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Abstract. In this paper the possibility to improve the dynamic and seismic response of cabinets
that can exhibit rocking dynamics is investigated. The generic cabinet is modelled as an assem-
bly of rigid components and can undergo a change of configuration. The scope of the research
is to verify if the allowed deformation could protect the cabinet by preventing the overturning
or reducing the amplitude of rocking oscillations. The control of the deformation is obtained
by using linear visco-elastic devices, whose mechanical characteristics are at the base of the
parametric analysis performed in the paper. An extensive parametric analysis is carried out by
numerically integrating the equations of motion. The effectiveness of this protection method is
analyzed by comparing the behaviour of rigid and deformable cabinets under one-sine pulse
and seismic excitations. For the one-sine pulse excitation, the comparison is made with over-
turning spectra that provide the amplitude of the excitation able to overturn the cabinets versus
its circular frequency. For the seismic excitation, the comparison is performed by using dif-
ferent registered earthquakes and comparing the maximum rocking angle reached during the
motion. The results show that the ability of cabinets to change their configuration improves the
dynamical and seismic performances compared to those of the equivalent rigid cabinets.
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1 Introduction

The protection of rigid blocks from the overturning is a fascinating argument in the scientific
literature. Most of the studies on the protection of rigid blocks from overturning are focused
on the use of external devices such as base isolation [1, 2, 3, 4, 5] and base anchorages [6, 7].
Several authors used mass-dampers, that have been modeled either in the shape of a pendulum
[8,9, 10, 11] or as a single degree of freedom mass running on the top of the rigid body [12, 13,
14]. Some researchers studied the use of semi-active anchorages [15, 16] or base active control
systems [17, 18, 19] to increase the amplitude of base excitation required to topple a rigid body.

This paper investigates the dynamic and seismic response of cabinets that are constituted by
four external panels, hinged to each other in the four vertexes of the body. Four linear visco-
elastic devices of equal characteristics are associated with these hinges. Due to this particular
configuration, the body can deform as an articulated quadrilateral. Additionally, it is assumed
that the body can undergo a rocking motion but cannot slide. The equations of motion are
obtained by a Lagrangian approach. Two different impacts are considered in the paper: the
classical impact of the base of the body with the support during the rocking motion and the
impact on security stops, needed to limit the maximum angular deformation.

The model presented here is conceptually similar to the flexible rocking body models pre-
sented in [20, 21, 22] or [23], where the flexible rocking model was used to interpret the exper-
imental response of tuff walls. However, the novelty of the paper is not in the description of a
flexible rocking structure but in the investigation of the behaviour of a structure where specific
devices are added to guide its deformation with the aim of reducing the amplitude of the rocking
oscillation and preventing the overturning.

An extensive parametric analysis is performed by numerically integrating the equations of
motion. The effectiveness of this protection method is analyzed by comparing the behaviour of
rigid (i.e., with fixed connections) and deformable cabinets under one-sine pulse and seismic
excitations. For the one-sine pulse excitation, the comparison is made with overturning spectra
that provide the amplitude of the excitation able to overturn the cabinets versus its circular
frequency. For the seismic excitation, the comparison is performed by building rocking maps
that are contour plots of the maximum rocking angle in a specific parameter plane. Different
recorded earthquakes have been used in the simulations.

2 Mechanical model of the cabinet

The mechanical system used to schematize the cabinet is shown in Fig. 1a. The perimeter
panels are connected through hinges and four equal Kelvin-Voight devices in the vertexes of the
cabinet (see Fig. 1a). With this particular structure, the mechanical system can deform as an
articulated quadrilateral and its kinematics would be undetermined without the Kelvin-Voight
devices. The vertical distance h between two consecutive shelves is constant so the total height
of the cabinet is 4h. The base of the cabinet has a dimension 2b and its depth (i.e., the dimension
orthogonal to the plane of Fig. 1) is d = 1.0m.

All panels have a thickness s = 0.02m and a bulk density p = 650kg/m? (i.e., chipboard
wood). The cabinet may contain additional masses placed on the shelves. Such masses are
quantified multiplying a bulk density p;; = 130kg/m? for the volume between two consecutive
horizontal panels and are added to the mass of the panel on which they are placed. Considering
also the additional masses M, the masses of the seven panels m; (j = 1, ..., 7) are evaluated as
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miz=p-d-s-4h 1)
Mmoa7r=p-d-s-2b+M

It is assumed that the additional mass M is located in the same mass centre of the panel on which
it is placed and that there is no inertia moment associated to these masses. Since the sliding of
the cabinet is prevented, the motion of the body can be divided into two different phases: (2) the
full-contact phase, where the body deforms as an articulated quadrilateral (Fig. 1b), and (i7) the
rocking phase, where the body rotates alternatively around one of its base corners and deforms
at the same time (Fig. 1c). The Lagrangian parameter () describes the deformation of the
cabinet, whereas the parameter ) (¢) describes the rocking motion.

© )
BN &%
h C &
,,,,,,,,, é) .
h M
————— @1 Cg) D@ °
h M
. ,l:l,,,, é 2
ffffffff S -
ar, ’@2 , B A
(a) (b) ()

Figure 1: Model: (a) Geometrical characterization; (b) Full-contact deformed configuration; (c) Rocked and de-
formed configuration.

2.1 Equations of motion

The equations of motion are obtained through a Lagrangian approach. For brevity, only
the equations of the rocking phase around the left corner A are presented in this section. The
equations of the full-contact phase can be obtained by those of the rocking phase by neglecting
the angle 6(t) and its time-derivatives ((t) = 6(t) = 6(t) = 0). The two equations of motion
of the body that rocks around the left base corner read:

h? (4my + 16my + 4ms + ms + 4mg + 9my) [ (1 ) +6"(t)] —
bh (4my + 4mg + ms + 2mg + 3my) {¢"(t) sin[0(t)] — ¢/ (t)? cos[0(t)]} —
h (2my 4 4mg + 2mg + ms + 2mg + 3my) gsin[0(t) + ¥ (t)]— ()
h(2my + 4my + 2ms3 + ms + 2me + 3mz) . (t) cos[ (t) + )]+
(J1+ J3) 0"(t) + 4ct' (t) + 4k0(t) =
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(Ji+ Jo+ Js+ Jo+ J5 + Js + J2)U" (1) +
b% (mg + 4ms + my + ms + mg + mq) " (t)—

2bh (47712 + 4m3 + ms + 2m6 + 3m7) 1/1//( ) t) sin [Q(t)] —

2bh (4my + 4mg + ms + 2mg + 3mz) ' (¢)0'(t) cos [0(t)] +
h? (4m1 + 16my + 4m3 -+ ms + 4m6 + 9m7) [1/]”( ) 0"(t)] (3)
b (mg + 2ms + my + ms + mg + my) {gcos [ (t)] — sin [¢(t)] ), (t) }
bh (4dms + 4mg + ms + 2me + 3my) {07 (t) sin [0(¢)] + 0'(¢ ) os[0(t)]} —

h (2my 4 4mgy + 2mg + my + 2me + 3my) gsin [0(t) + ¥ (t)] —
h (2my + 4my + 2m3 + ms + 2mg + 3my) @, (t) cos [0(t) + Y (t)] =

Eq. 2 models the deformation of the body and Eq. 3 models the rocking motion. In the remaining
of the paper, the dependence of ¢, v, and x,, on t is omitted.

2.2 Uplift conditions

The uplift acceleration a;:p, able to uplift the body around A coincides with the expression
of xj, obtained from Eq. 3 when ¢ = ¢ =4 =0

aftp = {bg (mg + 2msz + my + mz + me + my) —
bh (4my + 4mg + ms + 2mg + 3my) [0” sin () — 6" cos (0)] —
gh (2my + 4ms + 2m3 + ms + 2mg + 3my) sin (6) + 4)
h2 (4m1 + 16m2 + 4m3 + ms + 4m6 + 9m7) 9”} /
[h(2mq + 4mg + 2m3 + ms + 2mg + 3my)cos (0)]

The uplift acceleration a;}t, depends on the geometry of the cabinet and on its deformation
during the full-contact phase (i.e., depend on 6, § and 6).

2.3 Impact conditions

The model presented in this paper considers two different kinds of impact: (z) the impact
between the base of the cabinet and the support during the rocking motion and (27) the impact
on security stops that are used to limit the deformation of the cabinet.

The impact conditions referring to a cabinet that after an impact re-uplifts around the left
corner A are obtained assuming that the cabinet position after the impact remains unchanged,
the angular momentum of the whole cabinet around the re-uplifting corner A is preserved,
and the horizontal momentum of the cabinet is also preserved. Under such assumptions, it is
possible to evaluate the post-impact angular velocities 6+ and 1/1* as functions of the pre-impact
angular velocities 0~ and 1)~

0F =07 +rp(0)0 5 T = s9(0) (07 — 07) + sy(0)0)" S)
where
4b2(2m1+m2+m4+m5+m6+m7)—
2bh (2m1 + 4TTL2 + 3m3 +ms + 2m6 + 2m7) )

b%(my + 4mg + my + ms + mg + my)—
bh(8m2 + 8m3 + 2m5 + 4TTL6 + 6m7)<9+
h2(4m1 + 16m2 + 4m3 +ms + 4m6 + 9m7)92+
4h*(my +mg) + Jo + Jy + Js + Jo + J7

ro(0) = (6)

2399



S. Pagliaro, A. Di Egidio, and A. Contento

0 h? (16my + ms + 4meg + 9my) + J; + Js o
s = _
’ Ja — bh(8my + 8my + 2ms + 4mg + 6mz)0+

i h2(4m1 + 16m2 + 4m3 + ms + 4m6 + 9m7)92 |

[ Ju — 2bS, 5 + bh(4my — 4m3)0+

(0) h2(4m1 + 16m2 + 4m3 + ms + 4m6 + 9m7)(92 (8)
S = —F =

v JA — bh(8m1 + 8m2 + 2m5 + 4m6 + 6m7)9+
i h2(4m1 + 167712 + 47713 +ms + 4m6 + 9m7)92 |

The quantities 74(0), s¢(6), and s, (6) play the role of restitution coefficients and depend on
the deformed configuration of the system. Inside their expressions, .J4 is the polar inertia of
the whole cabinet with respect to A and S, 4 is the static moment of the system with respect a
vertical axis passing through A.

Security stops are introduced to limit the deformation (i.e., the maximum value of ) during
the motion. By referring to an impact on security stops during a rocking motion around the
base corner A, it is possible to obtain the post-impact velocities 0+ and )" as functions of the
pre-impact angular velocities 9~ and &‘y through the following relationships:

07 = —nb=; bt = +p(0,v)0” 9)

where
(n+ 1)k (2mq + 4mg + 2mg + ms + 2me + 3myz)
b (mg + 27713 + my +ms + mg + TTL7) SiIl(l/))—
h (2m1 + 4TTL2 + 2m3 +ms + 2m6 + 3m7) 0 sm(dJ)-l-
h (2my + 4mgy + 2mg3 + ms + 2mg + 3mz) cos(y)

p(0,v¢) = (10)

It is assumed that after an impact on security stops the value of 9 changes its sign and is reduced
to a fraction of the value before the impact. The restitution coefficient 77 depends on the char-
acteristics of the security stops and 7 < 1. The angular velocity ¢t is obtained by assuring the
conservation of the horizontal momentum of the cabinet.

3 Numerical simulations

An extensive parametric analysis is performed by numerically integrating the equations of
motion. Such analyses are performed varying the oscillation period 1" of the cabinet in the
full-contact phase and the dimensions (i.e., base 2b and slenderness A = 2h/b) of the cabinet.
All the other quantities are fixed: damping ratio of the cabinets £ = (.05, restitution coefficient
of the security stops 7 = 0.5, maximum angle allowed by the security stops #,,.,, = 0.1rad,
and the cabinet is considered to be full (i.e., the additional mass M is added to the mass of the
shelves from 4 to 7, see Fig. 1a).

3.1 One-sine impulsive excitation

In the analyses performed in this section, the cabinet is excited by a one-sine pulse excitation:

i, (1) = Assin(%t) 0<t<T, (11
0 Ts <t < tmax
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where T is the period of the one-sine cycle, 2 = 27 /7T is the circular frequency of the ex-
citation, A, is its amplitude, and ¢,,,, is the maximum time used in the numerical integrations
(tmae = 10T%). The results are arranged in overturning spectra, that provide the amplitude of
the excitation that generates the first overturning occurrence versus the circular frequency of the
excitation.

An initial parametric analysis is performed to investigate the sensitivity of the dynamics of
the cabinet to 7". In such an analysis the geometrical characteristics of the cabinet are fixed,
2b = 0.6m, 4h = 2.6m. Figure 2a presents the results obtained with a model that does not
include security stops, whereas Fig. 2b shows the corresponding results obtained by including
the security stops. In the two figures, dashed lines refer to a rigid cabinet, whereas solid lines
refer to a deformable cabinet. The spectra are labelled with the value of the period 7" used
in the analysis. Such labels are surrounded by an ellipse if, during the motion, the cabinet
impacts on security stops or by a rectangle otherwise. In Fig. 2a, since the security stops are
not considered, the labels are all rectangular. Such a convention that shows the occurrence
of impacts on security stops is used in all the figures of this section. In Fig.s 2a and 2b, the
overturning spectra of the deformable cabinets with periods 7" > 1.0s are above the curves
of the rigid cabinets in a wide range of the values of ). This means that the amplitude of
the excitation A, required to overturn a deformable cabinet is higher than amplitude needed to
overturn the corresponding rigid cabinet. Moreover, the comparison between Fig. 2a and 2b
shows that, when impacts on security stops occur (e.g., cabinet with 7' = 1.5s), the presence of
the security stops significantly affects the dynamics of the cabinet. Nevertheless, the overturning
spectrum obtained for 7" = 1.5s in Fig. 2b is still above the curve of rigid cabinet in most of
the considered range of 2. In general all the overturning spectra in Fig. 2 present a jump. As
it occurs in rigid blocks ([24, 25]), also in deformable rocking bodies such a jump is associate
to a change of the overturning mode. Specifically, before the jump the body overturns hitting
once the ground, whereas after the jump the body overturns without hitting the ground. The
deformability of the cabinet shifts the jump on the left leading to a general improvement of the
behaviour of the cabinet.

In the following analysis the dimensions of the cabinet, 20 and 4h, are considered as variable
parameters. In Fig. 3, the results of the analysis are arranged in matrix form. Each row refers
to a different base dimension, whereas each column refers to a different height of the cabinet.
As expected, the dimensions of the cabinet significantly affect the overturning spectra of the
rigid body. In general, the deformable cabinets are less prone to overturn than the equivalent
rigid cabinets, especially for more slender cabinets (i.e., those in the upper row). In Fig. 3, the
left graph on the first row and the middle graph on the second row refer to cabinets with A = 3
and different scale size. The comparison of the two graphs shows that the improvement in the
dynamics of the deformable cabinets (solid lines) with respect to the correspondent rigid case
(dashed lines) is smaller in the cabinet with larger scale.

3.2 Seismic excitation

A parametric analysis is performed to assess if the deformation of the cabinet can reduce the
amplitude of the rocking oscillations and eventually avoid the overturning of the cabinet during
a seismic event. For this analysis, seismic events with different characteristics are selected.
Fig. 4 shows the time-histories of the seismic records that are listed in the following:

* Kobe, Takarazuka-000 station, ground motion recorded during the 1995 Japan earth-
quake;
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Figure 2: Overturning curves for different period 7": (a) Overturning curves without security stops; (b) Overturning
curves with security stops (£ = 0.05, n = 0.5, 0,4, = 0.1, 2b = 0.6m, 4h = 2.6m, cabinet full).
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Figure 3: Overturning curve for different geometrical characteristics of the cabinet (¢ = 0.05, n = 0.5, 0,42 =
0.1, cabinet full).
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* Newhall, Newhall-360 station, ground motion recorded during the 1994 Northridge, Cal-
ifornia earthquake;

» San José, Fremont Mission San Jose motion recorded during the October 17, 1989, Lorna
Prieta earthquake.
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Figure 4: Time-histories of the recorded earthquakes.

The results of the parametric analysis performed with seismic excitation are arranged in
rocking maps. Such rocking maps are contour plots of the maximum rocking angle in the pa-
rameter plane 2b-\. The rocking maps obtained for rigid and deformable cabinets are compared
to assess if the deformation improves the seismic behaviour of the cabinets.

In Fig. 5 the rocking maps are organized in matrix form where each column refers to a dif-
ferent earthquake (Kobe, Newhall, and San José). The first row shows the maps of the rigid
cabinet, rows two and three refer to deformable cabinets with 7" = 1.0s and 7" = 1.5s, re-
spectively. In the maps, the light grey regions (rocking regions) are those where the cabinet
undergoes rocking motion. The contour levels inside these regions refer to the maximum rock-
ing angle reached during the motion. The dark grey regions (overturning regions) are those
where the cabinet overturns. The first row of Fig. 5 shows that the rigid cabinet overturns in
almost all the parameter plane except that in the right lower part of the maps that correspond to
combinations of larger values of the base and lower slenderness of the cabinet. Rows two and
three of Fig. 5 show that deformable cabinets have smaller overturning regions that generally
tend to shrink as 7" increases. As an exception, for the Newhall seismic event, the cabinet with
T = 1.0 s does not overturn in the whole parameter plane, whereas the cabinet with 7" = 1.5 s
overturns only in a small portion of the parameter space. Finally, the contour levels inside the
light grey regions show a general reduction of the maximum rocking angle when the period 7'
increases.
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Figure 5: Rocking maps for three different earthquakes (Kobe, Newhall, San José) (¢ = 0.25, 7 = 0.5, 0,42 = 0.1,
cabinet full).

2404



S. Pagliaro, A. Di Egidio, and A. Contento

4 Conclusions

This paper presents the model of a cabinet that can undergo a guided deformation. This
model has been used to investigate the possibility to improve the dynamic and seismic behaviour
of cabinets and racks by providing them of the ability to change their geometrical configuration
during the rocking motion. The kinematic related to the change of geometrical configuration
is specific to the model studied in this paper but can be easily generalized to other models
representing cabinets and racks, both for civil and industrial use.

It has been assumed that the body can undergo only rocking motion, without sliding. The
equations of motion have been obtained through a Lagrangian approach. The classical impact
of the body base with the support during the rocking motion and the impact on security stops
needed to limit the maximum angular deformation have been considered to describe the motion
of the system.

An extensive parametric analysis has been performed by numerically integrating the equa-
tions of motion. The improvement in the dynamics has been analyzed by comparing the be-
haviour of rigid and deformable cabinets under one-sine pulse and seismic excitations. For the
one-sine pulse excitation, the comparison has been made with overturning spectra that provide
the amplitude of the excitation able to overturn the cabinets versus its circular frequency. For
the seismic excitation, the maximum rocking angle reached during the motion under different
recorded earthquakes have been arranged in rocking maps and compared.

The results shows that the ability of a cabinet to change its geometrical configuration be-
fore and after the start of the rocking motion significantly improves its dynamical and seismic
performance compared to the performance of an equivalent rigid cabinet.
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