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Nonlinear damping amplifier
friction bearings

The paper introduces damping amplifiers integrated into the core material of conven-
tional nonlinear friction base isolators to improve their vibration attenuation capabilities
and mitigate their shortcomings. Four new types of damping amplifier friction bearings
are introduced: levered, nested, compound, and damping. The Hy optimisation strat-
egy is utilised to obtain the closed-form analytical solution for the optimised designed
parameters. The analytical investigation confirms the efficiency of the recently obtained
closed-form equations for the optimal design parameters. The frequency response function
was used to develop closed-form formulas for the isolator and main structure’s dynamic
responses. The harmonic and random white-noise excitation served as the basis. Further-
more, numerical analysis by considering real earthquake load has confirmed the novel
isolators’ efficiency. The vibration reduction capacities of the Hy optimised damping am-
plifier friction bearings, compound damping amplifier friction bearings, nested damping
amplifier friction bearings, and levered damping amplifier friction bearings are 76.1 %
superior to the optimum conventional base isolator. These findings demonstrate how the
proposed designs may improve structural resistance to dynamic loads.

Keywords: Damping amplifier friction bearing, Compound damping amplifier friction
bearing, Nested damping amplifier friction bearing, Levered damping amplifier friction

bearing, Hy optimisation strategy.

1 Introduction

In earthquake engineering, base isolation is a strategy for pro-
tecting structures from seismic forces. The purpose of base isola-
tion is to isolate an earthquake’s ground motion from a building or
other structure [1]. It reduces the impact of seismic pressures on
the structure in this manner. Base isolators insulate the building’s
base from the foundation. These isolators can be made from a
variety of materials, including rubber bearings, friction bearings,
ball bearings, and spring systems [2]. They allow the building to
move independently of the motion of the earth. During an earth-
quake, the ground trembles, but the building that is insulated from
the base remains relatively stable. The isolators absorb and diffuse
seismic energy, avoiding its direct transfer to the superstructure.
The building is thus subjected to significantly decreased forces
and accelerations [3]. Improved seismic performance: Base sep-
aration increases a structure’s earthquake resilience. Maintaining
the building’s integrity: It protects it from damage. Retrofitting:
Base isolation can be used to improve the seismic resistance of
an existing structure [4]. Base isolation systems have been imple-
mented in significant monuments such as City Halls in Pasadena,
San Francisco, and Los Angeles. On a smaller scale, base isolation
is used to protect vital equipment in isolated raised-floor systems.
Although base isolation is not completely earthquake-resistant, it
significantly improves a building’s chances of survival [5].

There are several potential drawbacks to base isolation, a seismic
protection technology that reduces the impact of ground shaking
on structures: Rubber used in isolators may degrade over time
and require replacement or repair. Base isolation is effective in
some building types, such as low- to mid-rise buildings [6]. It
may not be suitable for excessively tall or asymmetrical buildings.
Retrofitting base isolation into older buildings can be challenging
and costly, often requiring significant structural adjustments. Base
isolation systems require space to move horizontally and vertically,
which may not be practicable in crowded areas or in constructions
with low ceiling heights [7]. Base isolation works well in mild
earthquakes, but it may not perform as well in really large ones. If
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ground motion exceeds design limitations, isolators may be over-
loaded. Base isolators may not protect against other types of loads,
such as wind or blast loads, and are primarily designed to with-
stand seismic stress. It may be challenging to guarantee that base
isolation is compatible with current utilities (such as plumbing and
electrical systems), as these services must allow for the mobility of
the isolated structure [8]. Inconsistencies and uncertainty in design
may come from the absence of defined codes and rules for base
isolation system design and implementation [9].

Overcoming the problems of base isolation requires a combina-
tion of technological advancements, regulatory development, and
strategic planning. Here are a few solutions to handle these issues:

(1) Invest in research to develop materials that are resistant
to environmental degradation and need fewer replacements
over time.

(2) Provide specific isolation solutions for a variety of building
types, including taller or asymmetrically constructed struc-
tures [10].

(3) Provide modular base isolation systems that can be easily
modified for retrofitting existing structures.

(4) Create fundamental isolation systems, including compact or
low-profile isolators, that take up less space while maintain-
ing performance.

(5) Using sophisticated seismic modeling and simulation tech-
nology can help you forecast and plan for extreme occur-
rences more accurately.

(6) To enhance overall performance, combine base isolation
with other earthquake protection technologies like bracing
systems or dampers [11].

(7) Provide adjustable utility and service connections so that
base-isolated structures can move around.

(8) Over-increased static mass of the dampers. Adaptability of
the bearings when the ground motion load pattern changes
from far-field to near-field.

(9) Include architectural features such as damping systems to
reduce swaying and restrict the building’s movement [12]
during seismic events.

(10) The dynamic response reduction capacity of bearings is
comparatively lower in high-rise buildings than in single
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or low-storey buildings.

(11) Lack of optimal design parameters in terms of exact closed-
form expressions. The optimal design parameters will pro-
vide more feasibility to the bearings and the robust vibration
reduction capacity can be achieved from the optimum bear-
ings.

Although base isolation methods have potential, they include in-
herent limitations. Challenges include compatibility with elevated
or irregular structures, material deterioration over time, and the
complexities of retrofitting into pre-existing buildings. Moreover,
conventional designs often lack appropriate settings to enhance
performance during random seismic excitation. These deficiencies
need novel solutions to improve structural robustness. In fact, the
majority of the limitations have been solved by offering analyti-
cal closed-form expressions for optimal design parameters to the
bearings while designing them for the structures [13]. The H
optimisation approach has been used to resolve these concerns. In
addition, the closed-form expressions for the optimal design pa-
rameters have been achieved using the H, optimisation method.
This approach seeks to reduce the mean-square response of a base-
isolated structure subjected to stochastic seismic disturbances. The
Hj technique yields closed-form equations for optimum design pa-
rameters by developing frequency response functions and address-
ing stochastic optimisation concerns, so assuring less vibration and
improved isolation efficiency. This method underpins the analyti-
cal work detailed in this paper. The H, optimisation technique for
base isolation requires stochastic analysis to account for random
excitation, such as seismic ground motions are considered in ran-
dom processes. This implies considering the statistical properties
of both the responses and the stimulation [14]. Here is a de-
tailed explanation of how base isolation under random stimulation
is maximised using H,. The objective is to lower a base-isolated
structure’s mean-square reactivity, or energy, to random seismic
excitations. Create frequency response functions using random
excitation to depict the structure and base isolation system [15].
Solve the H, optimisation problem using stochastic processes. To
verify robustness, use frequency-domain analysis and stochastic
simulations to evaluate performance. Compared to non-optimised
systems, optimised systems have lower peak and root-mean-square
(RMS) responses [16].

Currently, inerters are integrated into or alongside conventional
base isolation systems to augment energy dissipation by increasing
the effective mass via rotating mass with motion transformers in-
cluded in the system. The inerter was first shown by Smith [17] to
diminish the efficacy of the existing analogy for mitigation about
the vibration responses of the constructions in 2002. Lever mech-
anisms, which enhance the displacements and velocities impacting
the damping device, may be used to address the shortcomings of
the existing isolators. A displacement amplification device (DAD)
using a gear-type mechanism, which is serially coupled to a fluid
viscous damper (FVD), is applied in the conventional base isolators
to enhance their seismic performances [18]. Non-linear viscous
fluid dampers (NLDs) are sophisticated energy dissipation devices
that use fluid dynamics to reduce vibrations in structures. These
dampers demonstrate a non-linear response defined by two separate
phases: a sticking phase at low displacements dominated by static
friction, and a sliding phase at elevated displacements when con-
siderable energy dissipation transpires. Nonlinear dampers (NLDs)
excel in handling dynamic loads due to their non-linear character-
istics, enabling adaptive performance, which makes them ideal for
applications necessitating excellent vibration control under fluc-
tuating load circumstances [19]. Most of the inerter-based and
displacement isolation devices are made of flywheel-gear and fluid
dynamics mechanisms which do not have the potential to mitigate
the existing drawbacks of the conventional base isolators. There-
fore, an alternate device is needed that can amplify the effective
system parameters of the isolators during vibrations and simultane-
ously overcome the drawbacks of the dampers. Inertial amplifiers,
also known as mass amplification devices, increase forces or move-
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ments by utilising their inertial properties [20]. This approach often
entails amplifying small input forces or displacements into much
larger, useful outputs by the deliberate application of mechanical
leverage, resonance, or inertial effects [21]. Inertial amplifiers use
a mass’s inertia to amplify minuscule input forces [22]. This is
commonly accomplished by mechanical devices that leverage a
larger mass’s inertia to generate a proportionately stronger force or
displacement [23]. These devices are capable of using mechanical
leverage, which is a system of levers or gears that converts a little
force applied over a short distance into a larger force delivered over
a longer distance. Resonance is a strategy where a system is de-
signed to oscillate at a given frequency [24]. When applied at the
resonant frequency, modest periodic pressures can cause the system
to accumulate larger oscillations, magnifying the input [25]. These
instruments help to measure and manage vibrations in structures
and machinery, which reduces damage and improves engineering
performance. In many scientific and technical applications, iner-
tial amplifiers are crucial mass amplification devices [26]. These
devices use resonance, mechanical leverage, and inertia to magnify
small inputs into larger, more usable outputs. This enables more
precise measurement and control of forces and motion. The neg-
ative stiffness devices are integrated into the inertially amplified
devices to enhance their seismic performances [27]. The damping
of inertially amplified hosting structures can be amplified, resulting
in increased vibration attenuation capacity of the amplifier [28]. As
aresult, the frequency of the inertial amplifiers is altered, and effec-
tive damping increases, potentially lowering the production cost of
vibration attenuation devices [29]. The use of these amplifiers has
also lowered the amount of material required. Nevertheless, damp-
ing amplifiers are absent from the existing research overview, un-
derscoring a notable deficiency in the present landscape of seismic
isolation technology. Current base isolators, such as friction bear-
ings, rubber bearings, and ball bearings, mostly depend on static
mass or linear arrangements, which often restrict their capacity to
dynamically adjust to fluctuating excitation circumstances, includ-
ing near-fault and far-field earthquakes. Moreover, several designs
encounter obstacles like material deterioration, restricted applica-
tion to asymmetrical buildings, and insufficient performance under
strong earthquake forces. The lack of flexible mechanisms in these
isolators has limited their ability to meet the changing requirements
of seismic resilience efficiently. Moreover, despite progress in in-
ertial amplification mechanisms and damping systems, previous
research has not investigated the incorporation of damping ampli-
fiers directly into the core material of friction base isolators. This
mechanism can enhance the effective damping without adding ad-
ditional materials to the bearings. Furthermore, damping amplifier
friction bearings and their optimal design parameters do not exist
in the current state of the art.

The paper introduces damping amplifiers integrated into the core
material of conventional nonlinear friction base isolators to im-
prove their vibration attenuation efficacy and rectify intrinsic defi-
ciencies. The proposed technology integrates damping amplifiers
into the core material via the use of rhombus-type arrangements
inside the isolators. These arrangements provide inertial forces that
alter the effective damping of the isolators during vibration. The
inertial amplification mechanism enhances the damping effect us-
ing mechanical configurations, including nested or levered designs,
inside the isolator’s construction. This integration improves vi-
bration damping by dynamically modifying the isolator’s response
according to the applied stimulation. Four types of damping ampli-
fier friction bearings are introduced: damping, compound, nested,
and levered. The H, optimisation approach is used to generate
the closed-form analytical solution for the optimum designed pa-
rameters. The analytical analysis validates the efficiency of the
newly obtained closed-form equations for optimal design parame-
ters. The frequency response function was used to obtain closed-
form formulas for the dynamic responses of the main structure
and isolator. The harmonic and random excitations were used as
base excitations. Further, the analytical investigations and the sim-
ulation works are validated by a numerical study by considering
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real earthquake load. The innovative isolators’ vibration reduction
capacity was compared to that of traditional isolators.

2 Damping amplifier friction bearings

The structural diagram of a single-degree-of-freedom system
isolated by nonlinear damping amplifier friction bearings subjected
to base excitation has been shown in Figure 1. The rectangular
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Fig. 1 The structural diagram of a single-degree-of-
freedom system isolated by nonlinear damping amplifier
friction bearings. The yellow-highlighted circles denote
the connecting nodes (Node A and Node B) via which the
damping amplifiers are incorporated.

shape diagram with two nodes, such as Node A and Node B in
Figure 1 illustrates the conceptual design of the damping amplifier
component in each innovative damping amplifier friction bearing.
mg, kg, and cg define the mass, stiffness, and damping of the
single-degree-of-freedom system. m, and k, define the mass and
stiffness of the bearings. u defines the coefficient of friction. Grav-
ity’s acceleration is defined as g. ¥ defines the base excitation.
us and uy define the absolute deflections of the SDOF systems
and the bearings. The structural diagrams of each novel friction
bearing, such as damping amplifier friction bearing, compound
damping amplifier friction bearing, nested damping amplifier fric-
tion bearing, and levered damping amplifier friction bearing, are
shown in Figure 2. Newton’s second law was used to establish the

NodeA O Damping amplifiers . Node B

Fig. 2 The structural diagrams of damping amplifier
friction bearing, compound damping amplifier friction
bearing, nested damping amplifier friction bearing, and
levered damping amplifier friction bearing. The yellow-
highlighted circles denote the connecting nodes (Node A
and Node B) via which the damping amplifiers are incor-
porated. The blue, pink, green, and purple lines denote
the rigid links inside the isolator structures.

governing equations of motion for each isolated single-degree-of-
freedom system. The governing equation of motion for the isolated
single-degree-of-freedom system was derived as

ms¥s + mskp + csXs + ksxs = —msig (D
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The governing equation of motion of the novel isolator has been
derived as

mpXp + cyXp + kyxp + pmy g sgn (Xp) — csXy — kexy = —myig

(€3

The relative deflection of single-degree-of-freedom systems and
isolators is defined as xy = ug —uy, and x;, = up, — xg, respectively.
xg defines the base deflection. An inertial force is generated inside
the damping amplifier due to the application of vibration on the
isolated structure. Accordingly, the static damping of the isolators
is changed due to their thombus-type diagrams. After consider-
ing the inertial forces generated inside the rhombus, the effective
damping of the isolators is derived as
Damping amplifier friction bearing (DAFB)

Effective damping c,: c¢p cot? ¢, where ¢}, defines the static
~——

(o]
damping of the DAFB. ¢ defines the amplifier angle.
Compound damping amplifier friction bearing (CDAFB)
2
tan“ 6

Effective damping c¢,: ¢p, cot? 1) ( ), where cj, defines the

—_———

@
static damping of the CDAFB. ¢ and 6 define the primary and
secondary amplifier angles.
Nested damping amplifier friction bearing (NDAFB)
Effective damping c,: cp, cot? b1 tan? ¢> cot? ¢3, where ¢p, de-

)
fines the static damping of the NDAFB. ¢, ¢», and ¢3 define the
primary, secondary, and tertiary amplifier angles.
Levered damping amplifier friction bearing (LDAFB)

2
. . b1 b .
Effective damping c,: cp (—1 —2) , where ¢, defines the static
ap az
———
0]

damping of the LDAFB. (ﬂ ﬁ) defines the lever arm ratios.

a) ap

Overall, @ defines the damping amplification factor for each
novel friction bearing.

To use the H, optimisation strategy, each nonlinear element of
the governing equation of motion is linearised using the statistical
linearization method on Eq. (2). When considering the nonlinear
hysteretic response of the isolated structure, the H, optimisation
approach is used to determine the exact closed-form expressions
of the optimal design parameters of the isolators and to provide an
appropriate tuning of natural frequency to the isolated structures.
The isolators’ equivalent damping can be calculated as

:E{w}z [P )
0xp, T Ox,

oy, defines the square root of the standard deviation of the velocity
response of the bearings. Equation (3) has been substituted in Eq.
(2). Accordingly, the governing equation of motion of the novel
isolator has been derived as

mpkp + (Cy + ce) Xp + kyxp — ks — ksxs = —mpig

Cev

where xg defines the base displacement. The steady state
solutions are considered: x, = Xpe'®!, x; = Xye'®?, and
¥g = Xge'®!. These solutions are substituted in Eq. (1) and
Eq. (4). As aresult, a transfer function has been derived using the

Laplace transformation [30] and expressed as

2upépwpg® + ﬂqu + ,UU‘U% —265wsq — w% ] Xb -
‘12 2§swsq+q2+w§ X
()
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where ¢ = iw. i defines the imaginary number and w defines the
angular frequency of excitation. u, = m,/mg, wy, and &, define the
mass ratio, natural frequency, and damping ratio of the bearings.
ws and & define the natural frequency and damping ratio of the
SDOF system. The transfer function of the displacement of the
SDOF system is obtained as

_Z (2Dgéy + wy) ppwy
g=iw 6f

Xy
Ws (iw) = X (6)

8

The transfer function of the displacement of the isolator is obtained
as

b  2ppgésws — pog? — ppwd - 26swsq — w3

. X,
Wp (iw) = X
8

g=iw 6f
7

The denominator of Eq. (6) and Eq. (7) has been obtained as

/qu4 + (zq),uvawv +265wspy + Zé"sws) 613
5 = + (4<D,L1U§S§vwsw,, +uvw§ +,uywl% + w%) q2
2) 22

®)

+ (zq)ﬂufvw%wu + 2upéswswy | g + Hywswy

The isolated SDOF system is subjected to random white excita-
tion. Hj optimisation is applicable, and the standard deviation of
the displacement of the SDOF system is derived using Eq. (6) and
Eq. (8).

Derivation of the optimal design parameters by considering

The damping of the main structure is not considered zero for
this study, i.e., & # 0. Equation (8) is a fourth-order polynomial
equation, and applying the H, optimisation method for random
white noise excitation, the standard deviation for the displacement
of the SDOF system [14] is derived as

4(1)3#1%53“)3‘”1) + 4<D2:U%‘fs 3‘”33“
HD pIEEFwsw] + 4D k£ W)
+4D ,;gggngng + 4<12>/1U§3§U2w§w§
+O pyépwy + Puplpwswy + #Ufiws
2 +2ﬂv§sw3 +ﬂv§swsw%+§sw&

A0 U, &) wiw;, + 4D EE wiwy
HD? el wswy + 4P ESE i wy
HD (GEE Wi W + ADppE]Epwiwy
+O% g wwy + @ ppésépws
~20 ppésEvwiwy + P ppésbowy
+2q>ﬂv§s§uw§ + q)fsfuwi + uv§§wsw3

Somwy

®

Equation (9) is partially substituted by &, and w, to derive their
optimal values in terms of closed-form expressions, and the math-
ematical expressions are derived as

o dol
£ =0 d —2 -0 (10)
0%, M hw,
Equation (9) is substituted in the first expression of Eq. (10),

and the closed-form expression for the damping ratio of the novel
bearings is derived as

'fS (“%w% - Zﬂ%w% + 2“1)(‘)3 - ﬂl)wlz) + w%) (1 1)

b= 20uywswy
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Equation (11) is substituted in Eq. (9), and the modified version
of Eq. (9) is derived, which contains the optimal frequency of the
bearings.

Rudés 0l — 1924863 wiwy +384udErwiwy
—256uSE3 w8 + 208208 — 91232 whw;

+1152u0 82wk W = 32006208 + 5602w
—1688u¢ 2 whw] + 120042 wlwy — 128436705
+800u5 €78 — 15120383 wiw? + 5043 ¢ wlw)
~16m 3w + Uwiw; — 4w +640p5E WS
—648u2¢ 2 wiw? + 123 wiwy + Bpdwin?
~23 w8 + 27201, 08 — 104p, 20w}

) Opyw Wy + ppwiwy + 48EWS + 3wy

Som

32udEswd — 192408 wiw; +384uéwiwy
+208upé308 — N2 E wiws + 11521565 wiw,
~3203 05 + 5603208 — 1688132 wiw]
+1200p 2w wh — 1283628 + 80013 20
~256uSE3wh - 1512382 wiw] + 5043 wlwy
2| —16ppésws + 6508 — 24w iwg + 26 wiw;
+640p3¢2 w8 — 64813 wiw] + T2l Wl wy
=58y wiw; + 24 wiw) ~ Apwh — dugw)
+272ppé 508 = 104upé5wiw; — dpzwiwg
+T120l w0} + 488208 + 241,008 — 10whw?
+6w? + 24;13w§’ + 36ﬂ%wg

wggs

12)

Equation (12) is substituted in the second expression of Eq. (10),
and the optimal natural frequency of the isolator is derived as

(13)

o} (o + 1) (24p, + 13)
(‘Uv)opt = 3
12 2uy + 1) pp

Equation (13) is substituted in Eq.
damping ratio of the isolator.

(11) to derive the optimal

Es (o + 1)2 \/§

[ (1) 242 +13) 1
24 Cut)2y HP (#U * 2) @

The standard deviation of the velocity response of the bearings has
been derived as

5 Sor lx);1 (po + 1)2 (DEpws + Eswy)

(fv)opt = (14)

T SOBE R + 80RO
8D & W& + B E] DENWS + 8w ppé] DEYw]
+2¢2ﬂv§3wvw2 +20 /v‘(%fs‘fvwiv1 - 4‘“(%/«‘5‘55 d)fvw%
+20 ﬂgfsfuwﬁ + 4q)/~lv§s§uw§ + 2(D§s§uw§ + 2uu§§w3ws
(15)

Derivation of the optimal design parameters by considering
& =0

Now, the damping of the main structure is considered zero,
ie., & = 0. Simultaneously, the closed-form expressions for the
standard deviation and optimal design parameters for the isolated
structure and bearings have been changed. The dynamic effect
of the structural damping in the closed-form expressions of the
bearing has been excluded. Therefore, in order to obtain the newly
derived standard deviation from this analysis, the values of &g in
Eq. (6) and Eq. (8) are considered zero. The denominator of Eq.
(6),1.e. Eq. (8)is a fourth-order polynomial equation, and applying
the H, optimisation method for random white noise excitation, the
standard deviation for the displacement of the SDOF system [14]
is derived as

Somwy (4d>2;11,§5w§ + ,uva)% + wf) (16)

g, =
s 20¢,w0
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Equation (16) is partially substituted by &, and v, to derive their
optimal values in terms of closed-form expressions, and the math-
ematical expressions are derived as

dol dol
S = s = (17)
9, 0 and Tos 0

Equation (16) is substituted in the first expression of Eq. (17),
and the closed-form expression for the damping ratio of the novel
bearings is derived as

Ho (#vw% + ‘U%) (18)
b0 = 2uyws®

Equation (18) is substituted in Eq. (16), and the modified version
of Eq. (16) is derived, which contains the optimal frequency of
the bearing.

Somwy (Zuvw% + Zw%) Ho
a-ws = (19)
Ho (ﬂvw% + ‘Uz) ‘Uz

Equation (19) is substituted in the second expression of Eq. (17),
and the optimal natural frequency of the isolator is derived as

Ws

(wv)opt = ﬁ

Equation (20) is substituted in Eq.
damping ratio of the isolator.

(20)

(18) to derive the optimal

Vo Vit

41, @

(‘fv)opt = ey

The standard deviation of the velocity response of the bearings has
been derived as

2 _ Sor (pp +1) 22)
b 2uy®Eywy

The Figure 3 shows how the ideal frequency ratio of isolators
varies with the mass ratio. The analysis is conducted under two
distinct scenarios:

1. Figure 3 (a) (¢5 # 0):

¢ The graph indicates a decrease in the optimum frequency ratio
when the isolator mass ratio increases.

* Lower mass ratios result in a higher optimum frequency ratio
of around 1.45.

e As the mass ratio approaches 1.0, the ideal frequency ratio
declines to approximately 1.2.

¢ A lowered optimum frequency ratio indicates lesser frequency
adjustment needs for the isolator. This is beneficial as it indi-
cates that the system attains optimum isolation performance
with reduced requirements for the isolator’s natural frequency
adjustment. This would typically decrease the necessary stiff-
ness of the isolator’s spring or the mass of the inertial compo-
nents, hence enhancing implementation feasibility. However,
1.4 < 1, < 1.2 values of the optimal frequency ratios do not
provide a feasible design for the isolator. It will not provide
the minimum required flexibility to the isolator base layer
during vibration, which is necessary to dissipate additional
energies from the isolator.

2. Figure 3 (b) (&5 = 0):

Journal of Vibration and Acoustics

* The graph shows a diminishing trend in the optimum fre-
quency ratio when the isolator mass ratio increases, similar
to the damping case.

* The ideal frequency ratio at a lower mass ratio begins around
0.95.

* As the mass ratio approaches 1.0, the ideal frequency ratio
falls to approximately 0.7.

* The optimal frequency ratio in this context is often less than
that in the damped situation. This indicates a significant de-
crease in frequency, however, accompanied by practical prob-
lems. Extremely low-frequency ratios may need dispropor-
tionately large masses or extremely flexible springs, poten-
tially complicating the design, material choices, or geographi-
cal limitations. However, 0.7 < 1, < 0.9 values show feasible
to achieve robust performance compared to 1.4 < 7, < 1.2.
This value gives a feasible extended time period to the isolated
structure during seismic events.

Here lower values indicates the value of 0.7 < 1, < 0.9 ranges
compared to 1.4 < n, < 1.2. Consequently, while a reduced
frequency ratio aids in attaining adequate vibration isolation, ex-
tremely low values may provide practical implementation difficul-
ties. A balance must be maintained to guarantee the feasibility of
the design parameters. In actual applications, the ideal frequency
ratio must be determined by evaluating both theoretical perfor-
mance and the practical limitations of mass, stiffness, and system
size.

Overall, A lower optimum frequency ratio facilitates vibration
isolation; nevertheless, extremely low values may hinder practical
implementation by necessitating bigger masses or more flexible
springs. Therefore, optimum frequency ratios must be chosen with
regard to both isolation performance and the practicality of sys-
tem design. The figures illustrate an inverse correlation between

P £#0 =0

v
IS

1.35 ~

Isolator frequency ratio: 7,
Bz
’
’

0.75 S

¥ ~

[S)

1.15 0.7
0.6 065 07 075 08 085 09 095 1 0.6

Isolator mass ratio: /1,

065 0.7 075 08 085 09

Isolator mass ratio:

0.95

Fig. 3 The variations of optimal frequency ratio of the
isolators versus isolator mass ratio after considering (a)
& #20,& =0.05and (b) & =0.

the isolator mass ratio and the optimal frequency ratio. The intro-
duction of damping elevates the overall frequency ratios, as seen
by the observed trend alterations. Although the overarching pat-
tern (a reduction in the optimal frequency ratio with a rising mass
ratio) is consistent across both graphs, the rate of decline or the
effects of dampening presence or absence bring minor differences.
For example: with structural damping (5 # 0), the reduction is
less significant, resulting in elevated total frequency ratios in com-
parison to the undamped scenario. In the absence of structural
damping (¢£5 = 0), the reduction is more pronounced, leading to
decreased frequency ratios. Damping helps to manage the fre-
quency response, resulting in a higher ideal frequency ratio than
an undamped system. These findings are critical for developing
isolation systems because they indicate that the mass ratio and
damping properties must be carefully examined in order to obtain
optimal vibration isolation performance.

The Figure 4 shows how the ideal damping ratio of isolators
varies with the isolator mass ratio in two circumstances. Both

PREPRINT FOR REVIEW / 5



figures look at four types of isolators: damping, compound, nested,
and levered.

1. Figure 4 (a) (&5 # 0): The isolator damping ratio varies with
the mass ratio.

* Damping isolators: The damping ratio, represented by a dot-
ted blue line, is very low and nearly constant (close to zero)
across the mass ratio range.

* Compound isolators: A dashed orange line represents the
damping ratio, which is also fairly constant but larger than
that of the damping isolators, at roughly 0.5.

* Nested isolators: The damping ratio, represented by a solid
yellow line with star markers, is approximately 1.2 higher
than that of the damping and compound isolators, with a little
diminishing tendency as the mass ratio increases.

» Levered isolators, represented by a solid purple line with star
markers, have the largest damping ratios, starting at 3.0x1073
and decreasing slightly as the mass ratio increases.

1. Figure 4 (b) (&5 = 0): Even without damping, different
isolators exhibit distinct patterns in their damping ratios.

* Damping isolators: The damping ratio stays low and prac-
tically constant, analogous to the situation of & # 0 equals
zero or close to it.

* Compound isolators: The damping ratio is pretty stable and
slightly above 0.3.

* Nested isolators: The damping ratio is higher, beginning at
about 0.5 and progressively falling to about 0.45 as the mass
ratio increases.

* Levered isolators: These isolators have the largest damping
ratios, which begin at 0.8 and decrease to roughly 0.7 as the
mass ratio increases.

(@) %107 (b
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Fig. 4 The variations of optimal damping ratio of the
isolators versus isolator mass ratio after considering (a)
és 20,6 =0.05and (b) & = 0.

The damping ratio of a damper can significantly impact produc-
tion costs. The variations in the damping ratios of the four isolators
(damping, compound, nested, and levered) result from their unique
structural designs and energy dissipation methods. The Damping
Amplifier Friction Bearings (DAFB) has a straightforward design,
mostly using frictional damping in the base layer, resulting in a vir-
tually uniform, low damping ratio across the mass ratio spectrum.
The Compound Damping Amplifier Friction Bearings (CDAFB)
include an angular component (6) in their design, which improves
energy dissipation via an extra amplification mechanism, yielding a
somewhat elevated damping ratio compared to DAFB. The Nested
Damping Amplifier Friction Bearings (NDAFB) use a stratified ar-
rangement with many rhombus-shaped components. This configu-
ration facilitates a cumulative energy dissipation effect owing to the
series arrangement of damping components, markedly enhancing
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the damping ratio relative to the more basic DAFB and CDAFB.
The Levered Damping Amplifier Friction Bearings (LDAFB) use
a lever mechanism to efficiently amplify inertial forces, resulting
in optimal energy dissipation capacity. This structural advantage
renders LDAFB excellent regarding damping ratio performance.

The mass ratio (u,) is a crucial determinant of the damping
ratio, although several other factors also impact the efficacy of
these isolators:

* Geometric configurations: The angular parameters (¢, 6, ¢1,
¢, ¢3) directly affect the effective damping via cotangent and
tangent terms in the governing equations for effective damp-
ing. The angles dictate the interaction between the isolator
structure and the base vibrations, facilitating energy amplifi-
cation and dissipation.

Material Properties: The friction coefficient of the isolator
materials and the stiffness of the springs used in the isolators
influence their damping efficacy.

Dynamic Characteristics of the Structure: The natural fre-
quency of the main structure (wy) and the damping ratio (£5)
significantly influence the interaction dynamics between the
structure and the isolator.

» Configurations of Isolators: Parameters include the lever arm
ratios in LDAFB (a /by, az/by) and the mass distribution in
nested and compound systems affect the damping ratio.

This research ensured a fair comparison by maintaining uniform
material characteristics and structural factors, such as stiffness and
friction coefficients, across all isolator types. The angular config-
urations and mass ratios were selected to remain within feasible
design parameters, but the dynamic characteristics of the principal
structure were maintained consistently throughout all scenarios.
This enabled a fair assessment of the damping ratios and guar-
anteed that the noted discrepancies were only attributable to the
structural mechanisms of the isolators.

The mass ratio (u,) is a crucial element affecting the isolator’s
performance, while the damping ratio dictates energy dissipation.
To achieve optimum vibration isolation, the damping ratio must
equilibrate energy dissipation with the reduction of energy trans-
mission. An excessively high damping ratio may cause excessive
energy dissipation, restricting isolator flexibility, while an exces-
sively low damping ratio may result in insufficient vibration at-
tenuation. A well-tuned damping ratio is essential for attaining
the appropriate vibration isolation efficacy. A lower damping ratio
(i.e., 0.05 < &, < 0.8) is essential for achieving effective vibration
reduction since an optimal damping ratio is crucial for balancing
energy dissipation and limiting energy transmission through the
isolator. A lower damping ratio provides low material and man-
ufacturing costs which is very much essential for a sustainable
construction.

The assumption of a mass ratio between 0.6 and 1 is feasible
for systems where isolators include substantial inertial elements,
such as levers or nested structures, to attain high vibration attenu-
ation efficacy. Although this mass ratio may seem substantial, it is
practical in applications such as seismic isolation or the protection
of precise instruments. Consolidating the isolator mass into a sin-
gular equivalent mass is a legitimate simplification for analytical
modeling, especially when the components of the isolator function
as an integrated system. The compound damping amplification and
other internal processes (e.g., lever systems, nested structures) are
included via the generated effective damping and stiffness param-
eters. These words capture the contributions of internal configu-
rations, ensuring the model accurately reflects physical behavior.
This research employs the H, optimisation framework to verify
the lumped-parameter method by delivering optimum design pa-
rameters that correspond effectively with the actual performance
of the isolators. Furthermore, the lumped-mass assumption is ex-
tensively used in vibration isolation research, offering a compro-
mise between model intricacy and computational efficiency. The
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lumped-mass assumption streamlines the modeling process while
maintaining precision by including compound damping amplifica-
tion and other internal processes in the resultant effective damping
and stiffness parameters. This methodology guarantees that the
model accurately reflects physical behavior while preserving com-
puting efficiency.

3 Dynamic response evaluation

The newly developed damping-amplifier base isolators and tuned
mass dampers are applied to single degree of freedom systems to
satisfy each of their vibration reduction performance objectives.
All regulated single-degree-of-freedom (SDOF) systems share the
same governing system parameters. Harmonic excitation is used

Table 1 The structural system parameter for the single
degree of freedom system.

Primary structure  Governing system parameter Value
s
SDOF Damping ratio 0.01

at the base of the controlled structures. As a result, dynamic
responses arise from controlled structures. The complete exam-
ination of dynamic response evaluation is presented below. The
damping ratio of & =1 % was chosen to represent a lightly damped
primary structure, ensuring that the performance of the isolators
is evaluated under conservative conditions. While typical build-
ing damping ratios range from 2 % to 5 %, this value is realistic
for flexible structures or lightly damped systems and allows the
isolators’ contribution to vibration reduction to be more clearly
observed.

3.1 Single degree of freedom systems isolated by the novel
base isolators. Each isolator is applied at the base of the single de-
gree of freedom systems subjected to the harmonic base excitation.
First, the H, optimised base isolators are applied to the single de-
gree of freedom systems to determine their vibration reduction per-
formances. The governing system parameters for the single degree
of freedom systems and the H, optimised base isolators are listed
in Table 1 and Table 2. The optimal displacements of the isolated

Table 2 H, optimised design parameters for the con-
ventional and novel base isolators.

System Introduced by H; optimisation
nd Ld
Damping This study 0.745356  0.454487
Compound This study 0.745356  0.432459
Nested This study 0.745356  0.454487
Levered This study 0.745356  0.645497
CBI Matsagar and Jangid [31] 0.50 0.10

Conventional base isolator (CBI): isolator mass ratio (u,) = 0.90, DAFB:
ty = 0.90, ¢ =40°; CDAFB: yu, = 0.90, ¢ = 40°, 6 = 64°; NDAFB:
ty = 090, ¢ = 40°, ¢p = 45°, ¢3 = 45°, and LDAFB: u, = 0.90,
by/a; = 1.0, by/ay = 1.0. These parameters are applied to the Eq. (20)
and Eq. (21) to obtain each H, optimised base isolator’s optimal natural
frequency and damping ratio.

single-degree-of-freedom systems are derived using these optimal
design parameters and the frequency response functions, which
are developed in the previous sections. The vibration reduction
performance is estimated by comparing it with the optimum con-
ventional base isolators. The governing system parameters for the
conventional base isolators are taken from a well-established paper.
The paper is cited in Table 2. The mass ratio of the conventional
base isolator and the novel base isolators are maintained exactly
the same to perform a fair comparison between their vibration re-
duction performances. Now, after applying all system parameters,
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the variations in the optimal displacements of the single degree
of freedom systems isolated by the H, optimised ordinary, com-
pound, nested, and Levered DAFBs as a function of the frequency
ratio are obtained and graphically presented in Figure 5. The max-
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Fig. 5 Variations in the optimal displacements of the
single degree of freedom systems isolated by the H, op-
timised (a) ordinary, (b) compound, (c) nested, and (d)
Levered DAFBs as a function of the frequency ratio of
the harmonic excitation.

imum displacement response of the uncontrolled single degree of
freedom system is also obtained analytically using the frequency
response function and the value is 50. The maximum displacement
responses of the single degree of freedom systems isolated by Hp
optimised ordinary, compound, nested, and Levered DAFBs are
obtained as 2.03, 2.20, 2.02, and 2.02. The maximum displace-
ment response of the single degree of freedom system isolated by
the conventional base isolator is obtained as 8.49. The vibration
reduction capacities of the novel isolators are derived with respect
to the conventional base isolator, and the mathematical expression
for the required derivation is as follows.

(WS (n))conventional - (Wé (U))novel
(W5 (1))conventional

War (%) = x 100 (23)

where (Ws (1))conventional @1d (W5 (7))novel define the maximum
displacement of the single degree of freedom system isolated by
the conventional and the novel base isolators. The maximum dis-
placement responses of the single degree of freedom systems iso-
lated by H, optimised conventional, ordinary, compound, nested,
and Levered DAFBs are applied to the Eq. (23). Accordingly, the
vibration reduction capacity of the ordinary, compound, nested,
and Levered DAFBs is 76.1 % superior to the conventional base
isolator.

The approach outlined in this section incorporates a white noise
base excitation. Consequently, more experiments are conducted to
validate the dependability of the proposed method over a broader
range of seismic excitation situations. The Clough-Penzien power
spectrum, an adapted variant of the prevalent Kanai-Tajimi spec-
trum, may be used as the ground acceleration for this investigation
to achieve this objective. The unilateral PSD inherent in the pro-
cess distinguishes it.

4 2.2 2 4
wy +4lwow w

Xz, = S0 (24)

2 2
(a)é - wz) + 4{3(0(210_»2 (w% - wz) +420w?
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The constant power spectral density for random white noise ex-
citation is denoted by Sg. The renowned Kanai-Tajimi model’s
filter parameters are wg and {4, denoting the natural frequency
and damping ratio of the soil layer, respectively. The variations
in the optimal displacements of the single degree of freedom sys-
tems isolated by the H, optimised ordinary, compound, nested,
and Levered DAFBs as a function of the frequency ratio are ob-
tained and graphically presented in Figure 6. A secondary filter

====:Uncontrolled

= = 'CBI
DAFB

——CDAFB
~———NDAFB
LDAFB

Power spectral desntiy (dB/Hz)

1007 /

FH

0 0.5 1 1.5 2
Frequency ratio (n (w/w\))

Fig. 6 Variations in the optimal displacements of the
single degree of freedom systems isolated by the H», op-
timised ordinary, compound, nested, and levered DAFBs
as a function of the frequency ratio of the random white-
noise excitation.

using the parameters w, and ¢, yields a constrained power output
for ground displacement. Since w, < wyg, the second quotient
rapidly approaches unity, therefore the second filter mostly affects
the extremely low-frequency range. The filter parameter values are
derived from [32] to examine locations with soils categorized as
hard, medium, and soft. The medium soil is considered for this
study. The maximum dynamic response of the uncontrolled struc-
ture is 1.8247 x 107 dB/Hz. The maximum dynamic responses
of the structures isolated by CBI, DAFB, CDAFB, NDAFB, and
LDAFB have been determined as 1.6x10° dB/Hz, 1.0x10° dB/Hz,
9.54 x 10* dB/Hz, 9.89 x 10* dB/Hz, and 9.31 x 10* dB/Hz. Ac-
cordingly, The novel isolators are 93.71 %, 94.03 %, 93.81 %, and
94.17 % superior to the CBI. The resemblance in the frequency re-
sponse functions (FRFs) and power spectrum densities (PSDs) seen
across the four isolator designs is ascribed to the H, optimisation
method, which guarantees uniform performance under harmonic
and white noise stimuli. Although the isolators display varying
damping ratios, their optimal characteristics result in similar dy-
namic responses. This results from the interplay of mass, stiffness,
and damping, together with the energy redistribution induced by
their amplification processes. The amplifier angles (¢, 6, ¢, ¢o,
¢3) are calibrated to enhance vibration attenuation, addressing vari-
ations in damping and structural arrangements. These angles affect
the effective damping and stiffness characteristics, allowing all iso-
lators to attain similar dynamic responses. The resultant nonlinear
amplification reallocates energy dissipation, resulting in analogous
frequency responses across all isolator designs.

The analytical investigations and the simulation works are fur-
ther validated by a numerical study. Newmark-beta method is
employed to conduct the numerical study. This numerical study
considers Northridge near-field earthquake data (pulse) as a load-
ing function. The mass of the primary structure is m = 3000 tons.
The time interval of the structure is denoted as 7 = 0.5 seconds.
The structural period, wg = 27/T, is used to determine the natural
frequency of the structure. The predicted viscous damping ratio
of the single-degree-of-freedom systems is & = 0.02. The max-
imum dynamic response of the uncontrolled structure is 0.0122
m. The maximum dynamic responses of the structures isolated by
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Fig. 7 Variations in the optimal displacements of the
single degree of freedom systems isolated by the H, op-
timised ordinary, compound, nested, and levered DAFBs
versus the time period of the Northridge earthquake.

CBI and novel friction bearings have been determined as 0.0113
m and 0.0086. Accordingly, The novel friction bearings are 23.80
% superior to the CBL

4 Summary and conclusions

The paper introduces damping amplifiers integrated into the core
material of traditional nonlinear friction base isolators to improve
their vibration attenuation efficacy and rectify intrinsic deficien-
cies. The proposed technology integrates damping amplifiers into
the core material via the use of rhombus-type arrangements inside
the isolators. These arrangements provide inertial forces that al-
ter the effective damping of the isolators during vibration. The
inertial amplification mechanism enhances the damping effect us-
ing mechanical configurations, including nested or levered designs,
inside the isolator’s construction. This integration improves vibra-
tion damping by dynamically modifying the isolator’s response
according to the applied stimulation. Four new types of damp-
ing amplifier friction bearings are introduced: LDAFB, NDAFB,
CDAFB, and DAFB. The application of the H, optimisation tech-
nique yields the closed-form analytical solution for the optimum
designed parameters. The analytical analysis confirms the effi-
ciency of the newly obtained closed-form equations for the ideal
design parameters. The frequency response function was utilised
to generate closed-form formulas for the dynamic responses of the
isolator and main structure. The harmonic, random white-noise
excitation was used as basic excitations. Further, the analytical in-
vestigations and the simulation are validated by a numerical study
by considering real earthquake load. According to the results, the
H, optimised DAFB, CDAFB, NDAFB, and LDAFB have vibra-
tion reduction capacities that are 76.1 % higher than the optimum
conventional base isolator. The experimental activity is the future
focus of the research.
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