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A B S T R A C T

Fluid inerters have gained attention in structural vibration control for their simplicity, durability, high energy
dissipation, and significant apparent mass amplification. This study presents an innovative design of a separated
fluid inerter, which enhances inertial force, allows for more flexible installation methods, and supports a wider
range of connections. A mechanical model is developed and experimentally validated for the separated fluid
inerter. The effects of key design parameters on the device’s mechanical properties are examined, with a focus on
the radii (r1) and length (l) of the helical tube and the radii (r2) of hydraulic cylinder. Theoretical and experi-
mental results confirm the model’s reliability and the sensitivity of the device to these parameters. Additionally,
a combination of the separated fluid inerter with anti-overturning rolling isolation is applied to a frame structure,
and its seismic performance is evaluated through the shaking table test. The results indicate that the separated
fluid inerter can effectively reduce the displacement of the isolation layer without significantly increasing the top
floor acceleration of the frame structure equipped base isolation (FS-BI).

1. Introduction

Earthquakes, among the most prevalent and devastating natural
calamities globally, present a significant peril to both human lives and
property safety [1,2]. In response, structural vibration control has
emerged as a modern technology developed in recent decades to
enhance the safety and resilience of engineering structures against
seismic events [3]. This technology finds extensive application across
multiple domains, including structural engineering, bridge engineering,
ocean engineering, and mechanical engineering [4–8].

The realm of structural vibration control encompasses isolation,
energy dissipation, and dynamic vibration absorption technologies,
delineated by distinct design concepts and control mechanisms [9–11].
Isolation technology aims to concentrate the seismic-induced deforma-
tion primarily within the isolation layer, effectively mitigating the
impact of earthquakes on buildings [12]. Devices like rubber isolation
bearings exemplify this approach and significantly curtail the transfer of
seismic energy to the superstructure [13]. Energy dissipation technology
augments structural damping and dissipates vibration energy by stra-
tegically integrating energy dissipation devices within the structure [14,
15]. Recent advancements in energy dissipation technology have

introduced innovations like viscoelastic dampers [16]. In order to
further enhance the performance of viscoelastic dampers, Xu et al.
[17–19] conducted a series of in-depth studies on the properties and
stability of viscoelastic materials. The dynamic vibration absorption
technology functions by introducing subsystems within the structure to
facilitate the transfer of energy during structural vibration. Approaches
like tuned mass dampers represent effective means to attenuate struc-
tural vibration [20].

The inerter system, a recent addition to structural vibration control
technology, has garnered attention in recent years [21,22]. Central to
this system, the inerter, functioning as a two-terminal accel-
eration-dependent element, offers inertance significantly surpassing its
actual mass. The discovery of the inertance amplification effect in the
1970 s unveiled its potential for structural vibration control. Despite
this, comprehensive elucidation and research into the inerter’s appli-
cation and damping mechanisms remained scarce for an extended
period. In the early 2000 s, Ikago et al. [23,24] and Saito et al. [25]
introduced the tuned viscous mass damper (TVMD), employing the
principle of a ball-screw shaft, thereby unequivocally showcasing the
utilization of inertance amplification.

The inertance amplification capability within inerter devices is often
achieved by manipulating motion forms, such as transitioning between
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translation and rotation or altering fluid velocity [26,27]. These include
the gear-rack inerter, ball-screw inerter, electromagnetic inerter, and
hydraulic inerter. Smith and Wang [28] introduced a passive suspension
strut based on the inerter mechanism, which uses meshing transmission
among the rack, pinion, and gear to convert linear motion at both ends
into rotational motion, enabling inertance amplification. Ikago et al.
[29] demonstrated a mass amplifier using a ball-screw mechanism,
integrating it into a seismic control device. The ball-screw component
converts the linear motion of the screw into the rotational motion of the

nut, which drives a flywheel to amplify rotational inertia. Additionally,
Zhang et al. [30] innovated a novel crank inerter grounded in a crank
mechanism. Through the use of a slider and connecting rod, trans-
lational motion is converted into flywheel rotation, thereby amplifying
inertance. These studies collectively represent common mechanical
inerter mechanisms.

The hydraulic inerter stands as an alternative inerter device
employing hydraulic mechanisms to achieve inertance amplification.
Wang et al. [31] introduced a pioneering hydraulic motor inerter,

Nomenclature

r1 Radius of cylinder.
r2 Radius of helical tube.
A1 Cross sectional area of cylinder.
A2 Cross sectional area of helical tube.
L Effective length of cylinder.
R Rotation radius of helical tube.
hd Pitch of helical tube.
l Length of helical tube.
n Number of helical turns.
μ Viscosity coefficient of liquid.
ρ Density of the liquid.

x Displacement of fluid in cylinder.
u Displacement of fluid in helical tube.
Fbch Inertial force of fluid in helical tube.
Fbcy Inertial force of fluid in cylinder.
Fbp Inertial force of piston.
Fd Damping force of fluid flow in helical tube.
Fin Damping force at inlet of helical tube.
Fout Damping force at outlet of helical tube.
mcy Mass of fluid in cylinder.
mp Mass of piston.
mch Mass of fluid in helical tube.
mb Inertance.

Fig. 1. Schematic diagram of the separated fluid inerter. (a) Force diagram; (b) 3D schematic diagram.
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constituting a closed hydraulic system encompassing a hydraulic cyl-
inder, hydraulic motor, and connecting pipelines. The fundamental
principle revolves around creating a pressure difference between the
cylinder’s left and right sides via piston movement. This action propels
the hydraulic motor, facilitating flywheel motion and the consequent
amplification of apparent mass. In a separate study, Swift et al. [32]
devised a fluid inerter comprised of a hydraulic cylinder, piston, and
helical tube. The piston’s motion induces fluid flow within the helical
tube, leveraging the diameter difference between the tube and cylinder
to amplify flow velocity and, in turn, the apparent mass. Liu et al. [33]
proposed a controllable fluid inerter featuring adjustment capabilities
for both inertia and damping coefficients via two electromagnetic
valves, representing an enhancement over traditional fluid inerters. The
inherent simplicity and durability of the fluid inerter, relying solely on

liquid flow for apparent mass amplification, coupled with inherent
parasitic damping to dissipate seismic energy, underscore its promising
application potential.

Building upon prior research, this paper introduces an enhanced
separated fluid inerter, aimed at providing heightened inertial force,
expanded installation adaptability, and a more extensive range of
connection options. The separation design implemented in the cylinders
aims to surpass the length constraints typically associated with cylinders
and mitigate the reduction in the effective working area caused by pis-
ton rod presence. This design enhancement facilitates greater piston
stroke and heightened inertia force. Initially, the mechanical model of
the separated fluid inerter was formulated utilizing mechanical theory,
subsequently undergoing validation through model experiment. The
study proceeded to investigate the influence of diverse design parame-
ters on the mechanical characteristics of the separated inerter, inte-
grating empirical findings with theoretical models to offer
comprehensive insights into its performance. In addition, the combi-
nation of separation fluid inerter and anti-overturning rolling isolation
was applied to the frame structure. The seismic performance of the
frame structure equipped with the base isolation-fluid inerter (FS-BIFI)

Fig. 2. Simplified model of the separated fluid inerter.

Fig. 3. The experimental devices of the separated fluid inerter. (a) The separated fluid inerter; (b) The connections; (c) The sensor.

Table 1
Performance parameters of the servo actuator.

Index Value Index Value

Dynamic force ± 247 kN Rated flow of servo valve 250 l/min
Static force ± 307 kN Working stroke ± 150 mm
Operating pressure 280 Bar Maximum stroke ± 190 mm
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was investigated by shaking table test.

2. Mechanical model of the separated fluid inerter

As illustrated in Fig. 1, the separated fluid inerter comprises a helical
tube, two hydraulic cylinders, and two pistons.

The working areaA1 of the hydraulic cylinder, the working areaA2 of
the helical tube, the massmcy of fluid in the hydraulic cylinder, the mass
mch of fluid in the helical tube and the total length l of the helical tube are

A1 = πr21, A2 = πr22, mcy =
ρLA1
2 , mch = ρlA2 and l = n

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

hd
2
+ (2πR)2

√

respectively.
Since the fluid is incompressible, the following equation can be ob-

tained:

A1ẋ = A2u̇ (1)

Where ẋ and u̇ represent the velocity of the fluid in hydraulic cylinder
and helical tube respectively.

During the motion of the fluid inerter, the inertia force Fbp of two
pistons can be expressed as:

Fbp = 2mpẍ (2)

The inertia force Fbcy of the fluid in two hydraulic cylinders can be
expressed as:

Fbcy = 2mcyẍ = ρLA1ẍ (3)

The substantial disparity in fluid velocity between the helical tube
and the cylinders renders the kinetic energy of the fluid within the
cylinders significantly lower compared to that within the helical tube,
allowing it to be disregarded. Consequently, the stored energy within
the inerter can be represented as:

Ekch =
1
2

mchu̇2 =
1
2

mbẋ2 (4)

The inertia force Fbch of the fluid in the helical tube can be expressed
as：

Fbch = mchü = mbẍ =
ρlA2

1
A2

ẍ (5)

The shear friction force Ff between the piston and the inner wall of
the hydraulic cylinder can be expressed as [32]:

Ff =
4πμ(r1 − Δr)H

Δr
ẋ (6)

Where Δr is the gap width between the inner wall of the hydraulic cyl-
inder and the piston, which can be approximately 0.1 mm.

The damping forces Fin and Fout at the inlet and outlet of the helical
tube may be described as follows, with reference to the research of
Massey and Ward-Smith [34]:

Fin = ΔpinA1 = 0.25ρA1

(
A1

A2

)2

ẋ2sign(ẋ) (7)

Fout = ΔpoutA1 = 0.5ρA1

(
A1

A2

)2

ẋ2sign(ẋ) (8)

Where Δpin and Δpout are pressure drop at inlet and outlet, sign(⋅)is the
symbolic function.

The damping force Fd induced by the fluid flow within the helical
tube can be expressed as [35]:

Fd = ΔpchA1 = 4fF
l

Dh

ρu̇2

2
A1sign(ẋ) (9)

Where fF is Fanning friction factor, which can be calculated by referring
to the different empirical models in [35–41]. This paper adopts the
empirical formula proposed by White [36], namely:

fF = 0.08Re− 0.25 +0.012
̅̅̅̅
r2
r3

√

(10)

Where Re is Reynolds Number. Therefore, the damping force Fd can be
expressed as:

Fd =

(

0.0160
ρl

R0.5
A3
1

A2.25
2

ẋ2 + 0.1376μ0.25ρ0.75l A2.75
1

A2.375
2

|ẋ|1.75
)

sign(ẋ)

=
(

c1ẋ2 + c2|ẋ|
1.75
)

sign(ẋ)

(11)

Where c1 and c2 are different damping coefficients. Due to the
complexity of the damping force, the two damping coefficients will be
determined based on the results in subsequent experiments.

Therefore, the mechanical model of separated fluid inerter can be
expressed as:

Ftotal = Ff + Fin + Fout + Fd + Fbp + Fbch + Fbcy (12)

According to Eqs. (2), (3) and (5), the following equations can be
obtained:

Fbch

Fbcy
=

ρl A21
A2

ρLA1
=

lA1

LA2
=

l
L

(
r1
r2

)2

(13)

Fbch

Fbp
=

ρlA2
1

mpA2
=

mcy

mp

A1

A2

l
L

(14)

Normally, A1/A2 > 100 and l/L> 10, so the inertia force Fbp exerted
by the pistons and the inertia force Fbcy associated with the fluid in the
hydraulic cylinders are negligible when contrasted with the inertia force
Fbch within the helical tube. Consequently, the mechanical model of the
separated fluid inerter can be streamlined into a parallel configuration
featuring an inertance element and a nonlinear damping element,
depicted in Fig. 2, manifesting as:

Ftotal ≈ Fd + Fbch (15)

3. Performance analysis based on model experiment

3.1. Experimental details

To validate the accuracy of the aforementioned theoretical model, an
experimental investigation was conducted to assess the mechanical
characteristics of the separated fluid inerter, aiming to delve deeper into
its operational mechanisms. All tests are completed in Open Experimental
Base of Hohai University (see Fig. 3). The separated fluid inerter model is

Table 2
Dimensions of different numbered inerter models.

Model Fluid r1 (mm) r2 (mm) l (m) Model Fluid r1 (mm) r2 (mm) l (m)

1 Empty 31.5 5 4 6 Water 31.5 15 4
2 Water 31.5 5 4 7 Water 31.5 5 5
3 Water 40 5 4 8 Water 31.5 5 6
4 Water 50 5 4 9 Water 31.5 5 7
5 Water 31.5 10 4     
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refitted from two standard cylinders and a slender tube. During the test,
the Servotest SV250 servo actuator is used as the loading device, and its
performance parameters are shown in Table 1. A total of 5 sensors are
deployed during the experiment. The rope displacement sensor with a
measuring range of 0–500 mm is used to measure the displacement of
the pistons, and 2 force sensors with a range of 0–5000 kg and an ac-
curacy of 0.03 % are used to measure the forces at both ends of the
inerter，2 hydraulic sensors with a range of 0–25 Mpa and an accuracy
of 0.03 % are used to measure the pressure at both ends of the helical
tube. Fig. 3 illustrates the connection details of all experimental devices,
tailored to accommodate the model’ dimensions and field conditions.
ISx-y-z-Xk-n is the form of the loading condition label, IS represents the
separated fluid inerter, x represents the radius of cylinder, y is the radius
of helical tube, z is the length of helical tube, X represents sinusoidal or
triangular loading, k is the amplitude of loading, n is the frequency of
loading.

The experimental loading modes encompass sinusoidal and trian-
gular waves, with amplitudes set at 10 mm, 20 mm, and 30 mm to
facilitate complete fluid movement within the slender helical tube. To
avert relative displacement between the cylinder and the ground due to
excessive frequency during testing, the loading frequency range is
confined to 0–3 Hz. A comprehensive array of 9 inerter models is
designed and tested across different loading modes, amplitudes, and
frequencies, detailed in Tables 2 and 3. Model 1 is specifically employed
to ascertain friction force. Models 2, 3, and 4 are utilized to investigate
the impact of cylinder radius r1 on performance, while models 2, 5, and 6
are dedicated to exploring the influence of helical tube radius r2. Lastly,
the test involving models 2, 7, 8, and 9 primarily scrutinize the impact of
helical tube length l. A total of 39 experimental conditions are designed.
For each model, the loading forms include triangular and sinusoidal
waves. The amplitude for the triangular wave loading is 30 mm
(0.1 Hz), while for the sinusoidal wave, the amplitudes are 10 mm
(2 Hz), 20 mm (1 Hz), and 30 mm (0.5 Hz). The purpose is to analyze
the effect of different design parameters on the output of the inerter.
Model 2 serves as the standard group, and its loading conditions include
10 mm (1 Hz, 2 Hz, 3 Hz), 20 mm (0.5 Hz, 1 Hz, 2 Hz), and 30 mm
(0.1 Hz, 0.5 Hz, 1 Hz) to analyze the influence of different amplitudes
and frequencies on the output of the inerter.

3.2. Verification of the theoretical model

Throughout the loading process, the primary output forces from the
separated fluid inerter encompass friction force, inertial force, and
parasitic damping force. This section aims to validate the theoretical
model by comparing it with the experimental findings.

3.2.1. Coulomb friction force
Fig. 4 illustrates the Coulomb friction force between the piston and

the inner wall of the hydraulic cylinder under loading conditions
(IS315–5-4-TRI-empty). The behavior of this friction force aligns with
Coulomb’s law of friction (refer to Eq. (16)). Based on the experimental
outcomes, an estimation suggests that the Coulomb friction force f
approximately amounts to 55 N.

f = f0sign(ẋ) (16)

Table 3
The unique test conditions of 9 fluid inerter models.

Case No. Model
No.

Loading
mode

Amplitude
(mm)

Frequency
(Hz)

IS315 − 5 − 4-TRI-
empty

No. 1 triangular
wave

30 0.1

IS315 − 5 − 4-TRI No. 2 triangular
wave

30 0.1

IS315 − 5 − 4-
SIN30 − 0.1

No. 2 sinusoidal
wave

30 0.1

IS315 − 5 − 4-
SIN30 − 0.5

No. 2 sinusoidal
wave

30 0.5

IS315 − 5 − 4-
SIN30 − 1

No. 2 sinusoidal
wave

30 1

IS315 − 5 − 4-
SIN20 − 0.5

No. 2 sinusoidal
wave

20 0.5

IS315 − 5 − 4-
SIN20 − 1

No. 2 sinusoidal
wave

20 1

IS315 − 5 − 4-
SIN20 − 2

No. 2 sinusoidal
wave

20 2

IS315 − 5 − 4-
SIN10 − 1

No. 2 sinusoidal
wave

10 1

IS315 − 5 − 4-
SIN10 − 2

No. 2 sinusoidal
wave

10 2

IS315 − 5 − 4-
SIN10 − 3

No. 2 sinusoidal
wave

10 3

IS40 − 5 − 4-TRI No. 3 triangular
wave

30 0.1

IS40 − 5 − 4-
SIN30 − 0.5

No. 3 sinusoidal
wave

30 0.5

IS40 − 5 − 4-
SIN20 − 1

No. 3 sinusoidal
wave

20 1

IS40 − 5 − 4-
SIN10 − 2

No. 3 sinusoidal
wave

10 2

IS50 − 5 − 4-TRI No. 4 triangular
wave

30 0.1

IS50 − 5 − 4-
SIN30 − 0.5

No. 4 sinusoidal
wave

30 0.5

IS50 − 5 − 4-
SIN20 − 1

No. 4 sinusoidal
wave

20 1

IS50 − 5 − 4-
SIN10 − 2

No. 4 sinusoidal
wave

10 2

IS315 − 10 − 4-TRI No. 5 triangular
wave

30 0.1

IS315 − 10 − 4-
SIN30 − 0.5

No. 5 sinusoidal
wave

30 0.5

IS315 − 10 − 4-
SIN20 − 1

No. 5 sinusoidal
wave

20 1

IS315 − 10 − 4-
SIN10 − 2

No. 5 sinusoidal
wave

10 2

IS315 − 15 − 4-TRI No. 6 triangular
wave

30 0.1

IS315 − 15 − 4-
SIN30 − 0.5

No. 6 sinusoidal
wave

30 0.5

IS315 − 15 − 4-
SIN20 − 1

No. 6 sinusoidal
wave

20 1

IS315 − 15 − 4-
SIN10 − 2

No. 6 sinusoidal
wave

10 2

IS315 − 5 − 5-TRI No. 7 triangular
wave

30 0.1

IS315 − 5 − 5-
SIN30 − 0.5

No. 7 sinusoidal
wave

30 0.5

IS315 − 5 − 5-
SIN20 − 1

No. 7 sinusoidal
wave

20 1

IS315 − 5 − 5-
SIN10 − 2

No. 7 sinusoidal
wave

10 2

IS315 − 5 − 6-TRI No. 8 triangular
wave

30 0.1

IS315 − 5 − 6-
SIN30 − 0.5

No. 8 sinusoidal
wave

30 0.5

IS315 − 5 − 6-
SIN20 − 1

No. 8 sinusoidal
wave

20 1

IS315 − 5 − 6-
SIN10 − 2

No. 8 sinusoidal
wave

10 2

IS315 − 5 − 7-TRI No. 9 triangular
wave

30 0.1

Table 3 (continued )

Case No. Model
No.

Loading
mode

Amplitude
(mm)

Frequency
(Hz)

IS315 − 5 − 7-
SIN30 − 0.5

No. 9 sinusoidal
wave

30 0.5

IS315 − 5 − 7-
SIN20 − 1

No. 9 sinusoidal
wave

20 1

IS315 − 5 − 7-
SIN10 − 2

No. 9 sinusoidal
wave

10 2
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Where f is the Coulomb friction force, f0 is the maximum static friction
force.

3.2.2. Negative stiffness
The analysis focuses on the results obtained under sinusoidal loading

conditions. The sinusoidal wave is mathematically expressed as:

x = A sin(ωt) (17)

Hence, the expression for the output force of the fluid inerter model
can be represented as:

Fd = mbẍ = − mbω2A sin
(
ωt
)

(18)

Fig. 5 displays the force-displacement hysteresis curves acquired
during specific test conditions. As per Eq. (18), − mbω2 represents the

diagonal slope of the hysteresis curve. The orange line denotes the
theoretically calculated value. The close proximity between the exper-
imental hysteresis curve’s diagonal slope and the theoretical estimation
indicates a significant alignment. These results underscore the reliability
of the simplified mechanical model applied to the separated fluid
inerter.To further quantitatively ascertain the accuracy of this simplified
model, the inertance mb under select test conditions is derived from
experimental data. Notably, the hysteresis curve takes on an approxi-
mate shuttle-shaped pattern distributed across the second and fourth
quadrants. The diagonal slope of the hysteresis curve can be derived
using the following equation:

α = − mbω2 = −
1
4

⎛

⎜
⎜
⎜
⎝

⃒
⃒
⃒
⃒
F− 0.5up − F0.8up

x− 0.5 − x0.8

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
F− 0.8up − F0.5up

x− 0.8 − x0.5

⃒
⃒
⃒
⃒

+

⃒
⃒
⃒
⃒
F− 0.5down − F0.8down

x− 0.5 − x0.8

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
F− 0.8down − F0.5down

x− 0.8 − x0.5

⃒
⃒
⃒
⃒

⎞

⎟
⎟
⎟
⎠

(19)

In this equation, x-0.5, F-0.5up and F-0.5down represent the displacement
at − 0.5 A and the corresponding forces at the upper and lower ends of
the hysteresis curve, respectively, as depicted in Fig. 5(a).

The calculated results, compared with theoretical values, are
assessed for relative errors using Eq. (20), presented in Table 4. A
comparison reveals a close proximity between the calculated results
derived from experimental values and those predicted by the theoretical
model. The relative errors amount to 1.0 %, 19.0 %, 2.7 %, 12.7 %, and
11.8 % respectively. These findings further validate the reasonableness
of the simplified model.

Er =

⃒
⃒
⃒
⃒
Yth − Yexp

Yexp

⃒
⃒
⃒
⃒× 100% (20)

Fig. 4. The displacement and force-time curve of the inerter model (IS315–5-4-TRI-empty). (a) The displacement-time curve; (b) The force-time curve.

Fig. 5. Comparative analysis between theoretical and experimental results of -mbω2. (a) IS315–5-4-SIN30–1; (b) S315–5-4-SIN20–1.

Table 4
Comparative analysis between theoretical and experimental values of inertance
mb.

Case No. Theoretical
value

Experimental
value

Relative error
Er

IS315 − 5 − 4-
SIN30 − 1

495 490 1.0 %

IS315 − 5 − 4-
SIN10 − 1

495 416 19.0 %

IS315 − 5 − 5-
SIN30 − 0.5

618 635 2.7 %

IS315 − 10 − 4-
SIN20 − 1

124 142 12.7 %

IS400 − 5 − 4-
SIN30 − 0.5

1286 1458 11.8 %
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Where Yth and Yexp are theoretical and experimental values respectively.

3.2.3. Parasitic damping force
The pressure difference Δp is calculated by the pressure values at the

inlet and outlet of the cylinders measured by the hydraulic sensor. The
damping force Fd of the fluid inerter model is calculated utilizing Eq. (9)
via experimental findings. Notably, due to varying test conditions, such
as tube dimensions or material variations, theoretical damping co-
efficients c1 and c2 are derived from the empirical model may incur
significant errors, especially at higher frequencies. Hence, to mitigate
this, the damping coefficients are fitted based on Eq. (11) and experi-
mental results [42]. For the determination of the fluid inerter’s damping

coefficients c1 and c2, the Gauss-Newton method and the least square
method are employed for fitting, represented as:

{c1, c2} = arg min
c1 ,c2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1

⃦
⃦Fth(i) − Fexp(i)

⃦
⃦2

√
√
√
√ (21)

Where Fth and Fexp denote theoretical and experimental values,
respectively.

Fig. 6 depicts the comparison between the fitting results, derived
from the model introduced by White [36], and the experimental values
of the damping force Fd. Despite localized discrepancies between the
fitting results and the experimental values, the overall fitting effect re-
mains satisfactory, consistent with the findings reported by Liu et al.
[42].

3.3. The influence of loads with different amplitude and frequency

Fig. 7 illustrates the force-displacement hysteretic curves of the fluid
inerter under varying loading frequencies. Notably, the observed hys-
teresis curves exhibit a plump, shuttle-shaped characteristic across these
working conditions. The fluid inerter model showcases commendable
energy dissipation capacity and performance stability. Remarkably, the
output force of the fluid inerter model exhibits distinct behaviors with
fluctuations in the loading frequency. At loading frequency of 0.1 Hz,
the force-displacement hysteresis curve approximates a rectangular
shape, indicating a smaller inertial force. Here, the fluid inerter model
primarily manifests frictional and minimal damping forces (refer to
Fig. 7(b)). As the loading frequency escalates, both the absolute value of

Fig. 6. Comparative analysis between fitting results and experimental data of damping force. (a) IS315–5-4-SIN30–0.5; (b) IS315–5-4-SIN10–2.

Fig. 7. Force-displacement hysteresis curves under various frequencies. (a) 0.5, 1 and 2 Hz; (b) 0.1, 0.5 and 1 Hz.

Fig. 8. Force-displacement hysteresis curves under varying amplitudes.
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the diagonal slope -mbω2 and the peak amplitude of the hysteresis curve
proportionally increase, gradually adopting a plumper form. These
findings underscore the inerter’s capability to generate heightened in-
ertial and damping forces under high-frequency loads.

Fig. 8 depicts the force-displacement hysteretic curves of the fluid
inerter under varying loading amplitudes. It is worth noting that
regardless of the amplitude change, the effect on the diagonal slope of
the hysteresis curve (representing negative stiffness, -mbω2) is small. The
effect of amplitude variation on negative stiffness requires further in-
depth investigation. However, both the peak value and the area
enclosed by the hysteresis curve demonstrate an increase proportional to
the amplitude increment. Additionally, a noteworthy observation is the
nonlinearity exhibited in the hysteresis curve under a 30 mm amplitude
and 1 Hz loading frequency. This nonlinearity arises due to the fluid
inerter model’s nonlinear damping characteristics under high-frequency
loads.

3.4. The influence of different design parameters

The prior section established the theoretical model’s accuracy
through experimental validation. This section delves into the analysis of
the fluid inerter’s performance concerning various design parameters,

namely the hydraulic cylinder radius r1, helical tube radius r2, and he-
lical tube length l. Employing a single variable analysis method, each of
these pivotal parameters is systematically varied within a range of 70 %
to 130 % from their initial values (r1= 0.05 m, r2= 0.01 m, n= 15, H=

0.010 m, ρs= 7850 kg/m3, R= 0.10 m, rp= 29.9 mm, hd= 0.014 m, Δr=
0.1 mm, ρ= 1000 kg/m3, L= 0.300 m, μ= 0.001 Pa⋅s). The metrics
evaluated as performance indices include inertance mb damping co-
efficients c1 and c2. Fig. 9 illustrates the impact of design parameters on
the corresponding performance indices. As depicted in Fig. 9(a), there
exists a positive correlation between the inertance mb and damping co-
efficients c1 and c2 with the radius r1 of the cylinder. This relationship
demonstrates an exponential increase in both mb and c1 and c2 as the
radius r1 escalates. Conversely, Fig. 9(b) indicates a negative correlation
between the inertance mb and damping coefficients c1 and c2 with the
radius r1 of the helical tube. Here,mb and c1 and c2 display a diminishing
trend in a power function with an increase in r2. Moreover, the length l of
the helical tube showcases a linear incremental relationship withmb and
c1 and c2 as shown in Fig. 9(c). These findings underscore that the
separated fluid inerter’s performance is notably more sensitive to vari-
ations in the cylinder radius r1 and helical tube radius r2 compared to
alterations in the length l of the helical tube. Additionally, it’s evident
that the design parameters exert a more significant influence on

Fig. 9. Impact of various design parameters on fluid inerter performance. (a) The radius r1of the cylinder; (b) The radius r2 of the helical tube; (c) The length l of the
helical tube.
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Fig. 10. Hysteresis curves of fluid inerter model with varied r1. (a) Force-displacement curves (20 mm, 1 Hz); (b) Pressure difference-displacement curves (20 mm,
1 Hz); (c) Force-displacement curves (30 mm, 0.5 Hz); (d) Pressure difference-displacement curves (30 mm, 0.5 Hz).
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damping coefficient c1 than on damping coefficient c2.
To delve deeper into understanding the impact of diverse design

parameters on the fluid inerter’s performance, a detailed analysis is
conducted using the experimental outcomes. Figs. 10 to 12 present the
force-displacement and pressure difference-displacement curves of the
fluid inerter model with varying design parameters. The pressure dif-
ference across the helical tube’s ends is extracted utilizing two hydraulic
sensors.

Fig. 10 illustrates the force-displacement and pressure-displacement
hysteresis curves of fluid inerter models with varying cylinder radii r1
under two distinct test conditions (20 mm, 1 Hz and 30 mm, 0.5 Hz). As
depicted in Fig. 10(a), there is a noticeable increase in both the diagonal
slope and the area encompassed by the hysteresis curve as the hydraulic
cylinder radius r1 increases. This escalating trend becomes more pro-
nounced under another test condition (30 mm and 0.5 Hz, depicted in
Fig. 10(c)). Additionally, the peak output force of the inerter demon-
strates a substantial increase with an augmented radius r1.

Fig. 11 exhibits the hysteresis curves of fluid inerter models with
various helical tube radii r2. The alterations in r2 significantly affect the
peak value, diagonal slope, and area of the hysteresis curve, decreasing
as r2 increases. This behavior can be attributed to the inverse relation-
ship between the radius of the helical tube and the flow velocity of the
liquid inside. Consequently, an increased radius diminishes the fluid
inerter model’s energy dissipation capacity, thereby reducing its ability
to provide inertial force. However, as depicted in Fig. 12, the hysteresis

curves of fluid inerter models with different helical tube lengths l almost
overlap. This observation suggests that the length l of the helical tube
has a minimal effect on the fluid inerter’s performance. These findings
demonstrate a consistency between the experimental and theoretical
outcomes.

4. Performance analysis based on shaking table test

4.1. Experimental details

In practical engineering applications, inerters are typically combined
with dampers and springs to form an inerter system. To further inves-
tigate the performance of the separated fluid inerter, a shake table test
was conducted on a frame structure equipped with the base isolation-
fluid inerter (FS-BIFI). As shown in Fig. 13, the original structure is a
three-story steel frame structure made of Q235 steel, with each story
having a height of 950 mm. The dimensions of the floor slab are
1040 mm × 1040 mm × 20 mm. The frame columns have a rectangular
cross-section, with individual dimensions of 80 mm (length) × 20 mm
(width) × 930 mm (height). Both the column bases and the frame joints
are connected using angle steel. The design parameters of the separated
inerter are r1 = 31.5 mm, r2 = 5 mm and l= 6 m.

The shake table excitations are the Loma Prieta (near-field) and San
Fernando (far-field) seismic waves, with corresponding amplitudes of
0.05 g, 0.1 g, and 0.2 g, all applied as unidirectional excitations (as

Fig. 11. Hysteresis curves of fluid inerter model with varied r2. (a) Force-displacement curves (20 mm, 1 Hz); (b) Pressure difference-displacement curves (20 mm,
1 Hz); (c) Force-displacement curves (30 mm, 0.5 Hz); (d) Pressure difference-displacement curves (30 mm, 0.5 Hz).
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shown in Fig. 14). The tests are conducted on the frame structure (FS),
the frame structure equipped base isolation (FS-BI), and the FS-BIFI,
with the test conditions summarized in Table 5. Based on the test data
from the original structure, the stiffness and damping of the three-story
frame structure are identified using the differential evolution (DE) al-
gorithm [43]. The damping ratio of the upper frame structure is
approximately 0.015, the inter-story stiffness is about 516.49 kN/m, and
the first natural frequency is around 3 Hz. The stiffness of the isolation
layer is approximately 49.12 kN/m, and the friction coefficient of the
roller bearings is around 0.018. The experiment employed a unidirec-
tional loading method, applying the load along the weak axis of the
frame.

4.2. Result analysis

Fig. 15 shows the time history curves of the top floor acceleration
and relative inter-story displacement for both the FS and the FS-BI under
the San Fernando seismic wave (PGA= 0.10 g). It can be seen that, due to
the effect of the base isolation layer, the time history responses of both
the top floor acceleration and the relative inter-story displacement have
been significantly suppressed. This indicates that base isolation has
excellent seismic performance. Fig. 16 shows the time history curves of
the isolation layer displacement and the top floor acceleration for FS-BI
and FS-BIFI under the Loma Prieta and San Fernando earthquake waves

(PGA=0.20 g). It can be seen that the presence of fluid inerter can
further reduce the displacement of the isolation layer. However, its
impact on the top floor acceleration of the structure is relatively small
and may even amplify the top floor acceleration during certain time
periods (e.g., Fig. 16 (a), 10–20 s).

To further analyze the performance of the separated fluid inerter, the
peak amplitude and root mean square (RMS) value of the time history
response are used as evaluation metrics. The peak amplitude represents
the instantaneous response of the structure, while the RMS value rep-
resents the average response over the entire vibration period. Table 6
shows the peak amplitude and RMS value of displacement and accel-
eration for the FS, the FS-BI, and the FS-BIFI under different earthquake
waves. Furthermore, the response reduction rate is used to analyze the
seismic effect, which can be expressed as:

R =
X1 − X2

X1
× 100% (22)

Where, X1 and X2 represent the responses of the structure before and
after reduction, respectively. The results of FS-BI are compared with
those of FS, and the results of FS-BIFI are compared with those of FS-BI.

From Table 7, it can be seen that the FS-BI exhibits excellent isolation
performance, significantly reducing both displacement and acceleration
responses of the structure. Moreover, as the PGA increases, the isolation
effect of the isolation layer improves. Additionally, it is observed that

Fig. 12. Hysteresis curves of fluid inerter model with varied l. (a) Force-displacement curves (20 mm, 1 Hz); (b) Pressure difference-displacement curves (20 mm,
1 Hz); (c) Force-displacement curves (30 mm, 0.5 Hz); (d) Pressure difference-displacement curves (30 mm, 0.5 Hz).
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the response reduction rate of the FS-BI under the Loma Prieta (near-
field) seismic wave is significantly higher than that under the San Fer-
nando (far-field) seismic wave.

From Table 8, it can be seen that the addition of the fluid inerter can
significantly and effectively reduce the displacement of the isolation
layer. The response reduction rates for the peak value and the root mean
square (RMS) value of the isolation layer displacement are 18.21 % and
23.37 %, respectively. However, it can amplify the top floor acceleration
of the structure to some extent (− 19.30 %), and the reduction rate varies
under different earthquake excitations. Overall, as the PGA increases,
the reduction rate of the top floor acceleration changes from negative to
positive, meaning the effect shifts from amplification to reduction. Due
to the limited number of conditions in this experiment, further in-depth
research is needed.

5. Conclusions

This paper presentes a separated fluid inerter, which is composed of
two separated hydraulic cylinders, a helical tube and two pistons. The
construction and working principle of the separated fluid inerter are
introduced, and its mechanical model is established. Experiments on the
fluid inerter models with different design parameters under various
loads are conducted to validate the accuracy of the mechanical model. In
addition, the seismic performance of the frame structure equipped with
the base isolation-fluid inerter (FS-BIFI) is investigated by shaking table
test. The primary conclusions are summarized as follows:

(1) The introduced separated fluid inerter amplifies fluid velocity
through a diameter difference between the helical tube and the
hydraulic cylinder, generating significant inertia force and ki-
netic energy storage. The primary output forces consist of inertial
force (Fbch) and damping force (Fd), mainly arising from fluid flow
within the helical tube. The separated fluid inerter can be
simplified as a parallel model comprising an inertance element
(mb) and nonlinear damping elements (c1, c2). Notably, the fluid
inerter exhibits negative stiffness, with its inertia force lacking
participation in energy dissipation; instead, its energy dissipation
primarily stems from its inherent nonlinear damping.

(2) The theoretical model undergoes verification through diverse test
conditions applied to the experiment of fluid inerter model. The
experimental results for inertance closely align with theoretical
results, revealing relative errors of 1.0 %, 19.0 %, 2.7 %, 12.7 %,
and 11.8 %, respectively. The separated fluid inerter relies on
three crucial design parameters: the cylinder radius (r1), the he-
lical tube radius (r2), and the length of the helical tube (l).
Notably, the inerter’s performance exhibits considerable sensi-
tivity to alterations in both the cylinder radius (r1) and the helical
tube radius (r2).

(3) The FS-BI exhibits excellent isolation performance, significantly
reducing both displacement and acceleration responses of the
structure. The addition of the fluid inerter can significantly and
effectively reduce the displacement of the isolation layer.
Compared with the results of FS-BI, The response reduction rates
of FS-BIFI for the peak value and the root mean square (RMS)
value of the isolation layer displacement are 18.21 % and

Fig. 13. Shaking table test. (a) The three-story steel frame structure; (b) The frame structure equipped with the base isolation-fluid inerter; (c) The separated fluid
inerter; (d) The anti-overturning rolling isolation.
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23.37 %, respectively. However, it can amplify the top floor ac-
celeration of the structure to some extent (− 19.30 %), and the
reduction rate varies under different earthquake excitations.

Despite its perceived advantages in simplicity and durability, the
practical utilization of the separated fluid inerter remains limited, and
its actual impact in real-world engineering applications requires further
investigation. Furthermore, the current analysis of the separated fluid
inerter primarily focuses on its attributes as a two-terminal element. To
fully exploit the potential advantages of the separated inerter, exploring
the efficacy of a multi-terminal separated fluid inerter in future studies
could offer valuable insights.
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Table 6
The peak amplitude and RMS value of displacement and acceleration for the FS, the FS-BI, and the FS-BIFI.

Model Seismic excitation PGA (g) Acceleration of
the top layer (m/
s2)

The relative
acceleration of the
top layer (m/s2)

Displacement of top
layer (mm)

Displacement of
isolation layer
(mm)

Max RMS Max RMS Max RMS Max RMS

Three-story frame structure Loma Prieta 0.05 g 2.3448 0.7306 2.2567 0.6952 9.8970 1.6898 - -
0.10 g 4.8139 1.4214 4.7865 1.3634 20.6899 4.0739 - -

San Fernando 0.05 g 1.6409 0.4515 1.5591 0.4072 5.4927 1.3493 - -
0.10 g 3.3682 0.8741 3.2783 0.7999 11.7251 2.8559 - -

Three-story frame structure equipped base isolation Loma Prieta 0.05 g 0.6304 0.1115 0.6295 0.0873 8.8412 1.1708 7.5794 0.9646
0.10 g 1.1816 0.1692 1.1197 0.1348 20.4835 2.7809 17.1943 2.3381
0.20 g 2.4973 0.2796 1.6646 0.2118 55.4302 6.7970 47.6215 5.9200

San Fernando 0.05 g 0.8682 0.1677 0.7722 0.1336 7.3459 1.4443 5.7583 1.1550
0.10 g 1.2332 0.2098 1.1262 0.1584 21.6645 4.1073 17.5198 3.4031
0.20 g 2.3171 0.5853 2.1781 0.4402 53.7666 11.1960 43.2888 9.4939

FS-BIFI Loma Prieta 0.05 g 0.7286 0.1212 0.7076 0.0990 7.8437 1.0162 6.9239 0.8537
0.10 g 1.4096 0.1807 1.3343 0.1424 19.9271 2.6539 17.6797 2.2604
0.20 g 2.3727 0.2927 1.8320 0.2301 45.6817 6.0097 39.5481 5.1740

San Fernando 0.05 g 0.8004 0.1802 0.7715 0.1425 7.1174 1.4210 5.3719 1.1400
0.10 g 1.2203 0.2123 1.1385 0.1600 16.9152 3.0754 14.3295 2.6077
0.20 g 1.7463 0.3953 1.4233 0.2861 43.3778 8.7426 36.2097 7.3752

Table 7
The reduction rate of structural response to BI (FS-BI & FS).

Seismic excitation PGA (g) Ra, max Ra, rms Rx1, max Rx1, rms

Loma Prieta 0.05 73.12 % 84.73 % 66.72 % 58.85 %
0.10 75.46 % 88.10 % 69.37 % 77.29 %

San Fernando 0.05 47.09 % 62.87 % 36.35 % 33.61 %
0.10 g 63.39 % 76.00 % 48.06 % 62.65 %

Note: Ra is the top layer acceleration reduction rate , Rx1 is the top relative
interlayer displacement reduction rate.

Table 8
The reduction rate of structural response to BIFI (FS-BIFI & FS-BI).

Seismic excitation PGA (g) Ra, max Ra, rms Rx2, max Rx2, rms

Loma Prieta 0.05 − 15.58 % − 8.67 % 8.65 % 11.50 %
0.10 − 19.30 % − 6.83 % 2.82 % 3.32 %
0.20 4.99 % − 4.70 % 16.95 % 12.60 %

San Fernando 0.05 7.82 % − 7.50 % 6.71 % 1.30 %
0.10 1.04 % − 1.22 % 18.21 % 23.37 %
0.20 24.64 % 32.47 % 16.35 % 22.32 %

Note: Ra is the top layer acceleration reduction rate , Rx2 is the isolation layer
displacement reduction rate.
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