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Recent Italian earthquakes have shown the high seismic vulnerability of pallet
racking systems. In the down-aisle direction and in the absence of bracing
systems, these structures are very flexible moment-resisting frames. Instead, in
the cross-aisle direction they consist of slender trusses, stiffened by various
bracing systems; the latter, although necessary for lateral stability, attract
significant seismic accelerations, which can cause the stored goods to fall,
posing a threat to human safety. To reduce this risk while increasing the rack
structural performance, some mitigation systems were proposed, based on
specific base-isolation or dissipation devices. In this paper, an innovative passive
control system is investigated, i.e., the Load-Level Isolation System (LLIS), which
consists of applying isolators to the load level to control the movement of
pallets in the cross-aisle direction. The LLIS is based on the Tuned Mass Damper
(TMD) strategy and exploits the high payload of these structures. Among the
major uncertainties of this system are the amount of isolated mass and its
position within the structure. Therefore, for a case study rack, the LLIS
parameters (isolation stiffness and damping ratio) are optimized for various
arrangements of this system, considering cases with one or two isolated levels.
The applied optimization procedure is an extension of the classical TMD
approaches. The effectiveness of the optimized LLISs is then investigated
through bidirectional Time-History analyses on 3D Finite Element rack
models. The results show that using the LLIS, even on a single load-level,
can greatly reduce the upright stresses and the cross-aisle displacements and
accelerations, and that the optimal position of the LLIS is in the upper part of
the rack.
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pallet racking system, load-level isolation system, tuned mass damper, frequency
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1 Introduction

Various goods storage systems are currently available and
increasingly used due to the increase in e-commerce and the
logistics sector. Among these, the main ones (EN15878 CEN
2010, EN15512 CEN 2020, Shaheen and Rasmussen 2022) are: 1)
standard pallet racks, characterized by structures with one or two
entries and separated by aisles, allowing access to every single
pallet; 2) drive-in (or drive-through) racks, which allow the
forklift truck to enter the lanes of stacked rows from one (or
both ends), saving space in the storage of goods; 3) flow-through
racks, which are equipped with gravity-driven skate wheels and
operate according to the first-in first-out rotation principle
(i.e., the goods stored first are the first to be picked up).
These storage systems differ from each other especially as
regards the lateral stability systems in the two main directions,
being all composed of cold formed profiles with open thin cross-
sections, assembled by means of hinged or semi-rigid
connections. Among the common features of these systems,
the main ones are the very low self-weight compared to the
high payloads (ratio of about 5%, Bernuzzi and Simoncelli 2016),
and the different seismic behavior between the longitudinal
(down-aisle) and transverse (cross-aisle) directions.

In particular, pallet racks consist of moment-resisting frames
in the down-aisle direction, made using uprights, i.e., thin-walled
perforated profiles, connected consecutively by pallet beams,
generally consisting of open profiles assembled to form a
rectangular section. Indeed, possible longitudinal bracing
systems are often avoided for operational reasons. The
behavior in this direction is strongly influenced by the beam-
to-column and base connections, which are generally semi-rigid
joints (EN 1993-1-8 CEN 2005). The high flexibility of these
frames, due to the profiles and connections used, while raising
effects (to be checked
appropriately), results in high vibration periods and therefore

issues relating to second-order
in more contained seismic accelerations compared to the cross-
aisle direction. Along the latter, on the other hand, the stability of
the pallet racking is guaranteed by a series of slender trusses,
consisting of pairs of uprights that are stiffened by various
bracing systems, made with thin-walled, horizontal and
diagonal open profiles.

Various studies are currently available on the seismic
behavior of storage systems. Some of these focused on the
behavior of individual rack components, such as: the axial and
flexural cyclic behavior of open steel profiles, including their
local, distortional, and global buckling (Padilla-Llano et al., 2014
and 2016);
connections, through experimental tests (Bernuzzi and
Castiglioni 2001; Yin et al, 2016; Dai et al, 2017, 2018;
Gusella et al., 2018; Zhao et al.,, 2018) and numerical analyzes,

the non-linear behavior of beam-to-column

with the proposal of hysteretic models (Jovanovi¢ et al., 2019, Yin
et al., 2018a, b, Gabbianelli et al., 2020); the non-linear behavior
of base connections, still with experimental (Baldassino and
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Zandonini, 2008; Petrone et al., 2016) and numerical (Huang
et al., 2021) studies. Other research focused on the seismic
vulnerability of the entire storage systems. For example, Yin
et al. (2018a, 2018b) analyzed the seismic response of spine
braced racks using pushover and nonlinear dynamic analysis.
Jacobsen and Tremblay (2017) carried out shaking-table tests of
rack moment-resisting frames, with numerical simulation of the
related responses. Various pushover tests of real racks, as well as
component tests and numerical simulations were then conducted
within two large experimental campaigns, SEISRACKS (Proenca
et al, 2009) and SEISRACKS2 (Drei et al, 2016).
SEISRACKS2 provided an essential contribution to the
definition of the current seismic standard EN16681 (CEN 2016).

Although seismic code provisions are currently available for
these storage systems (e.g., EN16681 CEN 2016; FEMA460
2005), as well as increasingly performing profiles and
stiffening systems to increase the seismic capacity of these
structures, a critical aspect remains the possible fall out of
stored goods, which can represent a significant threat to
human safety. In this regard, some studies showed that the
possible sliding of the pallet on the support beams has a
beneficial effect in reducing the seismic forces (e.g., Jacobsen
and Tremblay 2017; Castiglioni et al., 2018), and this effect can be
taken into account in the design phase by using a reduction
coefficient of the design spectrum (e.g, UNI EN 16681).
However, this phenomenon can also lead to the fall of the
goods due to high seismic accelerations, generally obtained at
the highest load checks.
Furthermore, damage to goods as well as partial or total

levels, requiring appropriate
collapse of racks strongly affect the high seismic losses
suffered by enterprises, including indirect losses due to
business interruption (e.g., Brown et al, 2015; Dona et al,
2019). Therefore, to reduce seismic accelerations on storage
racks while improving their overall performance and safety,
various mitigation solutions were recently proposed (e.g.,
Franco et al, 2015; Simoncelli et al., 2020; Shaheen and
Rasmussen 2022),

dissipation systems to be implemented both in newly designed

based on specific base-isolation or
racks, in high seismic areas, and in existing ones, to reduce their
seismic vulnerability and continue to use them without
significantly reducing their payload.

One of the first studies showing the effectiveness of base
isolation systems applied to storage racks is that of Filiatrault
et al. (2008); through shaking-table tests, these authors
investigated a specific sliding system, consisting of a U-shaped
plate positioned on a low-friction bearing material, for sliding in
the cross-aisle direction, and two laminated rubber mounts for
recentering. Subsequently, Kilar et al. (2011) numerically
evaluated the seismic performance of an externally braced
high-rack storage structure, with and without a base isolation
system consisting of 20 rubber bearings, demonstrating the
positive effect of this system especially in cases of greater
occupancy and mass eccentricity. Kilar et al. (2013) also
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assessed the economic feasibility of this system, concluding that it
is not economically viable for small to moderate ground motion
intensities, i.e., when only repair costs are involved, whereas it
could be of great benefit for higher intensities, i.e., when
downtime and costs of damaged content are also considered.

Only a few rack-specific isolation systems have been
proposed so far, most of which are described in the literature
review by Simoncelli et al. (2020). Among the peculiarities of the
racks that require the design of specific isolation systems are the
geometries, the dynamic performances and the loads involved,
which differ considerably from those of common structures
(buildings and bridges). The low diffusion of these systems,
on the other hand, is mainly due to the lack of specific code
provisions and to the high uncertainty on the masses. This last
aspect requires treating the mass distribution as a design
unknown, making preferable those isolation systems that
allow choosing isolation periods regardless of the mass and its
positioning, such as that based on curved surface sliders
investigated by Tagliaferro et al. (2021) through shaking-table
tests, and the roller-type one analyzed numerically by Alvarez
et al. (2021). To avoid interference with goods handling
operations and since the down-aisle vibration periods are
already quite high, most of these systems work in the cross-
aisle direction only. However, studies were also conducted on
bidirectional systems, such as the one proposed by Ferrari,
(2019a) and Ferrari, (2019b), consisting of two bidirectional
sliders, with a marble bearing system and a recentering rubber
membrane, a beam damper and two anti-lifting devices.

Within this context, this paper aims to investigate an
innovative seismic mitigation solution for storage systems,
i.e,, the Load-Level Isolation System (LLIS), which consists in
placing isolation devices on the load levels, at the base of the
goods (pallets). This solution falls within the Tuned Mass
Damper (TMD) techniques, widely used in civil engineering,
and takes advantage of the high payload of storage systems
compared to their self-weight. Applying isolation to the load
levels rather than the base of the racks has some advantages,
including: 1) no space limitation at the rack base, due to the
presence of the devices and the need to ensure the isolation
displacement; 2) less influence of mass variability on the design of
isolation devices and avoidance of lifting problems; 3) greater
ease of implementation, especially in existing racks, where the
LLIS would represent an effective retrofit solution. Although it
can be adapted to various storage systems, relying on the same
operating mechanisms, the LLIS is specifically evaluated in this
paper for standard pallet racks. A first study in this regard is that
of Bernardi et al. (2022), in which the Rolling-Ball Rubber-Layer
(RBRL) system (Dona et al, 2017) was adapted to be
implemented as LLIS for a case study rack.

In this paper, the effectiveness of the LLIS is evaluated
without reference to a specific isolation system (or
technology), adopting for this a linear modeling, for general
purposes. In particular, the LLIS parameters, i.e., the isolation
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stiffness and the equivalent viscous damping ratio, are optimized
for a pallet racking and for six arrangements of the LLIS,
The applied
optimization procedure is an extension of the classical TMD

considering one or two isolated levels.
approaches in the frequency domain, as they are inadequate to
correctly represent the LLIS. The effectiveness of these optimized
control systems is then demonstrated by bidirectional Time-

History (TH) analyzes on 3D Finite Element (FE) rack models.

2 Presentation of the case studies

The case study structure analyzed in this paper is shown in
Figure 1, and consists of a double-entry pallet racking system
with 5 spans 2.7 m long and 7 levels, with a height between levels
of 1.25 m. The structural system has plan dimensions of 13.5 m X
2.40 m, with a total height (relating to the top load level) of
8.75 m. The frames, in the cross-aisle direction, consist of two
uprights braced by open, diagonal and horizontal steel profiles,
connected to the uprights using bolted hinged joints. These
frames are connected to each other by pallet beams in the
down-aisle direction, using semi-rigid beam-to-column
connections. The two series of frames are connected to each
other by rigid spacers. The base connections (at the upright base)
are bolted in such a way as to create a semi-rigid joint for rotation
around the cross-aisle (Y) direction and a hinged joint for
rotation around the down-aisle (X) direction. Each pair of
beams supports 3 pallets of 700 kg each, for a total weight of
2.1t per level, span, and frame.

As shown in Figure 1, all elements of the rack are open thin-
walled steel profiles. Pallet beams are C-coupled profiles to form a
rectangular section, with dimensions of 100 x 50 x 9 in mm and
thickness of 1.5 mm; the section of the uprights has dimensions
100 x 87 in mm and a thickness of 2.0 mmy; lastly, the diagonal/
horizontal elements of the frames are C profiles, with dimensions
of 20 x 35 x 9.5 in mm and a thickness of 1.2 mm. The type of
steel used is S275JR for the beams, S350GD for the uprights and
S250GD for the diagonal and horizontal bracing elements. The
main inertial properties of the cross sections are shown in
Table 1. As regards the semi-rigid behavior of the connections
in the down-aisle direction, the rotational stiffnesses (k,y) of
1.17 x 10® and 4.35 x 10°* N mm/rad were respectively assumed
for the beam-to-column and base joints, based on experimental
information.

The 3D finite element (FE) modeling of the racking system
was carried out with Midas Gen software (Gen, 2021), using
beam elements to simulate the elastic behavior of the uprights
and pallet beams, and using truss elements to simulate that of the
horizontal and diagonal bracing elements. The total mass per
level, span, and frame (ie., 2.1 #) was simulated with a single
lumped mass positioned in its center of gravity, supported by a
dummy substructure according to the indications of EN16681
(CEN 2016). This substructure, shown in Figure 2, allows to
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FIGURE 2
Pallet mass modeling with and without LLIS.

TABLE 1 Inertial properties of the cross-sections of the rack profiles.

A I t I y I z E

[em?]  [ecm?*] [cm?] [cm®*] [MPa]
Upright 5.44 0.08 62.00 37.00 210,000
Frame bracing elements 1.2 0.01 0.8 1.86 210,000
Pallet beams 7.22 95.14 162.4 30.5 210,000
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LLIS Cis
(Y direction)

consider the effective height of the pallet’s center of gravity, and
consists of four truss elements connecting the mass to the rack,
having an adequate axial stiffness, such as not to significantly
influence the modal characteristics of the structure and therefore
the results of the seismic analysis. Lastly, in the case of the LLIS
application, the isolation system was simulated using the classic
Kelvin model (spring in parallel with a linear dashpot),
connecting the dummy substructure with the lumped mass
(Figure 2).
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FIGURE 3
Modal analysis results of the case study rack without LLIS.

Case 1

Case 2

Case 3

Case 5

Case 6

FIGURE 4

Arrangements of the pallet mass isolated by LLIS (in gray) analyzed in this study.

Among the main modeling assumptions, it is worth
mentioning that the frame stiffness in the transverse
direction was not reduced to take into account the actual
stiffness of the base and brace-to-column connections and the
loosening of the bolts. Then, the connections were modeled
with their elastic rotational stiffness only, as their hysteretic
behavior is significant in the down-aisle response of the rack,
whereas the LLIS mainly affect the cross-aisle rack
performance. Lastly, the warping effects (that might be
2014) were not
considered in this study also due to the type of analyzed

evaluated according to Bernuzzi et al,

rack. Indeed, this study refers to double entry racks without
spine bracing systems, which show less significant torsional
modes than braced and more slender rack configurations. In
general,
replicable study, omitting, for the sake of simplicity, all
factors that do not significantly affect the comparative

these simplifications allowed making a more

evaluation of racks with and without LLIS.
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Figure 3 shows the main results of the modal analysis
performed on the case study rack without LLIS. As can be
seen, the first two vibration modes are in the down-aisle
direction, while the third one is in the cross-aisle direction.
For the purposes of this study, the frequency of the latter
mode, defined as wspop, is taken as a reference, as this mode
corresponds to the single degree of freedom (SDOF) system
which dynamically represents the racking in the cross-aisle
direction, in which direction the LLIS acts.

To evaluate the potential of the LLIS technique in improving
the seismic response of the rack, six case studies were
investigated, obtained by varying the position and quantity of
the isolated pallet mass. In particular, three arrangements of the
LLIS applied to a single load level (LL), i.e., the 7th, 5th, and 3rd
LL, and three arrangements of the LLIS applied to two load levels
(LLs), i.e., the 7-6th, 5-4th, and 3rd-2nd LLs, were analyzed, as
shown in Figure 4. For each of the six case studies, the parameters
of the LLIS were specifically optimized in the next Section,
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making it possible to rationally evaluate the effectiveness of this
technique, as well as the trend of the optimal parameters, as a
function of the position and quantity of the isolated mass.

3 Optimization method
3.1 Simplified dynamic model of the rack

The rack structure with the LLIS can be dynamically
represented through a simplified system with three lumped
masses, as shown in Figure 5. In particular, the structure can
be modeled with a 2 degree-of-freedom (DOF) system, one
representing the part of the rack below the control system
(m,) and the other representing the part above it (my). The
control system, i.e., the LLIS, is then dynamically described
by a single DOF (mys) connected to the lower DOF of the
rack. As seen in Figure 5, the DOF representing the upper
part of the rack and the DOF representing the isolated load
levels are not directly connected to each other, but through
the lower DOF of the rack. Therefore, m; and m are the
modal mass of the part of the rack below and above the LLIS,
respectively, whereas k; and ky, and ¢, and ¢y are the
respective modal stiffnesses and modal damping
coefficients, calculated as described below. Instead, myg is
the total isolated mass, and k;g and ¢;g are the stiffness and
damping coefficients of the isolation system.

The mass (M), damping (C) and stiffness (K) matrices of

the 3DOF reduced-order system in Figure 5 are defined as:

my;
ki
CU
ks
my vy m,S
— F—
Crs
ky
¢

FIGURE 5
Simplified dynamic model of the rack structure with the LLIS.
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TABLE 2 Modal mass and angular frequency values to define the
reduced order systems.

wy [rad/s] wy [rad/s] mp [t] my[t]  mg [t]
Case 1 10.31 — 52.30 — 21.00
Case 2 16.38 30.94 4143 28.98 21.00
Case 3 30.94 16.38 28.98 4143 21.00
Case 4 1274 — 48.78 — 42.00
Case 5  21.73 30.94 34.34 28.98 42.00
Case 6 48.01 16.38 21.00 41.43 42.00
my 0 0
M=|0 mgs 0 (1)
0 0 my
Cp+Cs+Ccy —Cis —Cuy
C= —Cis s 0 (2)
—Cu 0 Cu
kL + kIS + kU _kIS _kU
K= —kis kis 0 (3)
—ky 0 ky

The specific mass (m), damping (c¢) and stiffness (k)
parameters are calculated as follows:

mp = (/)fLML(plL; my = ¢fUMU¢1U 4
cp =28 wymy; cps = 28 swismys; cy = 28wumy (5)
ki = wimp; kis = wigms; ku = wymy (6)

In Eq. 4, M} and My are the mass matrices of the structural
parts below and above the LLIS, respectively, and ¢;; and ¢; ¢
are the respective first-mode eigenvectors in the cross-aisle
direction, both normalized to one. In Eq. 5, w; and wy are
the
eigenvectors, and & and & are the related equivalent viscous

angular frequencies associated with the previous
damping ratios, assumed in this study equal to 3% (according to
EN16681 CEN 2016, for the seismic design of steel racking).

To calculate the parameters m, ¢ and k of the simplified
dynamic model it is therefore necessary to carry out the modal
analysis of the two structural parts of the rack separated by the
isolated mass, evaluating them as independent and with a
fixed base. The modal characteristics of interest are those
relating to the first vibration mode in the cross-aisle direction.
The values of w; and wy, obtained from these analyzes and the
associated values of m; and my obtained through Eq. 4 are
reported in Table 2 for the various case studies, as well as the
mys values corresponding to the total isolated pallet mass.

Instead, the angular frequency (w;s) and the equivalent
damping ratio (&;5) of the isolation system (LLIS) are the two
parameters to be optimized; they were calculated for all six case
studies in Figure 4, by performing a structural optimization based
on the reduced order system of Figure 5, as described in the
following subsection.
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For case studies 1 and 4, Table 2 does not provide the
values of wy and my, as these parameters refer to the piece of
frame above the last load level, and therefore tend to have very
high and very low values, respectively, which are of little
this Indeed, this
equivalent to considering a 2DOF reduced-order system

significance for study. situation is
(eliminating my), which is the system generally used in

TMD optimization approaches.

3.2 Optimization procedure

Tuned Mass Damper (TMD) strategy is widely used in
practice and investigated in the literature. Although for many
years studies have focused on TMDs with low mass ratios (e.g.,
Warburton 1982), recently investigations have been directed
towards TMDs with large mass ratios (non-conventional
TMDs), also thanks to the growing interest in innovative
applications (e.g., mega-sub-control-structures and inter-
methods of TMD
optimization are currently available, which differ mainly in

story isolation systems). Various
the pursuit of different objective functions. Some of these
maximize the effect of TMD (e.g., Sadek, 1997) or the energy
dissipated by it (e.g., Reggio and De Angelis 2015); others
minimize a certain structural response (e.g., Moutinho 2012;
Zhou et al., 2016; Pietrosanti et al., 2017) or functions that take
into account multi structural responses (e.g., Yahyai et al,
2019); still, some rely on multi-objective approaches to
minimize primary structure response while controlling
isolation drift or acceleration (e.g., Bernardi et al., 2021).
Although the mass isolation strategy has also recently been
investigated through the inter-story isolation technique for the
retrofit of existing buildings (e.g., Faiella et al., 2020; Dona et al.,
2022), it has not yet been thoroughly analyzed as a seismic
mitigation technique for racking systems. Furthermore, to
evaluate the effectiveness of the LLIS in various positions
within the rack, it is necessary to refer (at least) to the 3DOF
system shown in Figure 5, thus requiring an extension of the
traditional TMD optimization approaches for buildings, these
being based on a reduced order system with 2 DOFs only (one
representing the primary structure and the other the TMD).
Using the matrices M, C and K shown in Eqs 1-3 it is
possible to define the frequency response functions (FRFs) of
the simplified 3DOF system. These functions describe the way
in which sinusoidal input signals, of given excitation
frequencies (w), are transferred within the system in
relation to the various structural response parameters. The
FRF associated with the relative displacements [H(w)] of the
3DOF system can be obtained according to the well-known
Eq. 7, where 7 is the unitary vector ([1, 1, 1] in this study).

H(w) = - (- @M +iwC + K) ' M7 )
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The Power Spectral Density (PSD) function of a zero-mean
Gaussian stochastic process, S(w), is generally assumed to model
the stochastic nature of the earthquake ground motion. Based on
this seismic input model, the random vibration theory provides
the covariance matrix in Eq. 8, where x is the vector of the relative
displacements of the system. Cov [xx"] represents the power of
the displacement response signal, and therefore its minimization
can be used for structural optimization purposes. By introducing
the simplified hypothesis that the seismic excitation can be
represented also as a white noise process, the PSD function
S(w) is no longer dependent on w and can be replaced by a
constant S,. Based on this, the integral in Eq. 8 can be simplified
with that in Eq. 9, where o” represents the variance of the relative
displacements of the system. In this way, the optimization of the
LLIS parameters (i.e., w;s and &j5), which are the variables of
H(w), can be based on the minimization of the variance o> (i.e., of
the integral in Eq. 9).

Cov[xx"] = jH(w)S(w)H(w)*T dw 8)
=S J [H (0)ldw ©9)

In this study, a single objective optimization was adopted,
assuming the relative displacement of the mass my as a
Indeed, this DOF
represents the top racking portion, and therefore its

reference performance parameter.
displacement is the most representative of the maximum
rack displacement, in the cross-aisle direction. Minimizing
this displacement is significant for reducing the variations in
axial stresses on the uprights, which are considerable in these
very slender structures, and therefore for reducing the
maximum stresses on structural elements in general. In
particular, the chosen objective function (OF,) is defined in
Eq. 10 and corresponds to the ratio between the displacement
variance of my and that of the equivalent SDOF of the rack
without LLIS, in the cross-aisle direction (i.e., the third mode
from the global modal analysis, see Figure 3). Hy(w) and
Hgpor(w) are clearly the FRFs of the mass my and the
equivalent SDOF system, respectively.

OF,; = J|HU(w)|2dw/J|HSDOF(w)|2dw (10)
0 0

Therefore, the optimization problem (J;) can be defined as in
Eq. 11:

min [OF; (&5, wis)]

{IS: wrs

Ja: (11)

0.001 < &5 < 1

bjected t
subjecte 0{0'001 < wrs < 10 - wspor
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Optimal values of the OF,4 (A,B) and of the LLIS parameters, w;s (C) and §s (D), as a function of the isolated levels and for all case studies.

4 Optimization results

4.1 Optimal values of the isolation system

parameters

Figure 6 shows the results of the optimization carried out, in

terms of optimal values of the objective function OF,; (above) and

of the isolation parameters w;s and &5 (below), as a function of

the isolated levels and for all the analyzed case studies. The main

observations are outlined below.

o By increasing the quantity of the isolated mass myg
(i.e., from Cases 1-2-3 to Cases 4-5-6), the structural
performance of the rack improves, as the OF,; values are
reduced (see Figures 6A,B). Furthermore, the position of
the isolated mass (i.e., the isolated level) is another
determining factor for the dynamic control of the rack
via LLIS, and therefore it influences the OF, values as
expected.

In particular, passing from Case 1 to Case 3 (ms =21t
per level, span, and frame), and from Case 4 to Case 6
(double mjs compared to the previous cases) it is
possible to observe a slightly parabolic trend of the
OF,; values, with the lower values (i.e., better rack
performances) obtained by isolating the upper levels
of the rack. Then, it is interesting to note that the
minimum values of OF; are obtained for Case 2
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(myg = 21t) and Case 5 (myg = 42t), and that the
expected minimum values fall between Cases 1-2 and
Cases 4-5. This suggests that the best structural
performance should be achieved by placing the LLIS
in the upper part of the rack, but slightly lower than its
top (i.e., the last load level).

As regards the optimal parameters of the LLIS (see Figures
6C,D), it is observed that increasing the quantity of the
isolated mass (i.e., from Cases 1-2-3 to Cases 4-5-6), the
values of the angular frequency w;s decrease and those of
the damping ratio ;5 increase, tending towards less rigid
and more dissipative isolation solutions, especially for the
higher isolated levels.

Furthermore, as regards the trend of the optimal
parameters with respect to the positioning of the
LLIS, a
monotone for wyg and increasing monotone for &g as

non-linear trend is noted, decreasing
the installation height of the LLIS increases. Therefore,
the optimal application of LLIS requires more rigid and
less dissipative isolation solutions as the position of the
isolated levels decreases.

Lastly, it can be observed that the optimal values of wys
are comparable with the frequency of the main vibration
mode of the rack in the cross-aisle direction (i.e., wspor),
which is the third global mode shown in Figure 3. In
particular, w;s is very similar to wspor for cases with an

intermediate position of the LLIS among those analyzed
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TABLE 3 Optimal values of the LLIS parameters.

wis 30 ks C1s
[rad/s] [-] [N/mm] [Ns/mm]

Case 1 6.23 0.29 81.60 7.47

Case 2 8.80 0.24 162.58 8.86

Case 3 12.12 0.12 308.63 6.12

Case 4 4.69 0.41 46.22 8.06

Case 5 8.25 0.33 142.88 11.54

Case 6 13.01 0.12 355.25 6.28

(i.e., Case 2 and Case 5). Therefore, the optimal isolation

frequencies thus obtained are much higher than the

frequencies of traditional base isolation systems, as
the LLIS must interact with the rack structure to

optimize its performance, actually behaving like a TMD.

The optimal values of the parameters w;s and &g are also

reported in Table 3 for the various case studies, together with
the associated values of isolation stiffness k;s and linear
viscous damping coefficient ¢;g of the LLIS.

10.3389/fbuil.2022.944026

4.2 Representativeness of the optimized
3DOF systems

Figure 7 compares the modal shapes obtained from the FE
modeling of the rack with those derived from the reduced order
model presented in subsection 3.1, considering all the optimized
case studies (i.e.,, applying the LLIS with the optimal parameters
in Table 3). Only the modal shapes that deform the structure are
shown in these graphs, i.e., those associated with the second (®,)
and third (®;) modes of the simplified model, thus leaving out
(for clarity of representation) the first mode shapes ()
associated with the LLIS displacement. Furthermore, the
modal shapes from the FE models were obtained as an
average among the eigenvectors of all the transverse frames of
the rack, and are similar to the modal shapes of the second frame.

Then, Table 4 compares the three angular frequencies of the
simplified model (w;, w, and w;) with the corresponding ones

/), which are associated with

from the FE modeling («/, @” and w
different global modes in the cross-aisle direction depending on
the case study (as indicated in Table 4).

In general, the comparisons shown in Figure 7 and Table 4
demonstrate, for all optimized case studies, the sufficient
representativeness of the reduced order system compared to a

more complex FE modeling, in terms of dynamic behavior, which
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7 T —e- simplified (0;) — & simplified (®,) 7 —a- simplified (@) 7
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FIGURE 7
Comparisons between modal shapes of the FE and simplified models, for all optimized case studies.
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Acceleration response spectra (SRSS) of the selected events
and EC8 reference spectrum.

is the basis for a correct optimization study. The greatest
differences are found by comparing the values of w; with the
corresponding values of w” in Cases 3 and 6, which share the
lowest position of the LLIS. However, as seen by the previous
optimization results (Figure 6) and as will be demonstrated by the
subsequent validations in TH, these cases are the least interesting,
i.e., those where LLIS is less effective in controlling the dynamic
behavior of the rack. Indeed, these are also the only cases where
the first mode in the cross-aisle direction (@) corresponds to the
third global mode (as in the case without LLIS) instead of the
second (as in the other cases with the LLIS).

Furthermore, some general considerations can be made on
the frequency values shown in Table 4. For example, the values of
w' are generally lower than wspor (= 8.53 rad/s, see Figure 3),
which is the first modal frequency in the cross-aisle direction
without LLIS, and tend to wspor by lowering the position of the
LLIS (i.e., Cases 3 and 6). In addition, it is noted that as the
isolated mass increases (i.e., from Cases 1-2-3 to Cases 4-5-6), the

10.3389/fbuil.2022.944026

values of the first mode frequencies («'-w;) decrease slightly. On
the contrary, those of the second and third modes (w”-w, and
w"”-w3), associated with structural deformation, slightly increase,
since the total non-isolated mass is relatively reduced; although
the frequencies increase only slightly, the related global mode
numbers increase significantly (from 13 to 17 for Cases 1-2-3, to
23-27 for Cases 4-5-6), as the number of local modes increases.

5 Effectiveness of the isolation system
for the various case studies

5.1 Definition of the seismic input

The effectiveness of the LLIS was investigated for the case
study structure through bidirectional time-history (TH)
analyzes. All the selected cases with different positions of
the LLIS (from Case 1 to Case 6) were analyzed under the
seven seismic events reported in Table 5, and the average
values of the maximum  structural  responses
(i.e., displacements, accelerations, and upright stresses) due
to each event were compared with the reference case without
LLIS (see subsection 5.2).

The seven bidirectional natural records were selected
from the SIMBAD Database (Iervolino et al., 2009). These
records were scaled to be compatible, on average, with the
elastic design spectrum of EC8, Type 1 (CEN 2004),
considering a bedrock acceleration (a,) of 0.25 g and a soil
type B (i.e., a soil factor S = 1.2), and therefore a peak ground
acceleration (PGA = agS) of 0.3g (see Figure 8). In
particular, compatibility is assessed according to MIT
(2018, 2019); that is, the average of the SRSS spectra of
the various events (obtained by the square root of the sum
of the squares of the spectra of each component) is
compatible with the “reference spectrum”, which is the
elastic design spectrum scaled by +/2 (considering

conservatively the same design spectrum in both directions).

TABLE 4 Comparisons between modal frequencies of the FE and simplified models, for all optimized case studies (in brackets the global modes from

the FE modal analysis).

FE model with LLIS

/ //

Simplified 3DOF model

w w w wjy (05} w3
[rad/s] [rad/s] [rad/s] [rad/s] [rad/s] [rad/s]
Case 1 5.55 (wy) 11.44 (w;3) — 4.87 11.93 —
Case 2 7.22 (wy) 11.23 (w;3) 28.18 (w;7) 7.88 13.45 42.57
Case 3 8.31 (w3) 12.26 (w;3) 32.19 (w;y) 11.04 14.19 39.24
Case 4 4.26 (w5) 13.77 (w33) — 4.59 13.69 —
Case 5 6.95 (w,) 12.38 (ws3) 30.60 (w,7) 7.45 16.39 45.44
Case 6 8.29 (w3) 12.93 (w23) 35.77 (wsy) 11.81 15.22 56.91
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TABLE 5 Selected bidirectional natural records.

10.3389/fbuil.2022.944026

Name Earthquake Date Mw Epicentral distance Site class Scale factor
[km] X; Y
Eq. 1 Eastern Fukushima Prefecture 2011/04/11 6.6 26.24 B 1.30 1.38
Eq. 2 Imperial Valley 1979/10/15 6.5 24.68 B 1.59 1.48
Eq. 3 S. Suruga Bay 2009/08/10 6.2 25.38 B 0.60 0.97
Eq. 4 Friuli 1st shock 1976/05/06 6.4 21.72 B 0.79 0.72
Eq. 5 Eastern Fukushima Prefecture 2011/04/11 6.6 27.56 B 2.33 1.41
Eq. 6 Irpinia 1980/11/23 6.9 21.79 B 1.34 1.93
Eq. 7 Irpinia 1980/11/23 6.9 18.85 B 1.43 1.58
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FIGURE 9

Mean values of the maximum absolute displacement profiles of the central frame: (A) down-aisle and (B) cross-aisle directions.

5.2 Results from bidirectional time-history
analyzes with and without isolation system

The effectiveness of the LLIS is shown in this subsection
through the maximum relative displacement profiles (Figure 9),
the maximum absolute acceleration profiles of the pallet masses
(Figure 10) and the maximum compressive and shear stresses on
the uprights (Figure 11), averaged among the seven events
analyzed, comparing the rack cases with optimized LLIS to
the reference one without LLIS.

Figure 9 shows the mean values of the maximum absolute
displacement profiles of the central frame (i.e., the most stressed),
in both the down-aisle (Figure 9A) and cross-aisle (Figure 9B)
directions, for all case studies. The main considerations on these
results are listed below.

 Along the down-aisle direction (Figure 9A), the LLIS does

not affect the structural response in terms of peak
displacements, as expected.

Frontiers in Built Environment

« Instead, along the cross-aisle direction (Figure 9B), the
adoption of LLIS significantly modifies the structural
response, reducing the displacement profiles in all cases.

o Furthermore, it is noted (Figure 9B) how the position of the
LLIS (indicated by the type of line) has a greater influence
than the quantity of isolated mass (indicated by the
different colors), and the best performance is achieved
for the cases with the LLIS placed higher (i.e., Cases 1 and
4). Also, lowering the LLIS position reduces the beneficial
effect of a larger amount of isolated mass (e.g., compare
Cases 1-4 to Cases 3-6).

« Lastly, the reduction of the maximum displacement (at the
rack top) in the Y direction is 46% with Case 1 and reaches
61% with Case 4.

Figure 10 shows the mean values of the maximum absolute
acceleration profiles of the pallet masses in the central span, in
the cross-aisle direction, for the cases with one (Figure 10A) and
two (Figure 10B) isolated load levels, comparing them to those of
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Mean values of the maximum compressive (N) and shear (Vy) stresses on the outer (A,C) and inner (B,D) uprights of the central frame.

the case without LLIS. The main considerations on these results global (i.e., maximum acceleration) at the rack top, and this

are listed below. is justified by the specific higher vibration modes of this
structural system.

o The acceleration profile of the case without LLIS has two o In general, the application of LLIS reduces the maximum

peak values, one local at mid-height of the rack and one seismic accelerations on the pallet masses, in the cross-aisle
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direction, for all cases investigated, even if more
significantly in Cases 1 and 4, ie., when the control
system is positioned in the upper part of the rack. By
lowering the control system in the central part of the rack
(Cases 2 and 5), effective acceleration reductions in the
central-upper part of the rack can still be obtained, in the
face of slight increases in acceleration in the lower part of
the rack, where it is in any case more contained. Instead,
the application of LLIS in the lower part of the rack (Cases
3 and 6) is the least effective, as expected.

o Furthermore, the use of the LLIS with more isolated mass
(Figure 10B) clearly allows greater control of these
accelerations than in cases with less isolated mass

10A). The the

acceleration in the Y direction (registered at the rack
top only for the case without LLIS) is 26% with Case

1 and reaches 39% with Case 4.

Lastly, if the goal was to minimize accelerations on the

(Figure reduction of maximum

pallet masses (e.g., for racking systems located in high
seismic areas where safety against falling goods cannot be
guaranteed in any other ways), it would be effective to
isolate, individually or both, the load levels that register the
acceleration peaks in the case without LLIS (e.g., for this
case study rack, the fourth level in addition to the seventh).

Figure 11 shows the mean values of the maximum upright
stresses, in terms of compression axial force (N) and shear force
in the cross-aisle direction (Vy), recorded at the base of the outer
(Figures 11A,C) and inner (Figures 11B,D) uprights of the central
frame. From these results the following considerations can be
drawn.

o The LLIS technique allows to considerably reduce the axial
compressive stresses at the base of the uprights, when the
control system is positioned between the central part and
the top of the rack (Figures 11A,B). The increase in the
amount of isolated mass (i.e., from one to two isolated load
levels) allows a greater reduction of these stresses,
especially when the LLIS is positioned at the top of the
structure; however, this further reduction in stresses is not
proportional to the increase in isolated mass and therefore
to the increase in the cost of the LLIS. The reductions
obtained in the maximum values of N are 52% and 61% for
the inner and outer uprights of Case 4, respectively, and
41% and 49% for the inner and outer uprights of Case 1,
respectively.

« As regards the control of the shear forces of the uprights in
the cross-aisle direction (Figures 11C,D), the same
considerations just made for the axial forces still apply.
However, unlike the latter, which are greater in the outer
upright, the maximum shear forces are recorded at the base
of the inner upright, where the first diagonal bracing of the
frame is connected. The reductions obtained in the
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maximum values of Vy are 49% for both the inner and
outer uprights of Case 4 and 40% for those of Case 1.

Lastly, as regards the relative displacement of the optimized
isolation systems, it is reduced by lowering the position of the
LLIS and increasing the amount of isolated mass. In particular,
the isolation drift for the various case studies, averaged among
the maximum ones obtained from the seven seismic events, are:
10.0, 7.2 and 3.6 cm respectively for Cases 1, 2, and 3; 8.4, 6.2, and
2.9 cm respectively for Cases 4, 5, and 6. As expected, these values
are smaller than the common design displacements of base
isolation systems, performing the LLIS a different function.

5.3 Further insights from the time-history
analyzes

Figure 12 shows the maximum axial stress state on all
uprights, calculated with the “combined stress” criterion (see
Midas Gen, 2021) that adds up the axial and bending
contributions, for the reference case without LLIS
(Figure 12A) and for Cases 1 and 4 (Figures 12B,C), under
the Eq. 1 seismic event. The contour indicating this stress state
was set in such a way as to highlight the structural parts that
undergo greater stresses than the yield strength of these profiles
(i.e., about 350 MPa), which are shown in blue and red (for
tension and compression, respectively). This representation,
which is not strictly a resistance check of the uprights, as the
“combined stress” criterion is simplified and the structural
checks are to be carried out according to the standard
requirements (e.g., EN16681 CEN 2016, also evaluating the
instability phenomena), it is however a useful reference for
these comparisons.

As can be seen from these figures, the use of LLIS is very
effective in reducing the maximum stress state on the uprights.
Indeed, in the case without LLIS, the Eq. 1 event (with a PGA of
0.3 g) caused a stress state that widely exceeds the yield strength
within the racking (in particular, two yield zones are identified,
one lower and one central-upper, in accordance with the
deformation and acceleration profiles seen in Figures 9, 10).
Instead, with Cases 1 and 4, these areas of excessive tension were
limited to the elements of the first level only.

To provide a practical reference on the effectiveness of the
LLIS technique, the Eq. 1 event was scaled, reducing the PGA,
until reaching maximum stresses just below the yield strength of
the profiles. The values of these reduced PGAs are 0.13 g for the
case without LLIS, 0.21 g for Case 1, and 0.25 g for Case 4.
Therefore, we can say that the LLIS allowed an increase in
structural capacity of approximately 1.6 and 1.9 times,
respectively for the case with one and two isolated levels.

The results of the optimization process shown in Figure 6
indicate that the best structural performance should be obtained
by isolating the load levels slightly below the top level (although
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Without LLIS

Case 4

Maximum axial stress state on the uprights, under the Eq. 1 event: (A) without LLIS; (B) Case 1; (C) Case 4.

the differences in OF, values are small). However, the results of
the parametric study in TH indicate that the best solutions,
among those analyzed, are Cases 1 and 4 (i.e., with LLIS placed at
the top of the rack). This is justified by the fact that the
optimization carried out is based on the minimization of the
variance rather than the peak of the structural response
(displacement of m3), and takes into account the entire range
of frequencies, thus resulting independent of the seismic input.
On the contrary, the TH analysis results are clearly influenced by
the specific frequency content of the selected events, and the
reported values of the various performance parameters are the
maximum ones recorded during the analysis (for a more effective
representation), therefore associated with the peak responses.
Furthermore, the approximation introduced using the reduced
order model in the frequency domain analysis must also be
considered, which would be greater in the case of racks such as
that of the case study (with double frames, not very tall) than in
more slender structures (with single frames and/or a high
number of load levels).

To investigate this issue, Figure 13 shows the RMS (root mean
square) values of two performance parameters, ie., the axial
compression force (N) on the outer upright and the shear force
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(Vy) on the inner upright (both central), obtained for Cases 1 and
2 under the various seismic events and normalized to the respective
values in the case without LLIS. For comparison purposes, a further
case study was also analyzed, which implements the LLIS (optimized
with the same proposed procedure) at the sixth level, resulting
therefore intermediate between Cases 1 and 2; the associated
dimensionless RMS values of N and Vy are also plotted in
Figure 13. The comparisons shown in this figure demonstrate
that the best case can vary depending on the seismic event (and
dynamic characteristics) and that the best
performances, in terms of RMS, are often obtained with the
intermediate case to those 1 and 2, according to the optimization
results in Figure 6. Therefore, all this supports the adequacy of the

therefore its

proposed optimization approach, which is effective and simple to
use, being independent of the random nature of the earthquake.

5.4 Considerations on the cost-
effectiveness of rack control systems

Previous results demonstrated the effectiveness of the LLIS
technique in mitigating seismic excitations, even for applications
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RMS values of (A) N and (B) Vy, for the central uprights of the Cases

with only one isolated LL. Therefore, the LLIS is very promising,
and above all for the retrofit of existing, seismically inadequate
racks, which otherwise would have to be replaced or used with
partial filling. However, the final choice whether to adopt this
technique is clearly subordinated to economic evaluations, or
rather, to cost-effectiveness analyzes, which are beyond the scope
of this work.

Considering the generally very low costs of industrial racking
systems compared to traditional steel structures, a direct
comparison between the costs of possible control devices and
racks could lead to the conclusion that the LLIS is not
economically viable, as well as for the base isolation systems
(e.g., Simoncelli et al., 2020) and other mitigation systems (e.g.,
Shaheen and Rasmussen 2022) currently proposed for racks.
However, their cost-effectiveness must be assessed taking into
account all the expected seismic losses, both direct and indirect,
mitigated by these systems, which strongly depend on the type of
business as well as on the seismicity of the site and the
vulnerability of the racking systems.

Therefore, the correct evaluation of the cost-effectiveness
of these control systems is to be carried out through specific
risk analyzes, including all the main cost and benefit factors.
In addition to the issue of worker safety, which remains the
first concern, and the direct seismic costs, associated with the
destruction of the goods and the restoration of the storage
systems damaged by the earthquake, indirect losses must also
be considered; the latter arise from business interruption and
other consequences of the disruption (e.g., Brown et al,
2015), and can be even more important than direct losses.
Indeed, the high exposure of a production/storage plant does
not depend on the value of the equipment and stored goods
only, but also on the resilience of the business process (e.g.,
the possibility to implement business recovery strategies,
such as relocation or production in outsourcing, see Dona
et al., 2019).

In addition, many studies have been conducted over the past
20 years on new types of low-cost isolation or control devices, to
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be widely applied in developing countries or in non-
industrialized areas (e.g., Kelly 1999; Van Engelen 2019; Tan
etal., 2021). This research has contributed to the development of

yet
materials, such as fiber reinforcements (e.g., Madera Sierra

new high-performance cost-effective  reinforcement
et al,, 2018) and engineered plastics (e.g., Tan et al,, 2014), as
well as new dynamic control techniques, such as the tuned
viscous mass damper with rotational inertia (e.g., Ikago et al.,
2012) and the tuned mass damper with eddy current damping
mechanism (e.g., Wang et al., 2012). All this therefore represents
an excellent basis for devising innovative low-cost technologies
suitable for LLIS. A first technology investigated for the LLIS,
traditional but promising, is based on the RBRL system (Dona
et al., 2017; Bernardi et al., 2022); this is a low-cost and easily
adaptable system, consisting of a rolling support with rubber
tracks and steel balls, capable of offering moderate dissipation
during the rolling of the balls, and cylindrical rubber springs for
re-centering the system.

Finally, it is worth mentioning that, especially for retrofit
interventions, the LLIS technique could be more competitive
than base isolation systems, due to a simpler and faster
installation and to the fact that it is designed for a much
lower load, although being still effective in containing
accelerations on stored goods below safety thresholds for
workers.

6 Conclusion

This paper presented an innovative seismic mitigation
solution for industrial storage systems, namely the Load-
Level Isolation System (LLIS), which consists of directly
isolating the pallets in the cross-aisle direction, placing the
isolation devices above certain load levels. The LLIS is based
on the Tuned Mass Damper (TMD) strategy and takes
advantage of the high payload of these structural systems,
which is much greater than their self-weight. This control
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system has not yet been sufficiently analyzed in the literature,
and among its major uncertainties are the amount of mass to
be isolated (to prove effective) and its position within the
structure.

Therefore, this paper investigated the LLIS through a
case study pallet rack, by first optimizing the isolation
parameters (i.e., isolation stiffness and damping ratio)
for various arrangements of this system, considering
cases with one or two isolated levels, and then evaluating
the structural performance of the rack through Time-
History (TH) 3D
models, applying a set of seven spectrum-compatible

analyses on Finite Element (FE)

bidirectional events.

The proposed optimization procedure, defined in the
frequency-domain and based on the minimization of the
structural response variance, is an extension of the classical
TMD approaches, which being based on a reduced order
system with two degrees of freedom are not appropriate for
investigating the rack with the LLIS. Indeed, for this structural
system it is necessary to adopt an equivalent 3DOF system at
least. The optimization carried out aimed at minimizing the
displacement variance of the DOF (of the reduced order system)
representing the upper part of the rack, i.e., the one above the
LLIS. Indeed, this corresponds to minimizing the overall
displacement of the rack and therefore the stresses on the
uprights.

The results from the bidirectional TH analyses were shown in
terms of maximum relative displacement profiles, maximum
absolute acceleration profiles and maximum compressive (N)
and shear (Vy) stresses on the uprights, averaged among the
seven events analyzed, comparing the cases with the optimized
LLIS in various positions to the reference case without LLIS.
Furthermore, the maximum axial stress state on the uprights was
also shown, for the case without LLIS and for Cases 1 and 4
(i.e., with the LLIS applied at the top of the rack, in one and two
load levels respectively), which allowed to obtain the best control
of the structural performances.

From the analysis of the various results presented, the
following conclusions can be drawn.

o The 3DOF reduced-order model, proposed for the LLIS
adequately the
characteristics of the rack in the cross-aisle direction,

optimization, captures dynamic
sufficiently approximating the main vibration modes
and the related frequencies in that direction.

o According to the optimization study in the frequency-
domain, the effectiveness of the LLIS in controlling the
seismic performance of the rack increases as the isolated
pallet mass increases; furthermore, the best performance of
the rack should be achieved by placing the LLIS in the
upper part of the structure, but slightly lower than the last
load level.
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o Asregards the optimal parameters of the LLIS, the values of
the angular frequency wjs decrease and those of the
damping ratio &g increase as both the quantity of the
isolated mass and the installation height of the LLIS
increase, tending in both cases towards less rigid and
more dissipative isolation solutions.

The results of the TH parametric analysis demonstrated
the effectiveness of the LLIS technique, which significantly
improved the seismic response of the rack in cross-aisle
direction (and in the fully loaded service condition); on the
other hand, as expected, the application of LLIS did not
significantly influence the response along the down-aisle
direction.

o The best seismic performance of the rack was obtained
with the LLIS applied in the upper part of the structure,
i.e., in Case 1 (with one isolated load level) and Case 4 (with
two isolated load levels). In these cases, the maximum
reductions in the peak seismic response were, respectively:
46% and 61% for the relative displacements; 26% and 39%
for the mass absolute accelerations; 49% and 61% for the
compressive stresses on the uprights; 40% and 49% for the
shear stresses on the uprights. Furthermore, compared to
the case without LLIS, an increase in structural capacity of

1.6 and 19

respectively for Cases 1 and 4.

approximately times was estimated,

Finally, by evaluating the stress response on the uprights in
terms of RMS (root mean square) instead of peak, it was
shown that the optimal position of the LLIS, among the
upper levels of the rack, depends on the specific earthquake
(i.e., its frequency content). For the selected events, the best
level to install the LLIS turned out to be the one just below
the top level, in accordance with the optimization study
(which is independent of the seismic input). However, this
issue remains worthy of investigation, especially for slender
(i.e., tall, single-frame) storage racks.

Future works will be aimed at deriving general equations to
estimate the optimal LLIS parameters, as a function of the
isolated mass and its position. To this end, it is necessary to
perform a parametric analytical study, introducing other
variables and hypotheses in order to continuously represent
the variation of the structural dynamic characteristics of the
parts of the rack above and below the LLIS. The value ranges of
the various parameters will have to be calibrated to represent a
wide range of racking systems. Based on this study, a practical
procedure for the design of the LLIS, of general validity, can
therefore be defined.

Suggestions for future works also concern the cost-
effectiveness assessment of these systems, which requires
specific seismic risk analyzes, taking into account the main
direct and indirect expected seismic losses, and therefore the
actual exposure of the production/storage plants.
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