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ARTICLE INFO ABSTRACT

Keywords: This study introduces innovative vertical isolation systems, the so-called Negative-Stiffness Based Vertical ISo-
Negative stiffness lators (NVISs). The NVISs integrate post-tensioned cables and mechanical amplifying mechanisms to overcome
Vertical seismic isolation buckling limitations of traditional compression-based negative stiffness isolators, offering a lightweight, tunable

Process plants

Small modular reactor

Spherical storage tanks

Coupled Eulerian-Lagrangian analysis

solution with extended negative stiffness regions. NVISs retrofitting capabilities, which do not require column
cuts, facilitate practical seismic upgrades, addressing critical gaps in vertical isolation of large-scale structures.
Unlike prior studies focused on small-scale applications, this work emphasises realistic applications on heavy
structures. Along these lines, analytical models and dynamic analyses including friction were developed and
carried out to characterise their behaviour. Small-scale experimental validation was conducted using additive
manufacturing and a shake table to simulate dynamic loading conditions. Then, two realistic case studies were
considered: (i) the integration of NVIS devices into the columns of a Small Modular Reactor (SMR) building;
and (ii) the use of a combined horizontal-vertical isolation system composed of NVIS with horizontal rolling
isolators for the protection of a spherical propylene tank in a petrochemical facility, evaluated by means of
nonlinear Coupled Eulerian-Lagrangian (CEL) time-history analyses. Relevant results demonstrate more than
60% vertical seismic force reduction across diverse applications, highlighting the system’s adaptability for both
new and existing industrial, nuclear, and critical infrastructures.

1. Introduction such as nuclear plants [5] and petrochemical plants [6], where failures

could have catastrophic consequences [7]. Thus, protecting industrial
1.1. Background and motivation equipment and NPPs from vertical seismic loads remains a pressing

challenge, particularly given the need to safeguard essential contents,

Seismic protection technologies play a crucial role in safeguarding such as flammable or refrigerating fluids.

infrastructure and minimising the adverse impacts of earthquakes, par- In this study, novel vertical isolators based on negative stiffness
ticularly for critical systems such as process plant equipment, nuclear (NS) are proposed to enhance seismic protection of industrial structures
power plants (NPPs), and disaster recovery utilities. Consequently, the subjected to vertical loadings. The concept of NS typically involves

analysis and design of base isolation systems remain an active area of
research and development. Conventional seismic isolation techniques
primarily target horizontal earthquake components, effectively decou-
pling horizontal ground motions from the superstructure. However,
these systems generally exhibit high stiffness in the vertical direction
and thus provide limited protection against vertical seismic forces [1].

The vertical components of ground acceleration can be highly detri-
mental — especially in near-fault seismic zones — as evidenced in past
events such as the 1994 Northridge, 1995 Kobe, and 2023 Kahra-
manmaras earthquakes [2-4]. Strong vertical forces can compromise
structural integrity by inducing yield in gravity-resisting elements,
reducing load-bearing capacity, and diminishing horizontal seismic
resistance. These effects pose significant risks for critical infrastructures

coupling NS elements with positive stiffness components operating in
parallel [8,9]. Such configurations can (i) reduce the natural frequency
of the system, which is advantageous for seismic isolation; (ii) maintain
a high static load-bearing capacity while achieving low dynamic stiff-
ness, thus reducing vibration transmission; and (iii) improve stability
and robustness when approaching a quasi-zero stiffness (QZS) state [10,
11].

Despite promising results, the application of NS devices has been
largely restricted to small-scale systems and lightweight equipment
(e.g., [12,13]), with limited studies addressing large-scale vertical iso-
lation [14,15], despite efforts dedicated to the application of NS in the
control of seismic vibrations [16,17]. A recent review by Liu et al. [18]
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critically examined quasi-zero stiffness (QZS) isolators, highlighting
modelling inaccuracies, the neglect of friction and nonlinear damping
effects, and the general limitation of QZS applications to low-mass
systems.

Past research on vertical and extension to 3D isolation systems
has revealed both advances and persistent challenges. Early designs
employing low-shape-factor elastomeric bearings demonstrated insuf-
ficient vertical flexibility and issues related to creep and load capac-
ity [19]. Later, sophisticated 3D systems developed in Japan - based on
air springs, rolling bearings, hydraulic levelling, and cable-reinforced
mechanisms — achieved effective vibration reduction, but suffered from
high complexity, maintenance requirements, and costs, limiting their
use in critical facilities [20,21].

Miyagawa et al. (2017) [22] developed a 3D isolator combin-
ing rubber bearings, vertical oil dampers, and disc springs. Cimellaro
et al. [23] proposed 3D isolation arrangement consists of elastomeric
bearings acting both in the horizontal and vertical direction where NS
devices acts only in the vertical direction. Dong et al. (2025) [24]
introduced a variable-stiffness and variable-damping 3D isolator. Na-
jafijozani et al. (2020) [25] proposed six adaptive vertical isolation
systems using linear and nonlinear spring—-damper combinations. The
effectiveness was assessed using peak isolation displacement and equip-
ment acceleration. Other solutions — such as rubber bearings [19,
26,271, air springs [28,29], mechanical spring-dampers [30-32], and
hydraulic systems [33-36] — offer various benefits but remain limited
in robustness. Many rely on delicate components that exhibit sensitivity
to uncertainties, leading to unpredictable dynamics under extreme
conditions such as major earthquakes. Moreover, current vertical iso-
lation systems are typically more complex, larger, and heavier than
their horizontal counterparts, often requiring additional mechanisms to
suppress rocking motions introduced by multidirectional flexibility [5].

In contrast to the aforementioned solutions, herein we focused to
offer a simpler, easy to retrofit, and potentially lower-cost alternative,
making them particularly well suited for retrofitting existing industrial
structures—especially those that are already isolated horizontally but
remain vulnerable to vertical seismic actions. While air springs, hy-
draulic systems, and complex multi-component arrangements achieve
multidirectional vibration reduction with high efficiency, their com-
plexity leads to high installation/maintenance costs and often requires
intricate mechanisms to be installed to control rocking motions, limit-
ing practical adoption in industrial settings. In contrast, the proposed
isolators leverages simple components, such as post-tensioned (PT) steel
cables combined with mechanical amplifying mechanisms, arranged
intelligently to exploit NS with hardening, enabling a highly tunable
vertical isolation system. The use of PT cables allows for a lighter
system free from common buckling issues.

From a regulatory point of view, both ASCE/SEI 7-16 [37] and
the European standard UNI EN 15129:2018 [38] stipulate that seismic
isolation systems must exhibit a stable restoring force to preserve
structural integrity following an earthquake. Consequently, the use of
purely NS elements — without adequate positive stiffness compensation
— is prohibited due to potential instability concerns.

On the other hand, the proposed vertical isolators can be sys-
tematically designed to satisfy regulatory provisions by ensuring a
stable and reliable restoring force, which is specifically addressed in
this work. In particular, this stability is achieved through the cou-
pling of NS mechanisms with positive stiffness contributions, while the
use of PT steel cables provides a controlled tensile-based load path,
thereby avoiding the buckling and instability issues typically associated
with compression-based devices. In this way, post-earthquake stabil-
ity is maintained and undesirable loss of equilibrium is prevented,
preserving structural integrity under extreme vertical excitations. This
unique combination of simplified configuration, retrofit practicality,
code-compliant stability, and enhanced seismic performance against
vertical actions clearly defines the critical research gap addressed in
this study.
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1.2. Scope and core contribution

In sum, to achieve the best performance of an NS device for vertical
seismic isolation, this study proposes a novel Negative-stiffness-based
Vertical ISolator (NVIS) that utilises the high strain capacity of PT
steel cable(s) in combination with mechanical amplifying mechanisms;
see Fig. 1. The proposed NVIS differs from existing solutions in the
literature by a few key advantages: (i) the PT cables result in a lighter
system without the common buckling issues associated with traditional
compression-based QZS isolators; (ii) the involvement of mechanisms
and mechanical amplifiers for the NVIS increases the NS range, deliv-
ering a highly tunable and optimizeable isolation system for vertical
loads; and (iii) the NVIS devices can be applied or retrofitted to
existing equipment and structures, thereby facilitating seismic upgrades
of ageing industrial infrastructure.

The NVIS incorporates short elements to transfer forces from
parallel-aligned straight PT cables. NVIS is designed to be suitable for
large-scale structures with heavy superstructures, such as NPP buildings
or large spherical tanks supported by longer columns. To validate the
numerical model of the NVIS, small-scale experiments were conducted
using additive manufacturing to fabricate test specimens, and a shake
table was employed to simulate dynamic loading conditions.

Along these lines, the structure of the paper is as follows: Section 2
introduces the NVIS, the relevant governing static and dynamic equa-
tions; whilst the corresponding experimental validation is provided in
3. In Section 4, to support design standardisation efforts in nuclear in-
frastructures [39], NVIS was integrated into the NuScale Small Modular
Reactor (SMR) NPP building. To demonstrate the capability of NVIS
in 3D seismic isolation together with horizontal isolation solutions,
Section 5 presents a case study of a spherical propylene storage tank
in a petrochemical facility. A 3D seismic isolation system combin-
ing conventional rolling isolators with the NVIS was analysed using
a nonlinear coupled Eulerian-Lagrangian (CEL) finite element (FE)
model under multi-directional seismic excitations. Finally, Section 6
summarises the main results drawn from this investigation and includes
future perspectives.

2. The negative stiffness vertical isolator “NVIS”
2.1. Conceptual overview of the NVIS

In Fig. 2, a simplified single degree-of-freedom (SDOF) spring—
mass system subjected to vertical ground excitation is considered, in
which a conventional positive stiffness (PS) spring is combined with
an additional NS element. In traditional vertical isolators, where a soft
spring is typically introduced in series to improve vibration attenuation,
a fundamental trade-off exists between load-bearing capacity and isola-
tion performance: stiff springs can sustain large static loads but provide
limited low-frequency isolation, whereas soft springs enhance isolation
but result in excessive static deflections and reduced stability. NS-based
isolation systems aim to overcome this limitation by combining a PS
component (kpg) with a NS mechanism (k  ¢), which is often achieved
through geometric nonlinearity (e.g., pre-compressed structural config-
urations). At the equilibrium position (x = 0), the PS spring supports
the static load, while for nonzero displacements (x # 0), the NS element
generates a force in the same direction as the motion, see Fig. 2(e),
effectively assisting the motion [10]. As a consequence, the overall
tangent stiffness of the equivalent system is significantly reduced while
static equilibrium is maintained.

Depending on the relative magnitude of the NS stiffness with respect
to the PS stiffness, the equivalent stiffness k,, can be reduced towards
zero (Fig. 2(d)). When keg approaches zero, the system is commonly re-
ferred to as a QZS isolator. However, in practice, a perfect stiffness can-
cellation is not achievable due to stability constraints, nonlinear effects,
and design requirements. Moreover, regulatory provisions and struc-
tural performance limits (e.g., strain demands in supporting columns)
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: Negative Stiffness Vertical Isolator
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Fig. 1. Negative Stiffness Vertical Isolator.
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Fig. 2. Single-degree-of-freedom system combining a conventional PS spring

+X4

with an additional NS element: (a) conceptual realisation of NS through a laterally

attached pre-compressed spring mechanism; (b) simplified representation of the PS and NS springs connected in parallel; (c) equivalent spring—mass model with
equivalent stiffness; (d) variation of the equivalent stiffness k,, for different values of the NS stiffness ky; and (e) corresponding force-deformation relationships
of the PS, NS, and equivalent springs, also illustrating the deformed configuration of the mechanism shown in (a).

typically prevent the realisation of a fully zero-stiffness condition in
engineering applications. Therefore, in this study, the NS mechanism is
employed to reduce the effective stiffness as much as possible within
the boundaries of practical design limits and engineering guidelines.
Building upon this general concept, the proposed NVIS achieves a
reduction in stiffness through a combination of geometric nonlinearity
and pre-compressed spring elements, as depicted in Fig. 2(a). To fur-
ther enhance isolation performance and improve tunability, the NVIS

additionally incorporates a mechanically amplified PT cable mech-
anism, which generates controllable lateral compression forces and
enables systematic adjustment of effective vertical stiffness. In this con-
figuration, the NVIS does not decouple the column from the foundation;
rather, it introduces additional flexibility by reducing the effective stiff-
ness of the column (Fig. 2(d)), thereby lowering the system’s natural
frequency and effectively converting the column into a pseudo-isolator.
Since NVIS does not require the column to be detached from the



T. Guner and O.S. Bursi

a) Side View
X1 Xy
1\ E <,
I
s 2
kcol
Lcol
ANNNR NNV RNV R NNNY A\ \\Y

Engineering Structures 359 (2026) 122677

b) 3D Drawing

Element #2
Roller #2

Element #3

Element #4

Cables

c) Mass-Spring-Damper Model

X2
e
| Poxy /Ly
X1 1
_'T____ Qi Py V5 Fpric

ST _>F- .
TFfri(',Rl Pg\" m, Jricke

Ceol A/
ATy
@apl s

) g

Y Pyly/Ly
my

kmble X4

Fig. 3. Schematics of the NVIS device: (a) side view and main elements; (b) 3D view with the mechanical amplifier; (c) discretised mass—spring—damper models

of the NVIS device.

foundation and can be installed in parallel with existing structural
columns, it offers a retrofit-friendly solution that introduces minimal
intrusion into the original system.

The schematic of the NVIS, key elements, and static/dynamical
parameters are presented in Fig. 3. The proposed mechanism creates
lateral compression force using a PT cable and uses short truss ele-
ments, assumed to be rigid, to transfer these forces from the column
to the PT cable or vice versa.

From a physical standpoint, the NS behaviour in the proposed
NVIS originates from the interaction between the PT cable and the
mechanical amplifying mechanism. As vertical deformation x; occurs,
the geometric configuration forces the PT cable to elongate through
the kinematic path, generating a tensile restoring force, independent
from the sign of x,. Due to the mechanism’s arrangement, this restoring
force pushes top of the column along the deformation direction. This
produces a negative slope in the force-displacement response, i.e., an
effective NS region. In this sense, the PT cable provides a stable tensile
load path, while the amplifying mechanism governs how efficiently the
cable tension is converted into vertical stiffness reduction, allowing
the reduced stiffness plateau to be systematically tuned through key
geometric parameters.

2.2. Static equilibrium and stability

Following the notation in Fig. 3, the static equilibrium entails the
following governing equation:

P.Ly —keoyx1Ly+ Pyxp =0 (@]
Keapte L2 Ly (Einir Leapie + X3La/1a) + Psly (x5 + L3 cos (63)) =0 (2)
Py (Ly+x;) + P (x+ L3 sin (65)) =0 3

where k., and k., are the stiffness of the column and cable elements,
respectively. P, defines the axial force on the column and x; is the

corresponding displacement. ¢,,, define the initial cable strain. L,

and P, are the length and axial force on the nth element. Moreover,
assuming the trusses are sufficiently rigid, the geometric relations can
be expressed using the Pythagorean theorem to relate the displacements
of the nodes to the lengths of the truss elements:

(L%—x%)—Lz—xzzo (€]

\/(L32 cos (03)2 —2sin (63) Lyx, — x22) —Ljcos(63) —x3=0 5)

X4ly—x3L4=0 (6)

Solving Egs. (1)—(6) simultaneously yields,

(P, = koo X1)(@y = 2L3c05(03))ly \/ L3 — X3
+ kegpre La X1 (,/Lg —x}— L, + Ly sin (03))
Ly
X <E (Ls cos (63) —¢y) - ginithabIe> =0
where:
2 2
(p% = Ly?cos (0;) — <L2 -/ L2 - x12>
+ 2Ly sin (63) <L2 -4/ L,? —x12>

With regard to static stability, the equivalent system needs to satisfy
the condition kg, (x; = 0) > 0. Thus, differentiating Eq. (7) w.r.t. x,
and substituting x; = 0 leads to

)

_ ch (x _ _ L4 einichable kcable sin <€3)
Fa ™ dx, ! Ly, cos (65)
From Fig. 3 an attentive reader can deduce that the cable stiffness
directly contributes to the equation with its axial stiffness. Accordingly,
replacing k.., with the axial stiffness yields,

A E,

cable€init _

—kepyy =0 (€))

Acableo-init - kcal L2 [4
Leabie Ly L., tan (65)

cable

L

)]

cable cable
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ReplaCing Oinit = o_y,cable’ and kcol = EcaIAcol/Lcolr and Lcahle = Leol
yields:
EcorAco Loy

L, tan(6;)

col

A (10)

crit,cable = L
cablegy,cable

where A, ... iS the cable area that entails a resonance frequency
close to zero, and A ., > A cqpe TeSUlts in an unstable system.
A, it cape therefore represents the maximum cable cross-sectional area
that ensures the NVIS and column combine system stays stable, i.e.
kg, 2 0. As a result, the use of A,y > Agpir cape Will result in kg, <0,
hence an unstable system and also from practical perspective could not
satisfy regulatory requirements.

As a result, L,, /,/L, and 603 of the truss element directly af-
fects the required cable area. Consequently, for various L, and /,/L,
values, force-displacement and corresponding stiffness variations are
presented in Fig. 4. In the rest of the Section 2, analyses were conducted
for a column HD 400 x 216, L., = L., =3 m,0;,;, = 1000 MPa.

In Fig. 4, the calculated values of A, = Agcqpe are also
presented. An increase in L, led to an increase in A, ..., Which
also improved the effective NS region. In scenarios where an extended
quasi-zero stiffness plateau is required in respect of displacement, it is
feasible to consider a larger L,. Clearly, a larger NS plateau enables
greater vertical displacement tolerance for heavy industrial equipment.
From a practical design perspective this necessitates an increase in
the cable’s cross-sectional area, which leads to an escalation in costs,
highlighting a trade-off between performance and economic feasibility.
Considering reducing I,/ Ly, given in Fig. 4, reduced A.,;; .45, however,
resulted in a reduced NS effective region. Although a reduced /,/L,
ratio is favourable for large-scale deployment, as Element #4 and
hinges associated with it experiences lower forces and stresses, the
effective NS performance will correspondingly decreased.

The effect of variation in #; and for completeness regarding Eq.
(7), the ratio L;/L, provided in Fig. 5. The increase in 65, reduced
the required A.,; .4, but also reduced the effective region of the NS
in terms of displacement, similar to L,. In practice, §; and L, can
be tuned to optimise the trade-off between NS performance and ma-
terial requirements. However, both parameters significantly influence
the overall size of the NVIS, and in space-constrained applications,
achievable performance may be limited. On the other hand, the L,
effect, when considered in terms of ratio to L,, is found to be not
significant. The study demonstrated that the behaviour of NVIS can
be precisely adjusted, facilitating the optimisation of vertical seismic
isolation.

It is worth noting that the NVIS’s effectiveness relies on the vertical
displacement difference between the NVIS assembly and the connection
point to the column. Conversely, see Fig. 3, the distance between the
column connection and the ground is large, and to support the NVIS
assembly, an additional support column is required, as depicted in Fig.
1. For completeness, the forces acting on the support column have
been quantified in Appendix. Given that, under dynamic conditions,
the NVIS will experience negligible inertial forces as a result of vertical
seismic activities, the support columns, when designed appropriately,
can be regarded as pseudo-rigid.

Furthermore, it should be noted that the formulation presented
herein assumes rigid truss and mechanism elements in order to de-
rive closed-form equilibrium and stability conditions and to clearly
highlight the fundamental NS generation mechanism of the NVIS. This
assumption is applicable when the stiffness of the trusses is sufficiently
high compared to the forces transmitted through them, such that their
elastic deformations remain negligible relative to the intended dis-
placements. In large-scale implementations where member flexibility
may become non-negligible, the compliance of the truss elements can
be explicitly incorporated through refined finite-element modelling or
by extending the formulation to account for member deformability.
Nevertheless, the rigid-element assumption provides a valid first-order
design framework for capturing the governing NS behaviour and sta-
bility limits of the proposed NVIS. In cases where deviations from the

Engineering Structures 359 (2026) 122677

rigid-truss assumption occur, NVIS performance may be affected, which
can be captured through detailed finite-element analyses. Specifically,
the effective force-displacement response could be altered, potentially
leading to a reduction in the width of the NS region, a decrease in
the NS effect, and slight shifts in the stability margins. Nevertheless,
provided that the truss members are properly designed with sufficient
stiffness, the primary negative-stiffness mechanism remains operative,
and these effects are expected to be minimal.

2.3. Dynamic modelling of the NVIS device

The introduction of inertial forces due to the masses of members,
friction-induced forces, and inherent damping can be synthesised in the
spring—damper-mass model depicted in Fig. 3(c). There, the member
masses, the friction forces in the roller supports and hinged connec-
tions, and the damping associated with the main column are indicated.
Thus, the system of equations of motion can be stated as:

Mii + Cit + Ku + F ;. = —Muii, an

where M, C, and K are the mass, damping, and stiffness matrices. In par-
ticular, F ;. defines kinetic friction forces. Given the high pre-loading
on the system, the static friction was neglected. This assumption is
justified because the pre-tension in the cables ensures that the relative
motion at the contacts is sufficient to overcome static friction even
for low-amplitude excitations. Nevertheless, for extremely small inputs
near the noise level or if proper treatment of the bearings and contact
surfaces is lacking, stick—slip behaviour could occur. Such effects are
expected to have a negligible impact compared to kinetic friction on the
overall NVIS dynamic performance and can be incorporated in refined
models if required for precision studies. Based on the NVIS depicted in
Fig. 3(c), the system of EoMs reads:

mcolx‘l + Ccolxl + Cm(xl - xm) + km (xl - xm)

X -
+ ke X1+ Py L_2 + Ffric,Rl = Mgty 12)
. (Ls + x5) (L5 sin (03) + x,)
myxy + Py 2 "2 4 P, (65) + Frrien+ Frre gy =0 (13)
L, L;
. (L; cos (65) = x3) ;
m3X5 + Pj 7 + PyLy/ly+ Frrics+ Frric gy = —mailg
a4
myXy + Py + Fegpre + Frric ra = —Mylly 15)
My Xy F € (X — X 1) + Ky (X = X1) = =y ilg 16)

where F,,;, is the force exerted on element #4 by the cables and F,,.,
and Fy,. g, are the friction forces that occur on the roller supports
and joints. Forces P, are the axial force on the truss members and
vary w.r.t. time. The damping constants, i.e. ¢, ¢,, were considered as
modal damping with ¢, that defines the damping ratio of the column.
In detail, the friction forces read:

Hy Py x .
Firiea = = tanh(%,/v,) a7
sy Py (sin(63) Ly + x,) .
Fprie = == ———-tanh(4,/v) as)
Frrie.r1 = 1y Potanh(x, [v;) 19
Frric.re = (2 Py + ppa Py)tanh(xy [ v)) (20)
Frrie.rs = (Hp3P3 + pp g Ptanh(x; /v,) (21)
Frric.ra = HraPstanh(xy/v,) (22)

In particular, y, is the kinetic friction constant between the roller sup-
ports and the guided connection, whilst y,, are the rotational kinetic
frictions at the joints. For ease of integration, the change in direction
of the friction forces was smoothed using the regularisation factor
tanh(x,/v,), where v, defines the kinetic friction threshold velocity.
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cable

Then, the system of EoMs Eq. (11) was solved numerically using the
ode45 solver in MATLAB [40]. For simplicity, herein, the input ground
acceleration was modelled as a frequency sweep and the frequency
response function (FRF):

max(x,,) )

max(u’é) @3

FRF(f)=20log, <
was computed for the main mass acceleration %,. Herein and after in
this subsection, (m,, = le5 kg, k,, = 5k., &, = 0.05, my = m3 = my =
2kg)and (L, = Ly = 0.2, L,/l; = 4, 03 = n/4) were considered.
The influence of A.,,, and the damping ratio ¢, on the performance
of NVIS can be obtained from Fig. 6 in terms of FRF. When A, is
equal to A gy, ..i;» the maximum performance can be obtained. The
effect of the damping ratio ¢, is provided in Fig. 6(b); the reader can
observe that the inherent column damping does not significantly affect
the performance of NVIS.

The proposed NS isolation system is nonlinear and sensitive to
the input amplitude; consequently, its effectiveness depends on the
proper design and optimisation of the device for the expected working
range. With reference to the input amplitude A, Fig. 7(a) shows the
relationship between the input amplitude A, and the effectiveness of
NS. It is evident that increasing the amplitude reduces the effective NS.
However, as will be shown in Sections 4 and 5, this effect is beneficial
in limiting excessive column deformations—provided that the system
is properly designed. However, the results depicted in Fig. 7 show that
the increased input amplitude creates a slow shift of the resonance
peak to the left, due to vertical actions, also creating acceleration on
the components of NVIS. Consequently, in the event of unexpected
strong input, the stability of the system can be compromised. When
peak displacement values are observed, NVIS reaches about a 10 mm
range; however, a longer column allows for more elastic deformations,
and with proper design, these axial deformation values can be tuned.

The impact of friction on the system was analysed as depicted in Fig.
8. The kinetic friction coefficients were selected based on a combination
of values available online and typical properties of roller and pinned
joints; specifically, the linear and rotational friction coefficients were
taken as in the range of 0 < u < 0.4, where maximum 0.4 coeffi-
cient was used as a representative of steel-steel dry contact without
lubrication as a worst case scenario. The threshold velocity v, was set
to 0.0005 m/s, corresponding to approximately 5% of the minimum
characteristic velocity observed in the system (v ~ 0.01 m/s) under
low frequency-amplitude input, ensuring smooth transition between
kinetic friction regimes. In Fig. 8, initially, an increase in the frictional
coefficient of the roller support #2, denoted as u,, was found to exert
no influence on the overall system dynamics. The varied y; FRF results

~
~

parameter when ¢, =

Frequency (Hz)

0.05; and (b) the effect of the damping ratio, {, when

are depicted in Fig. 8(b). In this case, the angle 6; = pi/4 entails high
normal forces acting on roller #3, and affects the FRF response. High
friction force results in unfavourable performance in the lower and
higher frequency ranges, e.g. 1-2 & > 4 Hz; whilst in 2-4 Hz range,
resonant peak amplitudes are reduced, as a result of dissipation. The
friction forces resulting from the pinned joints were also considered
and are plotted in Fig. 8(c). Rotational friction forces result in FRF
increases, whilst shifting the resonance frequency to the left, can also
compromise system stability if A ,,, selected too high. In addition,
parametric consideration of uncertainties in the friction coefficients
within the practical range (0 < x < 0.4) indicates that while variations
can slightly alter the NS effectiveness and, in cases of high friction, may
compromise stability, the overall NVIS dynamic behaviour and stability
margins remain largely robust. A small safety factor can be introduced
in A... when excessive friction uncertainty is expected, further en-
hancing NVIS robustness. As illustrated in Fig. 8, the performance
is not highly sensitive to moderate deviations in friction parameters,
reinforcing confidence in the proposed design under realistic variability
in contact conditions.

As highlighted, in practice, friction affects the frequency-dependent
behaviour of the NVIS. High friction can reduce peak amplitudes in
certain frequency ranges due to energy dissipation, but may also de-
grade performance at other frequencies or shift resonance, potentially
limiting the effective NS displacement range. Therefore, in large-scale
applications, friction should be considered during the design and tuning
of NVIS devices and minimised through the use of appropriate bearings,
as it influences both isolation efficiency and overall system stability,
particularly under large vertical loads. Moreover, when friction is kept
under control, NVIS design can be simplified by relying primarily on
static analyses, thereby reducing overall design complexity.

3. Experimental validation

To validate the numerical model of the NVIS device, a small-scale
experimental test was conducted. The experimental setup was designed
to assess the dynamic response of the system under controlled loading
conditions and to verify the accuracy of the governing equations and
model predictions presented in Section 2. The test specimen were
fabricated using the additive manufacturing Fused Filament Fabrication
technique, allowing for the reproduction of the components of the NVIS
in small scale and details of the experimental setup is given in Fig. 9.

Dynamic excitation was introduced using a small-scale shake table,
as shown in Fig. 9(d). The shake table can provide input profiles with
a maximum velocity of 0.5 m/s, as a result higher mass and flexible
column had to be used. The specimen was mounted horizontally on the
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Fig. 8. Influence of (a) friction on the roller Support #2, i.e. u,, (b) friction on the roller Support #3, i.e. u;, and (c) friction forces resulting from pinned joints,

i.e. p, = u.y = M5 = H,3 = H,4, on frequency response functions results (A,
shake table, while the boundary conditions were maintained consistent
with those assumed in the numerical model. The shake table was
employed to apply 100-second frequency sweeps over the relevant
frequency range, i.e. f, = 5-20 Hz, for the purpose of validating the
numerical analysis results. This frequency range also coincides with
the vertical natural frequencies of heavy industrial equipment and
structures. For example, the SMR building studied in Section 4 has a
vertical resonance frequency of approximately 16 Hz, which lies within
the tested range, ensuring that the small-scale experiments capture the
relevant dynamic behaviour.

The designed column with the attached mass, whose details are
presented in Fig. 9(a), corresponded to a natural frequency of w, =
14.85 Hz (Erpy = 30 MPa). The designed NVIS device entails m, =
my =my =10g, Ly = Ly = 34 mm, L,/ly = 4, 03 = 42°, p, =
Hy, =02,and Ay, = 78.5 mm?. The friction coefficient was assumed
as an average value of y = 0.2, resulting from the small bearings in the
setup; moreover, in accordance with Section 2.3 moderate variations
in u have a negligible influence on the overall dynamic response, and
therefore this nominal value was adopted in the simulations. Using the
case without NVIS attached, the damping in the column was identified
as ¢, = 0.1 and linear bearing friction was considered as (¢ = 0.05).
The response data were collected using a +50 mm LVDT displacement
sensor; see Fig. 9(d), with an accuracy of 0.01 mm, a sampling frequency
of 800 Hz, and uncertainty +0.2 mm based on manufacturer linearity
specification. The time-domain signals were analysed using MATLAB’s
Fast Fourier Transform (FFT) to obtain the frequency-domain response.
The frequency resolution was determined by the sampling frequency
and the number of FFT points, enabling accurate identification of
resonance frequencies and comparison with the numerical model pre-
dictions. The comparison with the corresponding numerical predictions

=0.954

A4,=019

cable,crit>

is given in Fig. 10, together with the comparison of experimental time
histories for the system without and with the NVIS, highlighting the
reduction in peak response frequency and altered dynamic behaviour.
To visualise the effect of instrument uncertainty in the frequency do-
main, a synthetic ensemble of signals was generated by adding Gaussian
noise to the measured time history. The noise was drawn from a
normal distribution with zero mean and standard deviation ¢ = 0.2/2,
such that +2¢ corresponds to the instrument uncertainty. FFTs were
computed for all synthetic signals, and the resulting amplitude spectra
were used to define a shaded error band around the FFT of the original
measurement.

Overall, the experimental results exhibited good agreement with the
numerical model, successfully reproducing the NS effect of the NVIS.
With the NVIS attached, the fundamental natural frequency of the
column was measured to be 9.75 Hz. As expected, increasing the initial
cable pretension or incorporating additional cables would further re-
duce the effective stiffness of the system. In general, the deviations were
attributed to manufacturing tolerances, frictional interactions between
components, localised structural deformations, and plastic creep. These
findings substantiate the validation of the NVIS model for predictive
analyses and demonstrate the potential efficacy of NVIS in vibration
isolation applications.

The mechanical principles of the small-scale prototype can be di-
rectly scaled up by first adjusting material properties and then pro-
portionally scaling the dimensions of the elements to maintain similar
stiffness ratios and dynamic behaviour. While the small-scale tests
provide qualitative validation of the numerical model, limitations such
as differences in material properties between 3D-printed polymers and
structural steels, simplified friction representation, and potential lo-
calised deformations must be acknowledged. An important advantage
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of the LVDT.).

in large-scale applications is the use of steel or other high-strength
materials, as plastics at small scale tend to exhibit localised deforma-
tions and shortened effective service life. The use of steel PT cables and
mechanical amplifiers ensures that the NVIS concept can accommodate
larger masses and structural loads, as the working principle is funda-
mentally scale-independent. Nevertheless, potential challenges in full-
scale implementation, including material nonlinearity, manufacturing
tolerances, and frictional effects, need to be addressed through careful
selection of industrial-grade materials, precision fabrication, and proper
design to ensure accurate prediction of dynamic performance and
system stability.

4. Foundations of small reactor buildings endowed with NVIS
devices

The first case study that has been selected for the use of NVIS
devices is the main reactor building of the NuScale VOYGR-12 SMR
building. It has been chosen because of its high sensitivity to ver-
tical seismic excitations and the strict design standards imposed on
NPPs [39]. In fact, significant challenges arise from: (i) the compact
architecture of the SMR, which leads to high structural resonance
frequencies; and (ii) the rocking behaviour due to structure asymmetry.
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Fig. 11. Details of the NuScale VOYGR-12 SMR Building and relevant dimensions. Close-up view (right) of the foundation columns equipped with NVIS devices.

These factors, in turn, increase the likelihood of hazardous vibra-
tions, including in the vertical direction, affecting critical components,
such as reactor modules, cooling systems, and control mechanisms.
Although conventional seismic isolation techniques are mainly geared
towards mitigating horizontal ground motions, vertical excitations can
be equally - if not more — detrimental due to the potential amplification
of vertical loads on sensitive equipment [41].

Next-generation SMR buildings are engineered to enhance the safety
and resilience of nuclear facilities, a goal underscored by lessons learnt
from the Fukushima disaster [42]. Isolation for vertical loads will
be integrated into the SMR designs to improve seismic performance,
whilst simultaneously supporting design standardisation. Unlike tra-
ditional NPPs, SMRs adhere to a standardised, modular design that
facilitates efficient manufacturing, transport, and deployment across
various locations [43]. Although standardisation improves scalability
and cost-effectiveness, it also limits the range of suitable construction
sites. Therefore, integrating effective and adaptable seismic protec-
tion solutions is essential to enable the deployment of standard SMR
designs at sites facing seismic hazards beyond their original design
parameters [39].

The considered VOYGR-12 SMR structure integrates 12 NuScale
light-water SMR power modules, with a total output of 924 MWe [44],
as shown in Fig. 11. Each module, approx. 23 m tall and 4.5 m wide and
is immersed in water cooling pools. The pools and SMR modules were
modelled with separate DoFs, as being linked to the main SMR building
frame. The considered structure has an estimated mass 0f120,000 tons,
and with a fundamental vertical resonance frequency of about 16 Hz.
The standardised design of the building represented a vertical PGA, =
0.2 g, which was in accordance with the design basis of the earthquake
(DBE) conditions. More details can be found in Guner et al. [45].

To implement vertical seismic protection, the SMR structure was po-
sitioned on a foundation system consisting of 240 composite columns,
each 4 m in height. It is worth noting that such a configuration is
also commonly employed for the installation of horizontal isolators
in NPPs, as it facilitates both isolators and ease of maintenance. For
the purpose of streamlining the narrative, horizontal isolation and
actions on the SMR were excluded. Nonetheless, the subsequent section
will introduce the application of NVISs in conjunction with horizontal
isolation, thereby presenting a comprehensive three-dimensional isola-
tion system. This configuration resulted in a coupled system vertical
frequency of 11.4 Hz. These columns featured hollow square steel
sections filled with RC, aiming at a fire resistance rating of R180 in
agreement with Eurocode 1994-1-2 [46]. A steel reinforcement ratio
of 6% and a concrete grade of C50/60 were adopted [47-49]. The
dimensions of the designed column are 760 mm in width and 30 mm
in wall thickness. The details of the SMR building with installed NVIS
devices are presented in Fig. 11.
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The ratio Acaple/ Acable,crit fOT the NVIS system was determined on
the basis of the peak allowable column strain. As discussed in Sec-
tion 2.2, when the ratio Apje/ Acable,crit @PProaches unity, the effective
stiffness of the coupled system reduces to zero. In this situation, see, for
instance, Fig. 7(b), the NVIS devices induce significant displacements
in the columns, potentially resulting in column yielding. To mitigate
this effect, a design procedure is used to estimate the Agpje/Acablecrit
ratio, which is subsequently verified through THAs.

The composite columns exhibit a limit-critical strain due to the yield
of the HSS (S355), which occurs at g, = 0.17%. Therefore, the corre-
sponding nonlinear force-deformation responses of a single composite
column for various Agpje/ Acable,crit Tatios are presented in Fig. 12(a).
One can observe that the presence of NVIS devices introduces a marked
nonlinearity in the force-deformation behaviour.

Given the safety requirements of the SMR, an allowable strain
limit of 0.0015 was adopted. Within this range, the column stiffness
was linearised and the response spectrum analysis (RSA) method was
employed to estimate axial displacements. The resulting responses
were then combined using the Complete Quadratic Combination (CQC)
method [50]. Fig. 12(b) shows the resulting axial strains in the columns
and the first vertical modal frequency of the tank with NVIS devices for
different A ,pje/ Acable,crit Tatios. These results indicate that the value of
Acable/ Acablecrit = 1 is not admissible. Based on the limiting column
strain value of 0.15%, the corresponding ratio was determined to be
Acable/ Acable,crit = 0.982. This selection yielded on the elastic spectrum,
i.e. the design spectrum, a coupled system vertical frequency of 3.6 Hz,
which led to an approximate 48% reduction in spectral acceleration,
as illustrated in Fig. 13. Clearly, this ratio is based on the site-specific
design spectrum and vertical seismic hazard considered for the analysed
SMR configuration. This ensures sufficient NS performance while main-
taining system stability under the expected seismic loads. For other
SMR installations or locations with different seismic hazard levels, this
ratio should be adjusted accordingly, reflecting local site effects and the
target vertical response of the structure.

Consequently, the design workflow for selecting the ratio A e/
Acable,crit May be summarised as follows:

i. Define the allowable peak column strain, ¢, based on material

and safety requirements.

ii. Compute the nonlinear force-deformation response of the com-
posite column for a range of Acapie/ Acable,crit TALIOS.

ili. Within the allowable strain limit +e, linearise the column stiff-

ness.

Estimate axial displacement and strain demand ¢, in the column

using the RSA method.

v. Identify the maximum admissible ratio A ,pje/Acable,crit that sat-
isfies the strain limit ¢, <.

iv.
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Fig. 13. Vertical Design spectrum of Priolo Gargallo with marked periods for the isolated and non-isolated SMR building.

To assess SMR standardisation, see [39], a site was chosen with
seismic characteristics that exceeded the design level, i.e., beyond the
design base earthquake (B-DBE). In this respect, it was assumed that the
SMR plant was located in Priolo Gargallo, Sicily, Italy, with PGA, =
0.36 g, corresponding to the 2% probability of exceedance in 50 years,
exceeding the DBE level used for the standard SMR building design,
ie.,, PGA, = 02 g. A set of eight recorded vertical components of
natural ground motions was considered; the selection procedure was
based on the matching between the mean spectrum and the mean
spectrum plus one standard deviation of the selected accelerograms
with the uniform hazard spectrum of Priolo Gargallo in a least-squares
sense [45]. For clarity, Table 1 collects the details of the chosen ground
motion records. For DBE, the selected ground motions were scaled
down, specifically, the acceleration values of the original records for
B-DBE were multiplied by a factor of 0.2g/0.36 g, where PGA, =02 g
is the target DBE vertical peak acceleration.

The peak absolute vertical acceleration values of the SMR building
are depicted in Fig. 14(a) for the main mass and Fig. 14(b) for the
breathing mass of the pools. The data encompass results for both
the DBE and B-DBE scenarios, along with their corresponding me-
dian values where vertical accelerations were reduced to 62%, clearly
demonstrating the beneficial effects of the NVIS devices. For the DBE
scenario, the selected ground motions were scaled down according to
the ratio of PGAs. The inclusion of NVIS devices enables the safe instal-
lation of SMR buildings in seismically active zones that exceed standard
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Table 1

Characteristics of the selected ground motion records.
No. Event Name Station Rjb Vs M, PGAy [g]
1 Erzincan, 1992 MM 13 421 6.6 0.25
2 S. Iceland, 2000 Kaldarholt 7 - 6.5 0.67
3 S. Iceland, 2000 Solheimar 11 - 6.4 0.42
4 L’Aquila, 2009 AQA 4.6 549 6.3 0.44
5 L’Aquila, 2009 AQG 4.4 696 6.3 0.24
6 L’Aquila, 2009 AQV 4.9 474 6.3 0.49
7 Landers, 1992 Joshua T. 11 379 7.3 0.18
8 Northridge-01, 1994 Castaic 20.1 450 6.7 0.22

design criteria, provided that horizontal protection is addressed. Fig.
15(a) depicts the acceleration histories for the sixth B-DBE ground
motion, and the reduced acceleration of the main SMR mass is evi-
dent. Furthermore, Fig. 15(b) shows the peak column strain computed
for each B-DBE ground motion. The observed strain levels remained
well below the design limits, thereby confirming the feasibility of
the proposed design approach. The higher column strains arose from
a reduction in the effective vertical stiffness, which in turn led to
increased deformations.

Beyond performance, constructability, inspection, and long-term
maintenance are important for implementing NVIS in nuclear facilities.
Seismic isolation experience in NPPs suggests designing for access
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Fig. 15. (a) Acceleration histories of the SMR main mass for the sixth B-DBE ground motion; and (b) Maximum absolute strains on the composite columns of

the SMR building subjected to B-DBE ground motions.

to allow periodic visual and functional checks [45]. NVIS devices
generally require minimal maintenance, but scheduled inspections can
detect issues such as corrosion, wear, or PT cable degradation. Atten-
tion to high-strength materials and their environmental interactions is
essential for long-term reliability.

5. Three dimensional isolation of a pressurised spherical storage
tank

The evaluation of NVIS devices was further conducted on a spherical
liquid storage tank in combination with horizontal isolators. Spherical
tanks are widely used in the petrochemical industry due to their uni-
form stress distribution and efficient storage of compressed gases such
as LPG, propane, and propylene. However, during strong earthquakes,
the supporting columns can bend, twist, or fail, potentially causing
tank overturning, leaks, or explosions; a notable example occurred
during the 2011 Tohoku earthquake in Tokyo Bay, Chiba [51]. Despite
extensive research on storage tanks, few studies focus specifically on
spherical tanks [52], and design codes have only recently begun to
address them (e.g., second generation of Eurocode 8-4 [53]). Although
Karamanos et al. [54] provided a simplified model for the horizontal
linear sloshing in spherical tanks, a simplified model for vertical actions
was not available. Thus, to model and capture the horizontal-vertical
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coupled sloshing of tank contents during seismic events, a FE analy-
sis coupled with fluid—structure interactions was conducted using the
Abaqus/Explicit [55] software and CEL approach was adopted.

5.1. Finite element modelling and details

The case study analysed was the one considered by Karamanos
et al. [54], whose size is also consistent with the failed tanks in Tokyo
Bay. The steel spherical tank has a diameter of 21.2 m with a wall
thickness of 43 mm and contains propylene with a density of p
553kg/m>. The tank is supported by 12 tubular steel columns and X-
braces as depicted in Fig. 16. The FE model was based on Lagrangian
S4R elements for both tank walls and columns, and connector elements
were considered for braces. The problem of extreme element deforma-
tions in Lagrangian elements was addressed by simulating the fluid with
Eulerian elements; thus, nonlinear sloshing effects were included. It
should also be noted that for spherical liquid storage tanks under com-
bined horizontal and vertical seismic excitation, fully coupled nonlinear
sloshing and fluid-structure interaction must be considered; therefore,
CEL analyses were employed for proper assessment. The horizontal
rolling isolators were installed beneath the NVIS-equipped columns,
so that the two systems operate in series: horizontal motions were
mitigated through rolling isolators, while vertical loads were transmit-
ted directly to NVIS due to the high vertical stiffness of the rolling
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Fig. 17. FE model of the 3D isolated spherical tank with both rolling isolators and NVIS devices: (a) 3D FE mesh view; (b) links and reference points.

isolators. In addition, the hydrodynamic forces induced by sloshing
were captured inherently by the fluid-structure interaction coupled
and directly reflected in the predicted reaction and shear demands. To
validate the modelling of fluid-structure interaction, the first horizontal
convective periods of the 50% and 80% filled tanks were evaluated as
Tcso5 = 54 s and T¢ g0q, = 3.4 s, respectively. These values are in close
agreement with the results reported by Karamanos et al. [54] T¢ 5o =
5.22s and T gpy = 3.27 s, confirming that the CEL model accurately
captures the sloshing dynamics and providing confidence in the fidelity
of the fluid—structure interaction simulation for the spherical tank case.

For the isolation of the spherical tank, NVIS devices were used in
combination with rolling isolation devices, used in [56]. Consequently,
the design isolation period for horizontal excitation was considered as
T, = 2.5 s, the isolators were located at the base of the column and
assumed to be rigid in the vertical direction. Due to the effective length
of the columns, that is 9.2 m, a high deformation in the columns can
be sustained, then considering the NVIS devices with H = 8 m and
Acapie/ Acapiecric = 0.98. The isolators were modelled using nonlinear
connector elements. In view of the analysis, the displacement outputs
were obtained both for the perimeter nodes and the top node of the
tank, as highlighted in Fig. 17.

5.2. Time history analyses
To verify the performance of the NVIS devices, the isolated spherical

tank was subjected to the GM record triplet of the 2011 Tohoku
earthquake with (My, = 9.0); these records were obtained from the
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CHBO0O09 station, a station near the failed spherical tanks in Chiba, as
indicated in Fig. 18(a). The triplet was characterised by PGAy, =0.24 g
and PGA, = 0.16 g, respectively. The spectra of the triplet are also
presented in Fig. 18.

The absolute maximum horizontal base shear and vertical base re-
action values observed are reported in Table 2. Clear isolation benefits
of NVIS device were observed for both 50% and 80% filled cases, high-
lighting 76% and 40% reduction in vertical base reactions, respectively.
The observed reduction in horizontal base shear is due to the rolling
isolation devices at the column bases, which increased the effective
horizontal period of the system and thus limited the transmission of
horizontal inertia forces to the tank. Moreover, Fig. 19 displays the
comparison of the displacement histories of the top node of the 50%
filled tank, together with the internal energy history E;. In particular,
E; has been computed as,

Er=Ep+Ep+Ecp (24)

where E defines the recoverable elastic strain energy; Ep the energy
dissipated through inelastic processes such as plasticity; E. the energy
dissipated through viscoelasticity or creep. The energy dissipated by
damping mechanisms and the external work of applied forces have
been excluded from E;. As expected, isolation results in higher dis-
placements; however, an attentive reader can observe in Fig. 19(d)
that the internal energy E; of the tank remains limited. It should be
highlighted that the reduction in vertical base reactions provided by the
NVIS is accompanied by an increase in vertical displacement demand
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Table 2
Peak absolute horizontal and vertical base shear values.

Base Shear Base Shear Base Reaction
X-dir. Y-dir. Z-dir.
Filling Ratio 50% 80% 50% 80% 50% 80%
Without Isolation (MN) 90.9 323 90.1 34 185.0 114
With Isolation (MN) 2.4 2.3 2.7 2.5 43.1 67.9
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Fig. 19. (a-c) Displacement-time histories of the top nodes for the 50% filled spherical tank with and without isolation; (d) time history of the internal energy

E,.

at the isolation level. Therefore, practical implementation requires
sufficient clearance and appropriate detailing of piping systems and
other connected auxiliary components to accommodate the expected
isolation stroke, ensuring that contact, damage, or serviceability issues
do not arise during strong seismic events.

Moreover, when 3D isolation solutions were introduced, a critical
issue underlined by researchers was the control of rocking and torsional
motions [57]. To evaluate these issues, the peak displacement varia-
tions at the perimeter nodes were calculated and are reported in Fig.
20. More precisely, whilst the variations in the X and Y directions corre-
spond to torsional motions, the variation in vertical displacements, see
Fig. 20(c), corresponds to rocking motions. For rocking, the maximum
variation was observed at ¢ = 100.55 s with Au = 0.047 mm. Considering
that the tank retains its circular shape, the aforementioned displace-
ment value corresponds to 6, = 0.022 rad, i.e., a rather small rocking
motion. This result was expected as the proposed NVIS mechanism is
endowed with a hardening force-displacement behaviour. Clearly, as
the displacement increases, the equivalent vertical stiffness increases
with a cubic relationship, as shown in Fig. 4. This favourable behaviour
prevents excessive displacements and, thus, rocking motions. Finally,
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the peak torsional motion was observed at r = 62.6 s and was calculated
to read 0, = 0.009 rad.

6. Conclusions

This study has introduced Negative-Stiffness Based Vertical ISolator
(NVIS) as an innovative approach to mitigate vertical seismic hazards in
process and power plant structures. By integrating PT cables with mech-
anisms, NVIS overcomes common issues, such as buckling in conven-
tional compression-based approaches, whilst providing a lightweight,
straightforward, and tunable alternative. A notable advantage of the
NVIS system was represented by the retrofit capabilities, which can
be accomplished without cutting existing columns and only requiring
minimal modifications, addressing a persistent challenge in structural
retrofitting.

Through static and dynamic analyses supported by experimental
validation and comprehensive case studies, the performance of the
NVIS device was demonstrated. The investigations confirmed that fric-
tion within the connection interfaces of the components does not
significantly affect dynamic performance. Experimental observations
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Fig. 20. Peak displacement variations at the perimeter nodes of the isolated spherical tank 50% filled.

indicate that while NVIS devices perform effectively, practical chal-
lenges such as ensuring precise assembly tolerances, local deformations,
maintaining cable tension over time, and addressing wear or friction
effects must be carefully managed for reliable long-term operation in
large-scale industrial applications.

In a case study involving a Small Modular Reactor (SMR) building,
NVIS devices not only provided vertical seismic protection, reducing
vertical accelerations by 62%, but also ensured that the standardised
SMR building could be safely built at locations with hazard spectra
beyond the design spectrum. Furthermore, when NVIS were evaluated
in combination with conventional horizontal isolators, such as the
case of a spherical liquid storage tank, the NVIS devices reduced the
vertical peak base reactions by about 76% and 40% for 50% and
80% of the filled tank cases, whilst effectively limiting rocking due to
their hardening nonlinearity. Overall, the proposed research work has
provided an understanding of the behaviour, performance, design, and
practical implementation of the proposed devices, paving the way for
their broader application in seismic protection strategies.

The results directly address the original objectives of developing a
scalable, tunable, and retrofit-capable NVIS for vertical seismic isola-
tion. Analyses, experimental validation, and case studies confirm that
the system achieves effective vertical isolation, maintains structural
stability in compliance with regulatory requirements, and provides
a practical solution for both new and existing industrial structures.
These findings demonstrate that the NVIS fulfils its intended purpose,
bridging gaps in current vertical isolation technologies and validating
the proposed approach.

NVIS devices provide the greatest benefit in scenarios where vertical
seismic hazards are significant, such as critical infrastructure, heavy
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machinery or equipment in process and power plants, and structures
with low natural vertical damping. They can be applied either by
retrofitting existing horizontally isolated structures that require vertical
protection or in new constructions in combination with horizontal isola-
tion solutions. As highlighted in Section 4, standardised structures such
as SMR buildings stand to gain the most, particularly when planned
at sites where vertical hazard levels exceed the design spectrum. Nev-
ertheless, NVIS applicability can be limited for structures with short
columns, lightweight structures and buildings or structures with low
vertical seismic demand, where the benefits may be marginal. Practical
constraints such as available space, constructability, and maintenance
access should also be considered when selecting NVIS for a particular
application.

Building on the design and application of NVISs devices, future
advances can include: (i) experimental validation through large-scale
shake table tests to further confirm their efficacy and refine their
design; (ii) exploration of high-damping components or advanced meta-
materials with low compliance to further enhance isolator performance;
(iii) studies to consider their long-term behaviour under multi-hazard
conditions and environmental variability; (iv) the potential influence
of second-order (P-A) effects under extreme combined vertical and
horizontal seismic excitations; and (v) assessment of challenges related
to the adoption, including the effect of truss and mechanism flexibility
at large scale, durability and fatigue life of PT cables, maintenance
requirements, reliability over extended service periods, and compliance
with industrial certification and safety standards. Addressing these
aspects will provide critical guidance for practical implementation of
NVIS in real-world industrial facilities.
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Appendix. Axial loads on support columns of nvis devices

From force equilibrium, each support column of the NVIS device
needs to carry the governing load of the PT cable and the resultant
force when x; #0, i.e.

P.
F 2%
L,

supp,column

> F,

wupt + (a1

Pxy

where = Fu roi1er25 1-€. the vertical load on the Roller #2, whilst
> sroller,
Fypp4 TEads:

Fsupp,4 = kcable ( Lcableginit + x3L4/l4) (L4/l4 -1 (A.Z)

It is worth pointing out that the use of the amplifier mechanism
between the cable and the support point #4, see Fig. 3, reduces the
required force on the cable and reduces the stress on the support
column. The loads on the support structure for various L,/l, values
are provided in Fig. A.21, including the distribution of the axial load
between supports. Clearly, the selection of the lever arm ratio L,/l, is
critical, both for optimum performance and for optimum dimensions of
the support structure, directly affecting costs.
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