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A Reduced-Order Model for the Analysis of Underground
Utility Tunnel Lifelines Protection against Transverse Seismic
Excitations
Simona Di Nino · Lorenzo Mancini · Manuel Ferretti · Angelo Di Egidio

Abstract A seismic protection strategy is proposed to
mitigate the effects of transverse ground motion on the
internal contents of utility tunnels. The approach con-
sists of introducing internal support frames for housing
utilities, which are partially decoupled from the tunnel
structure through visco-elastic isolators and equipped
with vibration control devices. To evaluate the effective-
ness of the protection system, a reduced-order analytical
model is developed. In this model, the tunnel is idealized
as a rigid body embedded in an elastic, compression-
only soil medium, and contains an internal rigid frame
supporting its contents. This internal frame is decoupled
from the tunnel through four visco-elastic devices that
connect the utililty tunnel to the internal frame. Addi-
tional vibration mitigation is provided by a nonlinear
device, consisting of an oscillating mass connected to
the internal rigid frame through a hysteretic link and an
inerter. This system, referred to as the Hysteretic Mass
Damper Inerter (HMDI), enhances energy dissipation
and control performance. The proposed low-dimensional
model is first validated against a refined Finite Element
(FE) benchmark, demonstrating good agreement and
confirming its suitability for efficient parametric analy-
ses and preliminary design. The dynamic behavior of the
system is then investigated through frequency-domain
analyses under harmonic excitation to examine the in-
fluence of key control parameters. Finally, time-domain
simulations using representative earthquake ground mo-
tions are performed to evaluate the system performance
under realistic seismic conditions.

Keywords Reduced Order Model · Hysteretic Mass
Damper Inerter · Base Isolation · Utility Tunnel ·
Transverse Seismic Excitation.

1 Introduction

Utility tunnels, also known as service tunnels, are under-
ground passages designed to house and protect essential
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infrastructure such as water pipes, electrical cables, gas
lines, and communication networks [1]. These tunnels al-
low for centralized and safe access to utilities, facilitating
maintenance and reducing the need for disruptive surface
excavations. Commonly found in large cities, airports,
and industrial complexes, utility tunnels contribute to
the efficiency, safety, and resilience of modern urban
environments. Accordingly, the development of under-
ground structures has become increasingly widespread
in recent years, and it has also become an important
direction for urban development.

Although underground tunnels are generally less
exposed than above-ground structures, they remain vul-
nerable to seismic events. Earthquakes can cause signifi-
cant damage through strong ground shaking, differential
ground deformation, and complex soil–structure inter-
action phenomena [2]. Consequently, extensive research
has been conducted on the seismic performance of un-
derground structures, leading to the development of
various theories and design methodologies [3,4], as well
as mitigation strategies, notably tunnel seismic isola-
tion (e.g., [5]). However, despite its proven effectiveness
in reducing seismic response, the broader application
of tunnel seismic isolation remains limited due to an
incomplete understanding of its governing mechanisms.

In recent years, growing attention has been specifi-
cally devoted to the seismic behavior of utility tunnels,
as reflected in an increasing number of experimental
and numerical studies (e.g., [6,7,8,9,10,11]), some of
which also propose seismic isolation strategies to en-
hance tunnel protection (e.g., [10,11]). Specifically, [10]
demonstrates through numerical simulations that the
most effective isolation system combines a buffer layer,
a cushion, and grouting, strategically arranged between
the tunnel and the surrounding soil to attenuate seis-
mic energy transmission. In parallel, [11] shows that
the use of tire-derived aggregate as backfill significantly
enhances seismic isolation by reducing deformations,
bending moments, and shear forces acting on the tunnel
lining.

More importantly, in this context, seismic effects can
compromise not only the structural integrity of tunnels
but also the functionality of the utilities they contain,
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underscoring the need for a comprehensive understand-
ing of the seismic response of the entire system. This
requires treating the tunnel and its internal utilities
as an integrated whole, enabling also the assessment
of dynamic behavior of the internal components un-
der seismic loading. To date, only a limited number of
studies have addressed this challenge through both ex-
perimental investigations and numerical analyses (e.g.,
[12,13]). For instance, [13] showed that considering the
tunnel–pipeline system as an integrated entity reveals
a higher seismic vulnerability compared to evaluating
its components separately. A few mitigation strategies
have also been proposed to reduce seismic effects on
the internal components of tunnels (e.g., [14,15]). In
particular, [14] investigated the use of seismic isolation
devices for pipelines within utility tunnels through shak-
ing table tests and numerical simulations, demonstrating
their effectiveness. Similarly, [15] showed that side-wall
angle steel supports for utilities significantly enhance
their seismic isolation by reducing energy transmission,
deformation, and slippage.

In this paper, a seismic protection strategy is pro-
posed to mitigate the effects of transverse ground mo-
tion on the internal contents of utility tunnels. The
approach involves the introduction of internal support
frames housing the utilities, which are partially decou-
pled from the tunnel structure through visco-elastic iso-
lators. These frames are further equipped with vibration
control devices, specifically Hysteretic Mass Damper
Inerters (HMDIs). A key contribution of this study lies
in the novel application of isolation and control tech-
nologies, traditionally employed in building structures
(e.g., [16,17,18,19,20,21]), to the investigation of the
dynamic behavior of utility tunnels. Particular attention
is devoted to the innovative use of HMDIs [22,23], which,
together with Tuned Mass Damper Inerters (TMDIs)
[24,25,26,27], constitute a new class of hybrid devices
with considerable potential for vibration mitigation in
Civil Engineering applications. These systems combine
the high energy dissipation capacity and robustness to
nonlinear behavior of Hysteretic Mass Dampers (HMD)
[28,29,30] with the distinctive advantages of inerter-
based control devices [31], capable of reproducing the
dynamic effects of a large inertial mass without really
increasing the system actual weight.

To evaluate the effectiveness of the proposed protec-
tion system, extensive parametric analyses are required.
Performing such analyses through refined FE models,
although highly accurate, is computationally demand-
ing and entails significant processing time. To overcome
these limitations, this study introduces an analytical
model with a reduced number of degrees of freedom
(DOFs), capable of capturing the essential dynamic be-

havior of the system. In this model, the tunnel is ideal-
ized as a rigid body embedded in an elastic, compression-
only soil medium. It contains an internal frame, also
modeled as a rigid body, that supports the housed equip-
ment. Four discrete visco-elastic devices placed between
the tunnel and the internal frame serve to decouple
the two components. Additional vibration mitigation is
provided by a Hysteretic Mass Damper Inerter (HMDI)
connected to the internal frame. The proposed model is
first validated against a FE benchmark, demonstrating
good agreement and confirming its suitability for rapid
parametric studies and preliminary design. Then, the
effectiveness of the protection strategy is investigated
through frequency-domain parametric analyses under
harmonic excitation. Finally, time-domain simulations
using a suite of representative earthquake ground mo-
tions are performed to assess the system performance
under realistic seismic conditions.

The paper is organized as follows. Section 2 de-
scribes the low-dimensional mechanical model. Section
3 presents its validation through comparison with a re-
fined FE model for a selected benchmark case. Section
4 defines the key parameters adopted in the parametric
analysis. Section 5 discusses the results of the frequency-
domain investigation under harmonic excitation, while
Sect. 6 addresses the time-domain seismic response anal-
ysis. Finally, Sect. 7 summarizes the main findings and
outlines directions for future research. Two appendices
are provided at the end of the paper.

2 Mechanical low-dimensional model

An underground tunnel system is considered, designed to
house various public utility networks, including pipelines,
electrical lines, and communication cables. The system
is assumed to be subjected to transverse seismic exci-
tation acting in a single direction. The tunnel has a
rectangular cross-section with dimensions 2lx × 2ly and
is embedded in a homogeneous soil medium. Inside the
tunnel, supporting frames are installed at regular in-
tervals lz to carry the utility lines. Each frame has a
rectangular shape with dimensions 2l∗x × 2l∗y. The total
mass of the tunnel and its contents acting on each inter-
val lz is denoted by m1 and mc, respectively, while each
frame has a mass m2. The internal frame is partially
isolated from the tunnel structure by means of isolation
devices, which allow relative motion along the seismic
direction1 and provide energy dissipation during seismic
events. Additionally, to further restrict the movement

1 The direction of relative motion coincides with the seismic
direction only under infinitesimal kinematic assumptions, which
are considered valid here.
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Fig. 1 Mechanical model representation in the tunnel cross-section plane.

of the internal frame, a passive control device, installed
within a manhole integrated into the tunnel structure,
is connected to the frame. The connection is designed to
be active only along the seismic direction, and does not
exert any significant influence on the other kinematic
degrees of freedom.

For this system, a low-dimensional mechanical model
is developed to analyze the dynamic response in the
cross-section plane under transverse seismic excitation
acting in the horizontal direction (Fig. 1). The model
comprises two rigid bodies, the tunnel (Body 1 of mass
m1) and the internal frame (Body 2 of mass m2), which
are internally constrained to allow only relative motion
along the horizontal axis. This by four discrete elements,
obeying to a linear visco-elastic constitutive law and
positioned at the corners of the internal frame. The in-
ternal contents are represented by an equivalent lumped
mass mc, rigidly attached to Body 2. The surrounding
soil is modeled as a visco-elastic Winkler-type founda-
tion with no tensile resistance. Additionally, a point
mass Mh, connected on one side to an inerter and on
the other side to a corner of the internal frame via a
discrete hysteretic element acting in the horizontal di-
rection, forming a HMDI, is considered and modeled for
vibration mitigation. The entire mechanical system is
subjected to a prescribed ground displacement in the
horizontal direction, xG = xG(t).

2.1 Kinematics

The kinematics of the model is described by: (i) The
in-plane displacement fields of the rigid Bodies 1 and
2; (ii) The horizontal displacement of HMDI device. In
what follows, the assumption of infinitesimal kinematics
is adopted, i.e., small displacements and small rotations.

With reference to a Cartesian coordinate system
O(x, y), represented in Fig. 1, uj , vj , ϕj (j = 1, 2) are
referred to generalized displacements, namely, the time-
dependent horizontal and vertical translations uj , vj ,
and the rotation ϕj about the z-axis, orthogonal to the
(x, y) plane and passing through point O. Under suitable
constraint conditions, specifically that Body 2 is only
allowed to move horizontally with respect to Body 1, and
thus cannot undergo independent vertical translation
or rotation, the following kinematic constraints hold:
v2 = v1 and ϕ2 = ϕ1. Accordingly, the system kinematics
is described by four generalized displacements, that
are the translations (u1, v1) and rotation (ϕ1) of the
Body 1 (i.e., the tunnel) and the horizontal translation
(u2) of the Body 2 (i.e., the internal frame). To these,
a fifth kinematic parameter is added, describing the
horizontal displacement uh of the point mass Mh of
the HMDI. Therefore, the proposed mechanical model
is low-dimensional, with 5 DOFs, also referred to as
Lagrangian parameters, collected in the vector q =(
u1 v1 ϕ1 u2 uh

)T .
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For later purposes, it is useful to express the dis-
placements to the masses of the system, namely: um1

,
vm1

and um2
, vm2

of the masses m1 and m2, located
at the centers of mass C1 and C2, respectively, with
C1 ≡ C2 ≡ O; umc , vmc of the total mass of the content
mc, occupying the in-plane position Cc = (xc, yc); uM
of the mass Mh of the HMDI. Considering that the
system is subjected to the ground displacement in the
horizontal direction, xG = xG(t), they read:

um1
= u1 + xG, vm1

= v1,

um2 = u2 + xG, vm2 = v1,

umc = u2 − ϕ1yc + xG, vmc = v1 + ϕ1xc,

uM = uh + xG,

(1)

where the time dependence is omitted for brevity.

2.2 Visco-elastic isolation devices

The isolation devices are modeled as four discrete visco-
elastic elements, each connecting a corner of Body 2 (the
internal frame) to Body 1 (the tunnel), as illustrated
in Fig. 1. The configuration of each element is uniquely
defined by the positions of its two endpoints, Pi and
Pj , with the horizontal relative displacement expressed
as ∆ = uPj − uPi . Thus, for the devices positioned on
the right side of the internal frame, ∆ = ∆+ = u1 − u2;
conversely, for the devices located on the left side, ∆ =

∆− = u2 − u1.
According to a Kelvin–Voigt model, the constitutive

law governing the force transmitted by each element is
given by:

Fis = kis∆+ cis∆̇, (2)

where kis and cis represent the elastic stiffness and
viscous damping coefficients, respectively, with the dot
denoting time differentiation.

2.3 Hysteretic Mass Damper Inerter device

The HMDI is a vibration control device that integrates
two key mechanical components: a mass damper (MD)
equipped with a hysteretic (H) energy dissipation mech-
anism, and an inerter (I).

2.3.1 Hysteretic Mass Damper

The Hysteretic Mass Damper (HMD) is modeled as a
point mass Mh connected to the bottom-left corner of
the internal frame (of in-plane coordinates (−l∗x,−l∗y)),
through a discrete hysteretic element, which introduces
a nonlinear restoring force Fh into the system. Letting

∆h =
(
u2 + ϕ1l

∗
y

)
− uh the relative horizontal displace-

ment of HMD with respect to the internal frame, the
restoring force generated follows the Bouc–Wen model
(originally introduced by [32,33] and later extended by
[34]) according to the law:

Fh = ψkh∆h + khuy (1− ψ) zh + ch∆̇h, (3)

Here, kh is the initial elastic stiffness, ch a linear damping
coefficient, ψ ∈ [0, 1] is the ratio between the post-
yielding and the initial elastic stiffnesses, uy denotes the
yield displacement, and zh is the dimensionless, non-
observable hysteretic variable that evolves according to
the following nonlinear differential equation [35,36]:

żh =
∆̇h

uy

[
Ah − |zh|n

(
β + γ sign

(
∆̇h zh

))]
. (4)

In the latter, sign denotes the signum function, and Ah,
β and γ > 0 are dimensionless parameters that govern
the behavior of the hysteresis model. In particular, for
ψ = 0, the parameters β and γ control the shape and
size of the hysteresis loop, respectively. The model ex-
hibits a softening hysteretic response when β > 0, and a
hardening response when β < 0. Moreover, larger values
of γ result in broader hysteresis loops, corresponding to
increased energy dissipation. The exponential parameter
n governs the abruptness of the transition between the
elastic and post-elastic branches of the hysteresis model.
For large values of n, the Bouc–Wen model behaves sim-
ilarly to a bilinear model. All simulations presented in
this paper are carried out assuming n = 1. When ψ = 0

and ch = 0, as assumed throughout the paper except
for the latter in Sect. 3, and knowing that Fy = khuy,
the hysteretic cycles depend only on the ratios Fh/Fy

and ∆h/uy (see Eqs. 3 and 4). Figure 2 shows the de-
pendence of the hysteretic cycles on the parameters β
and γ.

2.3.2 Inerter

The mechanical inerter configuration considered in this
work, commonly adopted in seismic applications, is of
the rack-and-pinion-flywheel type, which converts rela-
tive translational motion between its terminals into rota-
tional motion. This transformation is achieved through a
mechanical linkage, typically a screw or rack-and-pinion
mechanism, that transmits the relative displacement to
a rotating flywheel. In this paper, a simplified configu-
ration with two flywheels is adopted, as illustrated in
Fig. 1. As the terminals move relative to each other, the
linkage induces rotation in the flywheels, generating a re-
action force FI proportional to the relative acceleration,
according to the following relation [37]:

FI =MI(üdx − üsx), (5)
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Fig. 2 Hysteresis curves of Bouc-Wen model. Role of parameters: (a) γ in hardening behavior (β = −0.75); (b) γ in softening behavior
(β = 0.75); (c) β (γ = 0.25). The displacement is set △h = 2uy sin(t), uy = 0.1 m.

Here, MI is the inertance (or virtual mass), which is
a constant with units of mass, derived from the rota-
tional inertia of the flywheels; for a general multistage
mechanism involving N flywheels, the inertance is given
by:

MI =
1

2
mω1

R2
1

ρ21
+

1

2
mω2

R2
1R

2
2

ρ21ρ
2
2

+ · · ·+

1

2
mωi

R2
1R

2
2 · · ·R2

i

ρ21ρ
2
2 · · · ρ2i

+ · · ·+ 1

2
mωN

R2
1R

2
2 · · ·R2

N

ρ21ρ
2
2 · · · ρ2N

,

(6)

where Ri and ρi are the external and internal radii,
respectively, and mωi is the mass of the i-th flywheel.

In this study, since only two flywheels are considered
(N = 2), and assuming that the left terminal is directly
connected to the ground, so that üsx = ẍG, while the
right terminal is connected to the HMD, so that üdx =

ẍG + üh, the inertial restoring force simplifies to:

FI =MI üh, (7)

where:

MI =
1

2
mω1

R2
1

ρ21
+

1

2
mω2

R2
1R

2
2

ρ21ρ
2
2

. (8)

2.4 Visco-elastic soil model

A Winkler-type foundation is adopted to model the soil
medium, which is assumed to have no tensile strength.
That is, the soil responds elastically under compressive
loads but offers no resistance to tension. Consequently,
the soil reaction to the displacement field of Body 1 is
illustrated in Fig. 3, which shows the stress distribution
along each side of the tunnel. This distribution arises
from the well-known laws of small displacements and
rotations for a rigid body, leading to the superposition
of two translational displacement components and one
rotational component. In the figure, gray regions denote
zones under compression, while white regions indicate

areas where the foundation is disengaged due to the lack
of tensile resistance.

As illustrated in Fig. 3, compression on one side of
the tunnel corresponds to tension on the opposite side,
and vice versa. Consequently, the soil behaves overall
as fully reactive, and the resulting stress distribution is
equivalent to that produced by a Winkler foundation
capable of resisting both compressive and tensile forces,
acting along two sides of the tunnel, namely one hori-
zontal and one vertical side. This observation allows for
a significant simplification of the mechanical model, in
which the foundation is idealized as a linear Winkler-
type system acting only along the boundaries at x = lx
and y = −ly, as shown in Fig. 1.

To incorporate the time-dependent (viscous) behav-
ior of the soil, the Kelvin-Voigt constitutive law is used
for the proposed linear Winkler model [38]. Accordingly,
the distributed forces px (y) and py (x) exerted by the
soil follow the law:

px (y) = ks∆sx + cs∆̇sx,

py (x) = ks∆sy + cs∆̇sy,
(9)

with∆sx = ϕ1y−u1 and∆sy = v1+ϕ1x. Here, ks and cs
denote elastic stiffness and viscous damping coefficient,
respectively. The soil stiffness is obtained by multiply-
ing the subgrade reaction modulus K by the spacing
between the internal frames lz, resulting in ks = K lz.
The damping coefficient, on the other hand, is derived
from a prescribed damping ratio ζs, associated with an
equivalent single-degree-of-freedom (SDOF) oscillator
in the horizontal direction. This equivalent system has
a total mass of m1+m2+mc, a stiffness of 2ksly, and a
damping coefficient of 2csly. Accordingly, the damping
coefficient is given by:

cs = ζs

√
2K lz (m1 +m2 +mc)

ly
. (10)
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Fig. 3 Soil stress field induced by tunnel kinematics.

2.5 Lagrangian equations of motion

The equations of motion are derived using the Lagrangian
formulation, which involves defining the kinetic energy
T , potential energy V , and the virtual work δW associ-
ated with non-conservative forces.

The kinetic and potential energies, expressed in
terms of displacements of the centers of mass, as defined
in Sect. 2.1, are given by:

T =
1

2
m1

(
u̇2m1

+ v̇2m1

)
+

1

2
J1ϕ̇1

2
+

1

2
m2

(
u̇2m2

+ v̇2m2

)
+

1

2
J2ϕ̇1

2
+

1

2
mc

(
u̇2mc

+ v̇2mc

)
+

1

2
Mhu̇

2
M +

1

2
MI u̇

2
h,

(11)

where J1 and J2 are the moment of inertia of the tunnel
(Body 1) and the internal frame (Body 2), respectively,
about the z-axis, and:

V =(m1vm1
+m2vm2

+mcvmc
) g, (12)

with g the gravitational acceleration.
Accordingly, the Lagrangian is L = T − V .
The virtual work of non-conservative forces, arising

from the visco-elastic isolation devices (δWis), the HMD
control device (δWh) and the visco-elastic soil (δWs), is
expressed as:

δW = δWis + δWh + δWs, (13)

with:

δWis =− 2
(
F+
is δ∆

+ + F−
is δ∆

−) ,
δWh =− Fhδ∆h,

δWs =−
lyˆ

−ly

px (y) δ∆sx dy −
lxˆ

−lx

py (x) δ∆sy dx.

(14)

Here, F±
is denotes the force Fis from Eq. 2, evaluated

at ∆ = ∆±, with ∆± defined in Sect. 2.2.

By expressing the virtual work as δW = QT δq,
the equations of motion are obtained from Lagrange
equations:

d

dt

(
∂L

∂q̇

)
− ∂L

∂q
= Q, (15)

where q is the vector of generalized coordinates (defined
in Sect. 2.1) and Q is the vector of the correspond-
ing generalized forces. Using the definitions introduced
above, and referring to A for detailed derivations, the
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resulting equations of motion can be written as:

m1ü1 + 4kis (u1 − u2) + 4cis (u̇1 − u̇2)

+ 2kslyu1 + 2cslyu̇1 = −m1ẍG,

(m1 +m2 +mc) v̈1 +mcxcϕ̈1 + 2kslxv1

+ 2cslxv̇1 = − (m1 +m2 +mc) g,[
J1 + J2 +mc

(
x2c + y2c

)]
ϕ̈1 +mc (xcv̈1 − ycü2)

+
2

3
ks

(
l3x + l3y

)
ϕ1 +

2

3
cs

(
l3x + l3y

)
ϕ̇1

+ Fhl
∗
y = mcycẍG −mcxcg,

(m2 +mc) ü2 −mcycϕ̈1 + 4kis (u2 − u1)

+ 4cis (u̇2 − u̇1) + Fh = − (mc +m2) ẍG,

(Mh +MI) üh − Fh = −MhẍG,

(16)

where Fh is defined in Eq. 3, with zh given by Eq. 4,
and ∆h = (u2 + ϕ1l

∗
y)− uh.

2.6 Calibration of the isolation and control parameters

The stiffness and damping parameters of the isolation
and control devices are separately calibrated to match
the target period and damping ratio of equivalent SDOF
visco-elastic oscillators, as illustrated below.

In particular, the parameters related to the isolation
elements are defined as functions of a target isolation
period Tis and a fixed damping ratio ζis, correspond-
ing to an equivalent SDOF oscillator in the horizontal
direction. This equivalent system is characterized by a
total mass m2 +mc, an effective stiffness 4kis, and an
effective damping 4cis. Accordingly, the stiffness and
damping coefficients of the isolation devices are derived
from the following expressions:

kis = π2m2 +mc

T 2
is

,

cis = π
m2 +mc

Tis
ζis.

(17)

Similar considerations apply to the HMDI, whose
total mass is given by:

M :=Mh +MI , (18)

where MI is the inertance and Mh is the mass of the
hysteretic mass damper. Accordingly, the elastic stiffness
kh and the linear damping ch of the HMDI are calibrated
based on a target period Th and a fixed damping ratio ζh,
defined with respect to an equivalent SDOF oscillator
in the horizontal direction. The resulting expressions for
the stiffness and damping are given as follows:

kh = 4π2M

T 2
h

,

ch = 4π
M

Th
ζh.

(19)

For practical purposes, both Mh and MI can be conve-
niently expressed as fractions of the mass m2+mc, using
the dimensionless coefficients ηh and ηI , respectively:

Mh = ηh(m2 +mc), (20)

and:

MI = ηI(m2 +mc). (21)

It is worth noting that, when the inerter is not included
in the control system (i.e., ηI = 0), the stiffness kh
depends solely on the actual mass Mh.

3 Finite element analysis and model validation

The accuracy of the proposed analytical model is as-
sessed through comparisons with FE analyses, carried
out on a water pipeline running inside a utility tun-
nel. Comparisons are made on a specific arrangement,
indicated as benchmark case study.

3.1 Benchmark case study

The benchmark case study involves a 60-meter-long
water pipeline installed within a utility tunnel character-
ized by a rectangular cross-section, as in [7]. The tunnel
extends 3 m beyond both ends of the pipeline and is
embedded in homogeneous soil, classified as “gravel with
sand” (sandy gravel). The tunnel is constructed using
C60 concrete, in compliance with the Chinese GB stan-
dards [39]. The pipeline features a DN400 cross-section,
corresponding to an external radius of 213 mm, and is
manufactured from a custom-defined steel with a mass
density of 7′846 kg/m3. Its spatial position is defined
with reference to its center of mass, which is located
at an eccentric point Cc1 with respect to the geomet-
ric centroid of the tunnel cross-section. The pipeline is
rigidly anchored to internal support frames placed at
regular intervals of 6 m. These frames are made of the
same steel material as the pipeline and are composed of
HEB300 profiles [40]. A schematic representation of the
in-plane benchmark configuration is provided in Fig. 4.
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Fig. 4 In-plane geometric characteristics of the benchmark case
study; unit of measurement in centimeters.

Accordingly, the geometric and mechanical proper-
ties, as well as the masses of the low-dimensional me-
chanical model described in Sect. 2, are summarized in
Table 1. In this table, the mass of the content (mc) also
accounts for the presence of water in the pipeline, con-
sidering that it is pressurized, so that the water acts as a
uniformly distributed line mass. Moreover, the stiffness
of the soil is estimated according a subgrade reaction
modulus of about K = 166′667 kN/m3, selected based
on the soil type [41,42], while the damping is evaluated
according to Eq. 10 with ζs = 0.1.

Utility Tunnel
m1 = 117′660.6 kg, lz = 6 m,
lx = 2.425 m, ly = 1.85 m,
J1 = 724′715.5 kg m2

Internal Frame m2 = 1′368.78 kg, l∗x = 1.65 m,
l∗y = 1.275 m, J2 = 3′903.6 kg m2

Content mc1 = 1′407.08 kg,
Cc1 = (0,−0.802) m

Soil ks = 1′000′000 kN/m2,
cs = 1′141′412.73 kg/s m

Table 1 Geometric, mass, and mechanical characteristics of the
analytical model.

An isolation and control system is included to par-
tially decouple each internal frame from the tunnel struc-
ture, thereby allowing relative motion exclusively in the
horizontal direction. In addition, a Tuned Mass Damper
(TMD), with a mass equal to 10 % of the combined
mass of the frame and its contents, is connected to each
frame to further mitigate horizontal relative vibrations
between the internal frames and the pipeline.

The isolation and control parameters of the analyti-
cal model are calibrated following the Sect. 2.6. Specifi-
cally, for the visco-elastic isolation elements, the target
isolation period Tis = 2 s and the damping ratio ζis = 0.1

are fixed. Regarding HMDI, it is initially simplified to
a TMD configuration by setting the constitutive pa-
rameter ψ = 1 in Eq. 3 and assuming ηI = 0. Then,
the parameters ηh = 0.1, Th = 2 s and ζh = 0.1 are
fixed. The resulting stiffness and damping coefficients
are summarized in Table 2.

Isolation devices kis = 6.849 kN/m,
cis = 436.031 kg/s

TMD
kh = 2.74 kN/m, ch = 174.412 kg/s,
ψ = 1, ηI = 0 (MI = 0),
ηh = 0.1 (Mh = 277.586 kg)

Table 2 Isolation and control parameters of the analytical model.

3.2 FE model

A FE model of the benchmark case study is developed
and analyzed using the commercial software SAP2000
(Fig. 5).

The tunnel walls are modeled using thick shell ele-
ments, which follow an isotropic linear constitutive law.
The corresponding elastic modulus and Poisson ratio
are 36 GPa and 0.2, respectively, while the mass density
is 2′548 kg/m3. The wall geometry is discretized using
a structured rectangular mesh.

The internal frame structures are modeled using
beam elements governed by isotropic linear laws, with
elastic modulus and Poisson ratio 210 GPa and 0.3,
respectively; the mass density is 7′846 kg/m3. Also the
pipeline is modeled using beam elements, having the
centroid at the height of the center of mass Cc1. It is
rigidly connected to the frame structures and is assumed
to be made of the same material; an additional linear
mass of 132 kg/m is assigned to the beam to account
for the mass of the pressurized water it conveys.

The surrounding soil is modeled using visco-elastic
link elements connected to the surfaces of the two or-
thogonal walls of the tunnel, as detailed in Sect. 2.4.
The stiffness and damping coefficients of these elements
are derived by dividing the corresponding values from
the analytical model (reported in Table 1) with respect
to the spacing between adjacent internal frames, namely,
166′667 kN/m3 (i.e., the subgrade reaction modulus)
and 190′235 kg/s m2, respectively.

Each internal frame is partially isolated from the
tunnel by means of internal constraints that permit only
relative horizontal motion. This relative motion is gov-
erned by four two-node visco-elastic link elements, which
connect the corners of the internal frames to the tunnel
walls. These elements are assigned the same stiffness
and damping coefficients as those used in the analytical
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Fig. 5 Finite Element Model of the benchmark case study.
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Fig. 6 Benchmark case study: time-histories of content acceleration and displacement. Comparison between the FE model (dashed
line) and the analytical model (solid gray line).

model, as reported in Table 2 (i.e., 6.849 kN/m and
436.031 kg/s, respectively). Additionally, point masses
of 277.586 kg are connected to one corner of each inter-
nal frame through visco-elastic links to represent the
TMD. These links are also assigned the same mechan-
ical properties as in the analytical model, specifically,
a stiffness of 2.74 kN/m and a damping coefficient of
174.412 kg/s, respectively, as reported in Table 2.

In total, the FE model includes 11 point masses, 87
beam elements, 384 shell elements, corresponding to a
total of 2800 DOFs.

3.3 Numerical results

Structural analyses are performed to evaluate the seis-
mic response of the isolated utility tunnel defined in
the benchmark case study. The system is subjected to
horizontal transverse ground motion (xG) derived from
the Kobe earthquake record. Details of the seismic input
are provided in Sect. 6.1, along with Fig. 11.

Numerical analyses are conducted on both the ana-
lytical and FE models, considering two scenarios: the
uncontrolled configuration (without the TMD) and the
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controlled configuration (with the TMD). The results
are compared in terms of the time-histories of the hor-
izontal acceleration and displacement of the content,
denoted as ac and uc, respectively, as shown in Fig. 6. A
very good agreement is observed between the analytical
and FE results in both scenarios, thereby validating the
analytical formulation.

4 Definition of Analysis Parameters

An extensive parametric analysis is carried out to eval-
uate the effectiveness of the protection system with
respect to selected system parameters. The system is
deemed effective if it leads to a reduction in the absolute
acceleration of the content (ac) compared to the unpro-
tected configuration, while simultaneously limiting the
horizontal displacement of the internal frame (u2).

In the following, a distinction is made between the
parameters that will be varied in the analysis and those
that will be held constant.

4.1 Variable parameters

The varying parameters are listed below.

Isolation parameters

– The target period Tis of the isolation devices, and,
as a consequence, their stiffness and damping char-
acteristics as defined by Eq. 17.

Control parameters

– The total mass M of the HMDI, defined through
the mass coefficients ηh and ηI (Eq. 18), associated
with the hysteretic mass damper and the inerter,
respectively, as given by Eq. 20 and Eq. 21.

– The target period Th of the HMDI, and, as a conse-
quence, its linear stiffness and damping characteris-
tics as defined by Eq. 19.

– The coefficient β and yield displacement uy of the
hysteretic law governing the HMDI, as defined by
Eq. 4; in particular, values of β that capture both
hardening and softening behaviors of the device are
investigated.

Content

– The total mass, mc, and the position of the mass
center, Cc = (xc, yc), of the content. In particular,
two distinct cases are studied: (i) mc1 = 1′407.08 kg
and Cc1 = (0,−0.802) m, (as in the benchmark

case), and (ii) mc2 = 3mc1 = 4′221.24 kg and Cc2 =

(1,−0.802) m.

4.2 Fixed parameters

The parameters considered fixed, as their variability is
deemed not relevant for the purposes of this study, are
listed below.

Tunnel and internal frames

– The geometrical and mechanical properties of the
tunnel and the internal frame, as detailed in Table 1.

Soil

– The mechanical properties of the soil, as detailed in
Table 1, except in the analysis of Sect. 5.1.

Isolation and control parameters

– The target damping ratio of the isolation devices,
ζis = 0.1, and the target damping ratio associated
with the linear part of the HMDI, ζh = 0 (from which
ch = 0). This latter value is related to the decision
to rely solely on the nonlinear hysteretic behavior of
the HMDI device for its energy dissipation capacity.

– The following constitutive parameters of the HMDI:
ψ = 0, Ah = 1 and γ = 0.25; the latter accounts for
dissipation capability of the device.

5 Harmonic excitation

The first set of analyses considers a harmonic base ac-
celeration with ground acceleration given by:

ẍG(t) = a sin(Ω t) (22)

where a denotes the amplitude of the excitation and
Ω its circular frequency. Accordingly, the period of the
harmonic excitation is given by TΩ = 2π

Ω . The results
are presented in two types of frequency-response curves:
one showing the maximum acceleration ac of the center
of mass of the content, and the other illustrating the
maximum horizontal displacement u2 of the internal
frame. Both curves are plotted as functions of the ex-
citation frequency Ω. All frequency-response curves in
this section are obtained for a fixed excitation amplitude
of a = 0.1gm/s2.
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5.1 Independence of the response of the isolated system
from the soil characteristics

The first analysis aims to assess the influence of soil
properties on the response of the utility tunnel with
the seismically isolated internal frame. To this end,
frequency-response curves are generated for two config-
urations: the unprotected utility tunnel and the tunnel
equipped solely with the isolated internal frame, without
any HMD or HMDI. The analysis is carried out for three
different values of soil stiffness ks. The results related
to the system without seismic isolation of the internal
frame are obtained by numerically solving the equations
of motion presented in B.

0 50 100 150 200 250 300
0

2

3

1

Fig. 7 Frequency-response curves of the acceleration ac: Com-
parisons between isolated system without HMDI (thick lines) and
non-isolated system (thin lines), under different soil conditions.
Parameters: mc1 = 1′407.08 kg and Cc1 = (0,−0.802) m (case
(i) in Sect. 4.1), Tis = 2.0 s.

Figure 7 displays the three frequency-response curves
of the system without internal isolation (thin lines) and
those of the system with a seismically isolated internal
frame (thick lines). As observed, the curves correspond-
ing to the unprotected system are clearly distinguishable
from one another, indicating a strong dependence of
the response on soil properties. In contrast, the three
frequency-response curves of the internally isolated sys-
tem are almost perfectly superimposed, revealing a very
limited sensitivity of the response to soil characteristics.
It is worth noting that such substantial independence
from soil properties is also observed in base-isolated
frame structures, where the underlying soil is often ide-
alized as infinitely rigid.

Finally, it is useful to clarify that a parametric analy-
sis of the soil stiffness properties is conducted exclusively
in this section, with the aim of demonstrating their neg-

ligible role on the behavior of the internally isolated sys-
tem. In the remainder of the paper, these properties are
held constant, and in particular ks = 1′000′000 kN/m2.

5.2 Frequency-response curves to assess the role of the
control parameters

To evaluate the effectiveness of different levels of con-
tent protection in utility tunnels, each of the following
graphs includes three frequency-response curves. Specifi-
cally, one curve corresponds to the tunnel equipped only
with seismic isolation of the internal frame (solid thin
line); the second represents the internally isolated tunnel
additionally equipped with a Hysteretic Mass Damper
(HMD), introduced to control both the displacement
and horizontal acceleration of the content (dashed thick
line); the third curve refers to the internally isolated
system with the HMD connected to an inerter device
(HMDI), intended to further enhance the performance
of the internal protection system (solid thick line).

Figure 8 presents a set of graphs, each containing
the three aforementioned frequency-response curves, and
accounting for a hysteretic hardening behavior of both
the HMD and HMDI. Specifically, Fig. 8a corresponds
to an isolation period of Tis = 2.0 s, while Fig. 8b
refers to Tis = 3.0 s. In both subfigures, the graphs are
arranged in rows and columns: the first row displays the
frequency-response curves of the content acceleration ac,
whereas the second row shows those of the horizontal
displacement u2 of the internal frame. Each column
corresponds to a different period of both the HMD and
HMDI devices, denoted as Th. Finally, in each graph,
the vertical dashed reference line indicates the primary
resonance peak of the internally isolated system without
either HMD or HMDI, occurring at a frequency very
close to the isolation frequency.

To establish a clear understanding of the key features
of these graphs, a detailed description of the results in
Fig. 8a is first provided. Focusing on the graphs in the
middle column (Th = 2.0 s), it can be observed that
both the HMD and HMDI significantly reduce the ac-
celeration ac and the displacement u2 at the resonance
peak of the internally isolated system without additional
devices (at the vertical dashed line). Specifically, the ac-
celeration ac is reduced by the same amount regardless
of whether the HMD or HMDI is used, as the verti-
cal dashed line intersects the frequency-response curves
corresponding to the protected systems with HMD and
HMDI at nearly the same point, close to the intersection
of the two curves. In contrast, the reduction in displace-
ment u2 achieved by the HMDI is noticeably greater
than that provided by the HMD.
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Fig. 8 Frequency-response curves of acceleration ac and displacement u2 for a hardening hysteretic behavior: Comparisons between
isolated system without HMD (solid thin line), with HMD (dashed line) and HMDI (solid thick line), for (a) Tis = 2 s and (b) Tis = 3 s.
Parameters: mc1 = 1′407.08 kg and Cc1 = (0,−0.802) m (case (i) in Sect. 4.1), ηh = 0.2, ηI = 0.3, β = −0.50, uy = 0.30 m.

As general observations, the introduction of an addi-
tional device such as the HMD or HMDI enriches the
dynamic behavior of the system by increasing the num-
ber of resonant peaks visible in the frequency-response
curves. Acting similarly to a tuned mass damper, these
devices cause the main resonant peak, originally present
in the system with only internal isolation, to split into
two distinct peaks, one shifted to lower frequencies and
the other to higher frequencies. When properly designed,
both the HMD and HMDI can significantly reduce the

system’s response in the vicinity of the original reso-
nance. It is evident that the effectiveness of the protec-
tion strategy is enhanced when the HMD or HMDI not
only attenuates the response compared to the system
with internal isolation alone but also shifts the new res-
onant peaks away from the main spectral content of the
excitation.

Shifting attention to the graphs in the left and right
columns corresponds to considering different periods
for both the HMD and HMDI devices. Specifically, in
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the left column (Th = 1.5 s), the best performance is
achieved by the system equipped with the HMDI, as
it provides the greatest reduction in both acceleration
ac and displacement u2 at the resonance peak of the
system with only internal isolation. Conversely, when
the period of both the HMD and HMDI is increased to
Th = 2.5 s (right column), the HMDI performs worse
than the system with only the HMD.

As observed, the tuning period of the HMD and
HMDI devices plays a fundamental role in enhancing
the system’s response. The results show that the nominal
tuning, in which the isolation period Tis = 2.0 s matches
the period of the HMD or HMDI device (Th = 2.0 s),
does not lead to the best performance. In fact, the most
favorable results are achieved when Th = 1.5 s, a value
lower than that corresponding to the nominally tuned
condition.

The graphs shown in Fig. 8b refer to an internal
isolation period of Tis = 3.0 s, which is greater than
the one considered previously. In this case, the periods
of both the HMD and HMDI are selected close to the
isolation period Tis = 3.0 s in order to achieve optimal
tuning conditions. The same conclusions for Tis = 2.0 s
can be confirmed. In particular, the best performance of
the protected system, corresponding to the maximum
reduction in both acceleration ac and displacement u2,
is achieved by the HMDI with a period of Th = 2.5 s
(graphs in the left column). As observed previously, the
best performance is again obtained when the HMDI
period is slightly shorter than the isolation period.

Figure 9 shows a set of graphs, each displaying the
three frequency-response curves described earlier, con-
sidering a hysteretic softening behavior for both the
HMD and HMDI. Specifically, Fig. 9a corresponds to
an isolation period of Tis = 2.0 s, while Fig. 9b refers to
Tis = 3.0 s. The layout of the graphs, organized in rows
and columns, is the same as in Fig. 8. In each graph, a
vertical dashed line marks the primary resonance peak of
the internally isolated system without HMD or HMDI.

With reference to the graphs in Fig. 9a, for an isola-
tion period of Tis = 2.0 s, it can generally be observed
that both the HMD and HMDI reduce the acceleration
ac and the displacement u2 compared to the response
of the system with only internal isolation, particularly
near its resonance peak. However, the effectiveness of the
protection strongly depends on the tuning period of the
HMD or HMDI. Specifically, for Th = 2.0 s, correspond-
ing to the nominal perfect tuning with the isolation
period, the system with the HMD performs better than
the one with the HMDI.
When the period of the HMD or HMDI is reduced, the
HMDI achieves its best performance at Th = 1.0 s,
providing an almost simultaneous maximum reduction

of both ac and u2. Similar results are observed in Fig. 9b,
which refers to an isolation period of Tis = 3.0 s. Also in
this case, the performance depends significantly on the
tuning period of the HMD or HMDI, with the system
using the HMDI and the shortest period (Th = 2.0 s)
again yielding the greatest simultaneous reduction in
both ac and u2.

To summarize the results from Fig. 8 and Fig. 9,
both hardening and softening hysteretic behaviors of
the devices are effective and, if properly designed, can
ensure optimal performance of the protected system
with HMDI, outperforming both the internally isolated
system alone and the system equipped with only the
HMD. The main difference between hardening and soft-
ening hysteretic characteristics lies in the optimal tuning
of the device period. In particular, softening hysteretic
devices require shorter tuning periods for the HMDI
compared to those required by hardening hysteretic de-
vices. Finally, under nominal perfect tuning conditions,
the hardening behavior ensures that the HMDI outper-
forms the HMD (see the middle-column graphs in Fig. 8),
with the HMDI requiring only a slightly shorter period
to achieve optimal performance. Conversely, under the
same tuning conditions, the softening behavior leads
to better performance for the system with the HMD
compared to that with the HMDI (see the right-column
graphs in Fig. 9). In this case, for the system with the
HMDI to reach optimal performance, a more significant
reduction in the device period is required.

To gain a deeper understanding of the behavior of
the protected system and the improvement provided by
the HMD and HMDI devices, selected time-histories are
analyzed. Figure 10 presents a set of graphs illustrating
these time-histories. Specifically, the first and second
rows refer to systems subjected to harmonic excitations
with frequency Ω, corresponding to points labeled A in
Fig. 8 and B in Fig. 9, respectively. The graphs in the
left and middle columns compare the acceleration ac and
the displacement u2 obtained from the following three
configurations: internally isolated system without HMD
or HMDI (solid thin line); internally isolated system with
HMD (dashed thick line); and internally isolated system
with HMDI (solid thick line). Consistently with the
frequency-response curves at points A and B, both the
acceleration ac and the displacement u2 progressively
decrease from the internally isolated system without
HMD or HMDI to the system equipped with HMDI.
The similarity in the maximum values of ac for the
systems with HMD and HMDI at point B (left graph
in the second row of Fig. 10) is also evident from the
corresponding frequency-response curves (middle graph
in the first row of Fig. 9), where the vertical line passing
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Fig. 9 Frequency-response curves of acceleration ac and displacement u2 for a softening hysteretic behavior: Comparisons between
isolated system without HMD (solid thin line), with HMD (dashed line) and HMDI (solid thick line), for (a) Tis = 2 s and (b) Tis = 3 s.
Parameters: mc1 = 1′407.08 kg and Cc1 = (0,−0.802) m (case (i) in Sect. 4.1), ηh = 0.2, ηI = 0.3, β = −0.50, uy = 0.30 m.

through point B intersects the curves of the systems
with HMD and HMDI at nearly the same value.

Finally, the graphs in the right column of Fig. 10
show the time-histories of the horizontal displacement
u2 of the internally isolated frame and the displacement
uh of the HMDI device. At both points A and B, the
HMDI device effectively reduces accelerations and dis-
placements by oscillating out-of-phase (at point A) or in
near-perfect counter-phase (at point B) with the internal

frame, thereby functioning similarly to a conventional
tuned mass damper.

6 Seismic analysis

The seismic analysis is conducted by subjecting the inter-
nally isolated system, equipped with the HMDI device,
to selected earthquake records while varying one or more
parameters. Two performance indices are introduced:
the nondimensional acceleration of the content, ac/g,
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Fig. 10 Time-histories of acceleration ac and displacement u2 of the content and of the HMDI displacement uh in Point A of Fig. 8
(Ω = 3.1rad/s) and in Point B of Fig. 9 (Ω = 3.0rad/s). Parameters: mc1 = 1′407.08 kg and Cc1 = (0,−0.802) m (case (i) in Sect.
4.1), ηh = 0.2, ηI = 0.3, uy = 0.30 m.

and the nondimensional displacement of the internally
isolated frame, u2/(2lx). The results of the parametric
studies are presented in two performance maps, each
displaying contour plots of the respective performance
indices on a specific two-parameter plane. In these maps,
the earthquake record and all other parameters are held
constant, except for the two parameters under investi-
gation.

To improve readability, contour levels are represented
using a grayscale scheme, where lighter shades corre-
spond to lower values of the performance indices. Re-
gions with lighter tones indicate better seismic per-
formance of the protected system, reflecting reduced
acceleration and displacement values.

When possible, specific reference contour levels are
included within the performance maps. Two such lev-
els are highlighted in the maps of the nondimensional
acceleration ac/g: one representing the maximum accel-
eration of the content in the system without internal
isolation (thick dashed line), and the other correspond-
ing to the system with only internal isolation and no
HMDI device (thick dotted line). These reference con-
tours help identify regions in the performance maps
where the HMDI device outperforms both the origi-
nal tunnel system and the system with only internal
isolation. Additionally, a special contour level is high-
lighted in the maps of the nondimensional displacement
u2/(2lx), representing the maximum horizontal displace-
ment of the internal frame in the system with only
internal isolation (thick dashed line). This contour simi-

larly aids in identifying areas where the HMDI device
improves performance over the system with only internal
isolation.

6.1 Earthquake records

The seismic analyses are performed using three selected
earthquake records, whose time-histories and response
acceleration spectra are shown in Fig. 11. The selected
ground motions are listed below:

– Cristchurch, 2011, Site REHS 43.3569S, 172.6350E,
REHS-01675, Christchurch Resthaven, instrument
Etna-1675;

– Kobe, 1995 Japan earthquake, Takarazuka station, 0
deg, ground level, position of the station: 34.8090N,
135.3440W;

– Parkfield, 1966 California earthquake, CO2-065 recorded
ground motion, station n. 013: 35.7264N, 120.2869W
Cholame, Handon, array n. 2.

For clarity, each record is labeled with the underlined
name in the list. The use of these three natural earth-
quake records is driven by the need for an initial eval-
uation of the protection system’s performance under
seismic inputs characterized by distinct spectral con-
tents.

In this preliminary phase of the study, the earthquake
records are employed without scaling to a specific design
spectrum or code-based intensity level. The objective
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Fig. 11 Earthquake records: (a) Time-histories; (b) Response acceleration spectra.

is to qualitatively evaluate the sensitivity of the protec-
tion system to variations in seismic frequency content
by using natural, unmodified ground motions, thereby
preserving the inherent variability of real earthquake
data. However, for a thorough assessment of practical
applicability, particularly for a specific structure or site,
ground motions should be selected and scaled in accor-
dance with seismic code provisions, hazard levels, and
target spectra. Future developments of this research will
address these aspects, enabling a more rigorous and
code-compliant evaluation of the proposed protection
strategies.

6.2 The role of the parameters on the seismic response
of the system

In this section, the influence of various parameters char-
acterizing the mechanical system is investigated through
the construction of performance maps. To this end, the
system is always subjected to the Kobe earthquake. The
system’s response to the other selected ground motions
will be discussed in the following section.

The first analysis aims to investigate the response of
the internally isolated system equipped with the HMDI
device in the parameter plane Th and ηI , accounting for
the period of the HMDI and the virtual mass of the in-
erter device, respectively. Figure 12 presents four perfor-
mance maps referring to the isolation period Tis = 2.0s,

arranged such that the two columns correspond to the
acceleration and displacement maps, respectively, while
the two rows refer to the hardening and softening hys-
teretic behaviors of the device. In the acceleration maps
(left column), the thick dotted curves indicate the maxi-
mum acceleration experienced by the system with inter-
nal isolation only, as previously described. The special
contour level representing the maximum acceleration
of the original, unprotected system is not shown, as
its value is so high that it lies outside the range dis-
played in both maps. Within the clearer-shaded regions
bounded by the thick dotted contours, the absolute ac-
celeration acting on the tunnel’s contents is lower than
that observed with internal isolation alone. Thus, within
these regions, the HMDI device proves beneficial for the
system’s performance. Furthermore, a distinct absolute
minimum of acceleration can be identified, correspond-
ing to the configuration where the protected system
achieves its best performance in terms of reduction of
the acceleration ac.

The displacement maps (right column) also reveal
regions of optimal performance for the internally iso-
lated system equipped with the HMDI device. Within
the clearer-shaded areas, the system exhibits the small-
est displacement of the internally isolated frame. The
special contour level corresponding to the maximum
displacement of the system with internal isolation alone
is not shown, as the displacement values exceed the
range displayed in the maps. An absolute minimum of
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Fig. 12 Performance maps of acceleration (ac/g) and displacement (u2/2lx) in the parameter plane (Th-ηI), under Kobe earthquake.
Parameters: mc2 = 4′221.24 kg and Cc2 = (1,−0.802) m (case (ii) in Sect. 4.1), ηh = 0.1, uy = 0.20 m.

the displacement u2 is also identifiable; however, this
minimum generally does not coincide with the absolute
minimum of the acceleration ac. As a result, it is not pos-
sible to identify a single combination of the parameters
Th and ηI that simultaneously minimizes both response
quantities. Therefore, when selecting these parameters
during the design process, it is crucial to determine
which response, acceleration or displacement, requires
greater reduction.

Finally, the comparison between the maps in the
first and second rows highlights the influence of the hys-
teretic device’s behavior, either hardening or softening,
on the response of the protected system. In general, the
hardening behavior enlarges the region where the accel-
eration is reduced compared to the system with only
internal isolation. Furthermore, the hardening behavior
is more effective in reducing displacements than the soft-
ening one. On the other hand, the softening behavior
performs better in reducing acceleration. Consistently

with the previously discussed frequency-response curves,
the best performance of the hardening hysteretic devices
is achieved for longer HMDI periods than those required
in the softening case.

Similar performance maps are presented in Fig. 13,
with the only difference that they refer to a larger iso-
lation period, Tis = 3.0 s. In this figure as well, the
layout of the performance maps places the acceleration
and displacement results in the left and right columns,
respectively, while the first and second rows correspond
to the hardening and softening hysteretic characteristics
of the device. In the acceleration maps (left column),
the thick dotted lines represent the peak acceleration
observed in the system with only internal isolation, as in
the other figures. The extent of the clearer-shaded areas
enclosed by these contours, indicating where the abso-
lute acceleration on the tunnel contents is significantly
reduced, is generally smaller than what is observed for
Tis = 2.0 s. Nevertheless, a clear absolute minimum in



18 Simona Di Nino, Lorenzo Mancini, Manuel Ferretti, Angelo Di Egidio

0 1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

0.5

0 1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

0.5

0 1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

0.5

0 1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

0.5

0.12

0.13
0.14

0.150.16

0.17

0.18

0.19

0.2

0.21

0.22

0.23

0.24

0.25

0.26
0.27

0.28

0.29

0.3

0.31
0.32

0.34

0.36

0.38
0.4

0.44

0.47

0.48

0.036
0.04

0.042

0.044
0.046

0.048

0.05

0.052

0.054

0.054

0.056
0.056

0.06

0.062

0.062

0.064

0.064
0.066

0.1
0.11

0.12

0.15

0.16

0.17

0.18

0.19

0.2

0.21

0.22

0.23

0.24

0.25

0.26

0.27

0.28

0.29

0.31

0.32

0.38

0.39

0.4

0.41

0.44

0.45
0.042

0.044

0.048

0.050.052

0.054

0.056

0.06
0.062

0.062 0.062

0.064

0.064
0.066

Fig. 13 Performance maps of acceleration (ac/g) and displacement (u2/2lx) in the parameter plane (Th-ηI), under Kobe earthquake.
Parameters: mc2 = 4′221.24 kg and Cc2 = (1,−0.802) m (case (ii) in Sect. 4.1), ηh = 0.1, uy = 0.20 m.

acceleration can still be identified, indicating the point
of greatest reduction in ac.

The displacement maps (right column) similarly high-
light areas where the HMDI-equipped, internally isolated
system performs optimally. Within the lighter regions,
delimited by the thick dotted contour representing the
maximum displacement of the system with internal iso-
lation alone, the smallest values of the internal frame
displacement are achieved. A clear absolute minimum
of u2 can also be observed; however, this minimum typ-
ically does not align with the absolute minimum of the
acceleration ac. Consequently, no unique pair of param-
eters Th and ηI can be identified that simultaneously
yields minimum values for both performance indices.

A comparison between the first and second row maps
underscores the influence of the hysteretic behavior of
the device. It is evident that a hardening hysteresis ex-
pands the region in which the acceleration is lower than
that observed in the system with internal isolation alone.

Additionally, hardening devices are generally more effec-
tive in mitigating displacement responses. In contrast,
devices with softening hysteresis demonstrate greater
efficiency in reducing acceleration. Finally, consistent
with the frequency-response analysis, the optimal per-
formance of hardening-type HMDI devices is typically
achieved at longer periods compared to the softening
case.

As a final remark, it is worth noting that, for longer
isolation periods, a design strategy aimed at minimiz-
ing the displacement u2, by selecting the parameters
corresponding to the absolute minimum in the u2/(2lx)
performance map, may result in acceleration values ac
that lie outside the clearer-shaded region, where the
HMDI provides better performance than the system
with internal isolation alone. Nevertheless, even in such
cases, the resulting acceleration remains lower than that
observed for the isolation period Tis = 2.0 s discussed
earlier.
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Fig. 14 Time-histories of the accelerations ac, ah and the displacements u2, uh in point A, B, C, D of Fig. 12.

To gain a deeper understanding of the behavior of
the protected system and the enhancements provided by
the HMDI devices, selected time-histories are examined.
Figure 14 presents a series of graphs depicting these time-
histories, corresponding to four representative systems
identified as points A, B, C, and D in Fig. 12. Specifi-
cally, points A and B, whose time-histories are shown
in the first and second rows of Fig. 12a, respectively,
pertain to the hardening behavior of the hysteretic de-
vice. In contrast, points C and D, illustrated in the first
and second rows of Fig. 12b, correspond to the soften-
ing hysteretic behavior. The left and middle columns
of Fig. 12 display graphs, each containing two distinct
time-histories. Specifically, the plots in the first column
show the acceleration time-histories of the content, ac
(thick line), and of the HMDI device, ah (thin line). The
graphs in the second column illustrate the displacement
time-histories of the internally isolated frame, u2 (thick
line), and of the HMDI device, uh (thin line). Finally,
the third column presents the hysteretic cycles of the
HMDI device.

Points A and B correspond to the absolute mini-
mum of the acceleration ac and the absolute minimum
of the displacement u2, respectively. The same criterion
is adopted for the selection of points C and D. In all
these cases, both the acceleration ah and the displace-
ment uh of the HMDI device exhibit a noticeable out-
of-phase motion with respect to ac and u2, particularly
during the initial oscillations. As a result, the HMDI
behaves similarly to a tuned mass damper, effectively
contributing to the reduction of both accelerations and
displacements. Finally, as expected, the analysis of the
hysteretic cycles (third column) confirms the hardening
and softening behavior of the hysteretic device.

To further investigate the influence of the hysteretic
behavior of the HMDI device, the performance indices
ac/g and u2/(2lx) are mapped in a different parameter
plane. In this case, the two varying parameters are the
HMDI period Th and the hysteresis parameter β, while
all other parameters are held constant. As explained
in Sect. 2.3, the parameter β governs the hysteretic
characteristics of the device. By varying β from nega-
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Fig. 15 Performance maps of acceleration (ac/g) and displacement (u2/2lx) in the parameter plane (Th-β), under Kobe earthquake.
Parameters: mc2 = 4′221.24 kg and Cc2 = (1,−0.802) m (case (ii) in Sect. 4.1), ηh = 0.1, ηI = 0.2, uy = 0.20 m.

tive (corresponding to hardening behavior) to positive
values (representing softening behavior), the effect of
the hysteresis type on the system performance can be
systematically evaluated. Figure 15 presents the perfor-
mance maps of the indices ac/g and u2/(2lx), shown
in the two columns. The maps refer to two different
isolation periods, Tis = 2.0s and Tis = 3.0s, which are
arranged in the first and second row, respectively.

In the case of Tis = 2.0 s (maps in the first row),
clearly distinguishable clearer-shaded regions appear in
both performance maps, indicating where the system
exhibits optimal behavior. In particular, in the accelera-
tion map, the clearer-shaded region is bounded by the
well-known thick dotted curve, thereby ensuring per-
formance superior to that of the system with internal
isolation alone. Furthermore, predominantly visible in
the displacement map, the clearer-shaded region is in-
clined such that softening hysteretic behaviors (positive
β) correspond to shorter periods Th, whereas hardening
hysteretic behaviors correspond to longer periods Th, as

previously discussed. Finally, even in the displacement
map, two absolute minima of the displacement u2 can
be clearly identified, highlighting the significant influ-
ence of the HMDI device’s hysteretic behavior on the
protected system.

In the case of Tis = 3.0s (maps in the second row),
the acceleration performance map (left map) shows that
the optimal, clearer-shaded region lies to the right of the
thick dotted curve. This indicates that, across most of
the parameter plane, the acceleration ac is higher than
in the system with internal isolation alone. The behavior
of the displacement u2 is different. In the corresponding
performance map (right map), a clearer-shaded region
bounded by the thick dotted curve indicates where dis-
placements are smaller than those in the system with
only internal isolation. However, if the design goal is to
minimize u2 by selecting parameters corresponding to an
absolute minimum in the displacement map, the result-
ing acceleration ac is however lower than that achieved
with an isolation period of Tis = 2.0s. In summary, a
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Fig. 16 Performance maps of acceleration (ac/g) and displacement (u2/2lx) in the parameter plane (Th-uy), under Kobe earthquake.
Parameters: mc2 = 4′221.24 kg and Cc2 = (1,−0.802) m (case (ii) in Sect. 4.1), ηh = 0.1, ηI = 0.2.

longer isolation period proves more effective primarily
in reducing the displacement u2. Although the system
with only internal isolation may perform better, the ac-
celeration ac generally remains lower than that obtained
with a shorter isolation period.

Finally, to better understand the role of the yielding
displacement uy of the hysteretic device, the perfor-
mance indices ac/g and u2/(2lx) are mapped over the
parameter plane Th −uy, while keeping all other param-
eters fixed. The acceleration and displacement perfor-
mance maps are shown in the first and second columns
of Fig. 16, respectively. Conversely, the maps in the
first and second rows correspond to the hardening and
softening hysteretic behaviors, respectively. Similarly to
the previously discussed maps, clearer-shaded regions
bounded by thick dotted curves appear only in the dis-
placement maps. The clearness of these regions, which
indicates the best performance of the protected system,
depends significantly on the yielding displacement uy.

Therefore, to achieve optimal system performance, a
careful selection of uy is also recommended.

6.3 Seismic performance of the protected system under
additional ground motions

To evaluate the effectiveness of the proposed protection
method against transverse seismic effects acting on a
utility tunnel, performance maps are generated for the
two additional, selected ground motions: Christchurch
and Parkfield.

Figure 17 presents four performance maps for an
isolation period of Tis = 2.0 s, obtained by exciting the
system with the Christchurch earthquake. The left and
right columnss display acceleration and displacement
maps, respectively, while the first and second rows cor-
respond to hardening and softening hysteretic behaviors.
In the upper acceleration maps (left column), the thick
dotted curves indicate the maximum acceleration ex-
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Fig. 17 Performance maps of acceleration (ac/g) and displacement (u2/2lx) in the parameter plane (Th-ηI), under Cristchurch
earthquake. Parameters: mc2 = 4′221.24 kg and Cc2 = (1,−0.802) m (case (ii) in Sect. 4.1), ηh = 0.1, uy = 0.20 m.

perienced by the system with internal isolation only,
as previously described. Additionally, the thick dashed
curve represents the maximum acceleration affecting
the contents in the fully unprotected system. The pres-
ence of the dashed curve requires greater attention in
selecting the design parameters, as it indicates that, in
some cases, the acceleration ac of the protected system
could be higher than that of the unprotected one. For
the Christchurch seismic event, the size of the clearer-
shaded region in the acceleration map is noticeably
smaller than that observed for the Kobe earthquake
(see Fig. 12). In contrast, the displacement maps do
not show any significant differences compared to those
for the Kobe event. However, within the clearer-shaded
region of the acceleration map, despite its limited ex-
tent, the displacement performance remains satisfactory.
In fact, the clearer-shaded regions in both maps are
sufficiently overlapped to each other, suggesting that it

is possible to select design parameters that effectively
reduce both ac and u2.

Finally, Figure 18 displays four performance maps
for a system with an isolation period of Tis = 2.0 s,
subjected to the Parkfield earthquake. The performance
maps are arranged as in the previous figure, so that
the left and right columns show the acceleration and
displacement maps, respectively, while the two rows dis-
tinguish between hysteretic hardening behavior on the
top and hysteretic softening behavior on the bottom.
In this case, both acceleration maps (left column) not
only display the thick dotted curves, which indicate the
maximum acceleration experienced by the system with
internal isolation only, but also include the thick dashed
curves representing the peak acceleration affecting the
contents in the fully unprotected system. Therefore,
greater care in selecting the design parameters is re-
quired compared to the Christchurch earthquake. The
clearer-shaded regions in both performance maps, for
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Fig. 18 Performance maps of acceleration (ac/g) and displacement (u2/2lx) in the parameter plane (Th-ηI), under Parkfield
earthquake. Parameters: mc2 = 4′221.24 kg and Cc2 = (1,−0.802) m (case (ii) in Sect. 4.1), ηh = 0.1, uy = 0.20 m.

both hardening and softening hysteretic behaviors, over-
lap across a common area of the parameter plane. This
overlap facilitates the selection of design parameters
that effectively reduce both ac and u2.

7 Conclusions

This study has developed and assessed protection strate-
gies to reduce the impact of transverse seismic exci-
tation on the internal components of utility tunnels.
The proposed solution incorporates internal support
frames designed to host the pipelines, which are me-
chanically decoupled from the tunnel structure through
visco-elastic isolators. These frames have been enhanced
with advanced vibration control devices, namely Hys-
teretic Mass Damper Inerters.

A simplified analytical model with a reduced number
of degrees of freedom has been formulated. In this model,
the tunnel is represented as a rigid body within its

cross-sectional plane, interacting with the surrounding
ground, idealized as a compression-only elastic medium.
The internal equipment is mounted on a rigid frame,
which is allowed to move only horizontally relative to the
tunnel and is connected to it by four linear visco-elastic
elements. An HMDI has been attached to one corner of
the frame to augment energy dissipation and improve
dynamic and sesimic response control.

The analytical model was validated against a finite el-
ement benchmark, demonstrating strong agreement and
confirming its reliability for preliminary design and rapid
parametric studies. To assess the proposed mitigation
strategy, frequency-domain analyses under harmonic
loading were conducted, highlighting the influence of
isolation and control systems on the system’s dynamic
behavior. Finally, extensive time-history simulations
were carried out using a suite of representative seismic
records; the results were synthesized into performance re-
sponse maps, indicating that the proposed configuration
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can effectively enhance the seismic performance of utility
tunnel contents under realistic earthquake scenarios.

The main novelties, key findings, and conclusions of
this study are summarized as follows:

– A protection strategy combining an internally base-
isolated frame supporting the pipelines and an ad-
ditional control through an HMDI device has been
proposed for the first time.

– It has been found that the proposed method signif-
icantly reduces the absolute acceleration acting on
the pipelines, even with short periods of internal
base isolation.

– Increasing the isolation period further improves the
performance of the controlled system; however, the
additional reduction in absolute acceleration on the
pipelines comes at the cost of a significant increase
in the displacement of the internally isolated frame.

– The use of the HMDI effectively reduces the displace-
ment of the internally isolated frame and further
decreases the absolute acceleration on the pipelines
across a wide range of parameter values.

– The parameters characterizing the hysteretic behav-
ior of the HMDI, such as the softening/hardening
response and the yielding displacement, play an im-
portant role in the response of the controlled system
and have been thoroughly investigated.

– The responses of the controlled systems with soften-
ing or hardening behavior are relatively similar; in
general, the softening behavior is more effective in
reducing the acceleration on the pipelines, whereas
the hardening behavior provides better control of
the displacements of the internally isolated frame.
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A Details on the Derivation of the Equations of
Motion

This section provides the detailed derivation of the equations of
motion in the form of Eq. 15, with particular emphasis on the
formulation of the Lagrangian and the evaluation of the virtual
work associated with non-conservative forces.

A.1 Lagrangian

By substituting the expressions for the displacements of the centers
of mass, as given in Eq. 1, into the the kinetic and potential energy
expressions, Eq. 11 and Eq. 12, respectively, the Lagrangian can
be expressed as follows:

L =
1

2
m1 (u̇1 + ẋG)2 +

1

2
m1v̇

2
1 +

1

2
J1ϕ̇1

2

+
1

2
m2 (u̇2 + ẋG)2 +

1

2
m2v̇

2
1 +

1

2
J2ϕ̇1

2

+
1

2
mc

(
u̇2 − ϕ̇1yc + ẋG

)2
+

1

2
mc

(
v̇1 + ϕ̇1xc

)2

+
1

2
Mh (u̇h + ẋG)2 +

1

2
MI u̇

2
h+

−m1gv1 −m2gv1 −mcg (v1 + ϕ1xc) .

(23)

A.2 Non-conservative virtual work

The various contributions to the virtual work of non-conservative
forces, as reported in Eq. 14, are evaluated in detail below.

The virtual work contributions defined in Eq. 14 can be ex-
pressed as follows:

δWis =
(
2F−

is − 2F+
is

)
δu1 +

(
2F+

is − 2F−
is

)
δu2,

δWh = −Fhδu2 − Fhl
∗
yδϕ1 + Fhδuh,

δWs = Fsvδv1 + Fsuδu1 + Csδϕ1,

(24)

In the last expression, the following terms are introduced to high-
light the distinct contributions depending on both displacements
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and velocities, grouped according to the corresponding generalized
forces:

Fsu :=− 2ly (ksu1 + csu̇1) ,

Fsv :=− 2lx (ksv1 + csv̇1) ,

Cs :=−
2

3

(
l3x + l3y

) (
ksϕ1 + csϕ̇1

)
.

(25)

Thus, from the total virtual work, δW = QT δq, the vector
of the generalized forces follows:

Q =
(
2F−

is − 2F+
is + Fsu Fsv Cs − Fhl

∗
y 2F+

is − 2F−
is − Fh Fh

)T
.

(26)

A.3 Equations of motion

Finally, substituting Eqs. 23, 24, 2, 25 and Eq. 26 in Eq. 15, the
equations of motion, as presented in Eq. 16, are obtained.

B Equations of Motion of the non-isolated
System

This section presents the equations of motion for the non-isolated
system, i.e., without internal frames and control devices. These
equations are derived using the Lagrangian formulation based on a
reduced set of degrees of freedom (u1, v1, ϕ1), along with the eval-
uation of virtual work associated with the non-conservative forces
provided solely by the soil. Omitting the details, the resulting
equations are:

(m1 +mc) ü1 −mcycϕ̈1 + 2kslyu1 + 2cslyu̇1

= − (m1 +mc) ẍG,

(m1 +mc) v̈1 +mcxcϕ̈1 + 2kslxv1 + 2cslxv̇1

= − (m1 +mc) g,[
J1 +mc

(
x2c + y2c

)]
ϕ̈1 +mc (xcv̈1 − ycü1)

+
2

3
ks

(
l3x + l3y

)
ϕ1 +

2

3
cs

(
l3x + l3y

)
ϕ̇1

= mcycẍG −mcxcg.

(27)


