transform the equa-
tions of motion into a set of first-order equations involving complex modal coordinates and
complex state eigenvectors, and working in the state space [54].

In the response spectrum analyses carried out in the following section, the complete-quadratic-
combination (CQC) rule is utilized in order to obtain the maximum responses associated to each
degree of freedom. Being the system non-classically damped, the method described by Sinha and
Igusa [55] is utilized in order to consider the complex-valued nature of the vibration mode shapes.
Therefore, the maximum system response, R, is given by:

R:\/ ZBiijiniRj (6)
i1

j=1

with n the number of the considered vibration mode; Bi and B;j real-valued participation factors; R;
and R; spectral displacements; pjj real-valued modal correlation factors. The participation factors
and modal correlation factors depend on the vector that defines which DOF is being considered;
therefore, they assume different values when evaluating the response of each floor, differently to
what is done in the case of CQC rule for classically damped systems, where these parameters are
fixed quantities [56].
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3.3.  Response spectrum analysis (RSA)

Response spectrum analyses (RSA) are carried out on all the simplified MD and FB models by uti-
lizing the acceleration response spectrum defined by the Eurocode 8 [57] for the design earthquake,
characterised by 10 % probability of exceedance in 50 years (475 years Return Period).

The spectrum is depicted in Figure 6a, for ag = 0.35 g, soil type B (S=1.2; Te =0.15s; Tc = 0.5
s; To = 2 s), damping ratio equal to 0.05. The complex mode superposition method proposed by
Sinha and Igusa [55], briefly recalled in section 3.2, has been used to consider the complex-valued
nature of the vibration mode shapes. In Figures 6b and 7 the results of the analyses are firstly pre-
sented for the case of & = 0.30; then the effect of the damping ratio of the isolation system is evalu-
ated in Figure 8.
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Figure 6: (a) ECS8 elastic acceleration response spectrum, (b) base shear ratio v vs. Tiso. for & = 0.30.

The Figure 6b depicts the base shear ratio between the base shear controlled MD configuration
and the uncontrolled FB counterpart, i.e. v=Vmp/VFs, as a function of the isolation period T2. From
the chart, it can be immediately observed that the base shear ratio v is always less than one, approx-
imately between 0.95 e 0.85 for u=0.1, between 0.85 ¢ 0.50 for u=0.5, between 0.68 e 0.30 for p =1,
between 0.55 e 0.20 for p =1.5, showing significant reduction by increasing the mass ratio.
Considering the trend of v for each mass ratio, three behavioural zone can be clearly identified. The
first zone (e.g. very small values of T) corresponds to the largest values of v, since the two parts are
rigidly connected, thus no relative motion is allowed and no mass-damping mechanism arises. In
particular, the first mode is the mode of the main structure, which activates all the mass of the sys-
tem and, due to the presence of the secondary system, shows a period slightly elongated with re-
spect to the uncontrolled baseline counterpart. Therefore, the base shear assumes values slightly
lower than the FB counterpart and the ratio becomes less than one. The second zone (e.g. very large
values of T2) shows base shear ratios that reach the relevant mass fractions of the primary system
m1/(my+my). In particular, the dynamic behaviour of the system tends to a condition of “perfect iso-
lation”, with the masses of the two systems almost completely decoupled, and the first and second
mode respectively corresponding to the mode of the secondary and main system. The third zone
(e.g. intermediate values of T>) presents the minimum values of v, thanks to maximum exploitation
of the mass damping mechanism. In this zone, the first and second modes are still the modes of the
secondary and primary system. However, the interaction between the two parts leads to a transfer of
a fraction of the main system’s mass from the second to the first mode, with a consequent signifi-
cant reduction of the ratio v.

In Figure 7 the shear ratio charts (v- T2) for three values of Ty (1.62, 2.5, 3.5 s) are coupled to the
analogous charts depicting the displacement of the primary system in the MD configuration normal-
ized to the FB counterpart, i.e. d = d1mp/d1rs, and the deformation in the isolation system &, as a
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Figure 7: Ratios v, d, and relative displacement &, for & = 0.30: (a) T1=1.62s, (b) T1=2.55s,(c) T1=3.5s.

(b)

Figure 8: Base shear ratio v as a function of &; and T, for (a) T1 =1.62 s, (b) T1=2.55s,(c) T =3.5s.

function of T.. Quite trivially, it can be observed that the minimum values of v and d are obtained
for the same value of T, which also corresponds to the maximum deformation in the isolation sys-
tem.

For the three baseline models, Figure 8 provides the trend of the shear ratio v as a function of the
isolation period T2 and the damping ratio &, for each value of the mass ratio . It can be observed
that, in the third zone of “perfect isolation”, the shear ratio v is reduced by increasing Ti, therefore
the effect of & becomes more significant for more flexible baseline models and isolation systems.
In the second zone in which the mass damping mechanism is maximized and the primary and sec-
ondary systems are strongly coupled, the minimum values of v are obtained for values of & be-
tween 0.2 — 0.4, as discussed in detail in the following section.

3.4. Comparison between the results of optimal procedures and of the parametric analysis

In this section the optimal values of the parameters v e &> derived from the results of the RSA are
compared to the ones calculated by means of the optimal procedures provided in section 2. For the
sake of brevity, only the results obtained for the MD controlled configuration characterized by T; =
1.62 sand p =1 are presented in the following.
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In particular, six optimal configurations are defined and named as A, B, C, D, FM, W. The solu-
tion A represents the optimal configuration that gives rise to the minimum values of the base shear,
and of the displacement of the primary system, obtained through the RSA. The solutions B and C
are derived by assuming respectively &xopt Or vopt from the optimal procedures of section 2, while the
other one is retrieved from the parametric analysis (Figure 5); the solution D is entirely derived
through the optimization procedure, i.e. the optimal values of both parameters are simultaneously
considered (Figure 4). The solutions FM and W are derived by adopting the optimal parameters of
the procedures suggested by Feng and Mita [30] and Warburton [52], respectively. The values of
the optimal parameters, of the corresponding two complex modal damping ratios n: and n2, as well
as of the shear ratio v, of the six solutions are reported in Table 1. It can be observed that, the solu-
tions A and B provide the minimum shear ratio v, equal to 0.25, while the other solutions show val-
ues of the shear ratio varying between 0.28 and 0.34.

Ref. Optlmal Vopt Eaopt Toopt n N2 \
Solutions - - S - - -
This paper RSA A 0.523 0.33 3.10 0.207 0.267 0.25
RSA+OPT B 0.523 0.36 3.10 0.225 0.289 0.25
OPT+RSA C 0.330 0.33 4,91 0.281 0.172 0.30
OPT D 0.325 0.47 4.98 0.409 0.220 0.29
Feng and Mita FM 0.353 0.15 4.59 0.124 0.108 0.34
Warburton W 0.353 0.43 4.59 0.365 0.225 0.28

Table 1: Dynamic properties of the six optimal solutions.

3.5.  Time history analyses

In order to assess and compare the response of the six controlled configurations under real seismic
inputs, time history analyses are carried out on the relevant MD and FB models. A set of ten records
registered during real earthquakes is used and scaled by means of the software SeismoMatch [58],
by checking the closeness of their average response spectrum to the target elastic spectrum (provid-
ed in Figure 6a) in the period range 0.05 - 4 s. Data of the ten scaled ground motions and corre-
sponding acceleration response spectra, with the average spectrum, are given in Figure 9.
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Figure 9: Major data and acceleration response spectra of the scaled acceleration records.

The results of the analyses are here provided in Figures 10 and 11 in terms of base shear, relative
displacements, floor absolute accelerations, by comparing the six controlled configurations and
each MD configuration to the FB counterpart.
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The Figure 10 depicts for each optimal solution the average peak response registered during the
ten acceleration histories in terms of some response parameters. These parameters express the re-
sponse of the controlled configuration normalized to the uncontrolled counterpart, considering the
base shear, v, the relative displacement, d, and absolute acceleration, a, of the primary structure.
The remarkable effectiveness of the controlled configurations emerges in terms of all the response
parameters. In fact, the shear ratio v varies between 0.194 and 0.345, the displacement ratio d be-
tween 0.388 and 0.689, and the acceleration ratio a between 0.553 and 0.726. In particular, the solu-
tion B provides the maximum reductions, with values very close to the ones of the solution A, while
the solution FM shows the minimum reductions and thus it represents the less efficient solution.
The average envelopes of the peak displacements and absolute accelerations, obtained from the time
history analyses of the controlled configurations and baseline structure, are shown in Figure 11.
From the graphs it can be observed that, for all the optimal solutions the average values of story
drift and absolute acceleration in the MD models are reduced with respect to the FB uncontrolled
structure. The solutions A and B are confirmed the most effective in reducing the seismic response
of the primary system.

0.80

0.45 0.70 0.69 0.73
— 0.34 —_ 0.54 —0.70
> 025 020019 gg %23 W 0-22 050 040039 ©0.60 (530,53 : :
0.15 0.30 0.50
A B C D FMW A B C DFMW A B C DFM W
(a) (b) (©)
Figure 10. Comparison between the six optimal solutions: (a) base shear ratio v, (b) displacement ratio d, (c) accelera-
tion ratio a.
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Figure 11: Peak story displacements and absolute accelerations for the six optimal solutions.

4. SUMMARY AND CONCLUSIONS

In the present paper, the authors investigate the dynamic behaviour of mass damping (MD) configu-
rations utilising isolation system, such as Mega Substructure Control Systems and Intermediate Iso-
lation Systems, by preliminary adopting simplified lumped mass 2-DOF models. By considering a
stochastic approach, the seismic acceleration is modelled as a white noise and the variance of the
displacement of the first degree of freedom is minimized in the first instance with respect to both
design variables, i.e. the tuning ratio and the damping ratio of the secondary system and secondly
with respect to only one of these two variables. Furthermore, in order to validate this general proce-
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dure, a wide parametric analysis is carried out on simplified lumped mass models and the potential
benefits of such systems in reducing the seismic response of tall buildings is examined.

In particular, by selecting a 40-story tall building and by varying the mass ratio, classical and
complex modal analyses show three different dynamic behavioural zones as a function of the isola-
tion period: the first zone is characterized by a “fixed-base” behaviour, in the second zone the inter-
action between the two masses gives rise to the mass damping effect, while in the third zone for
very long isolation periods, the two structural parts are almost dynamically decoupled.

Then, response spectrum analyses with complex modal superposition methods are performed,
with the aim to compare the base shear and the displacement demands with the fixed-base counter-
part simplified SDOF model. More in detail, a significant reduction of the seismic demand on the
main system is observed when large mass ratios are adopted for the whole range of the isolation pe-
riod, thus confirming the structural robustness of such systems. Finally, time history analyses are
implemented for underlining the effects of the seismic input (amplitude, frequency content, duration,
etc.) and for comparing the results of different procedures of optimization, both those proposed in
the present work and those of existing literature.
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