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Abstract: LOKIBASE is a non-linear isolator/dissipator device to protect pallet racking systems against the earthquake. LOKIBASE
consists of the following main components: (1) two slider devices on which a rubber membrane is set up (LOKI devices). LOKI devices
are linear displacement dependent ones; (2) a cylindrical beam damper (“CANDLE” device). The “CANDLE” device is a non-linear
displacement dependent one; (3) two anti-lifting devices (“UP-LIFT” devices); (4) a fuse plug (see www.lokibasedevice.com). The
main work which is the purpose of the paper, is the optimization of the behavior of an isolator/dissipator device to mitigate the seismic
action on special structures, where the stiffness values are very different in the main cross-aisle and down-aisle directions. Under seismic
action, in these structures it is very important to reduce the value of the forces at the Limit state for the safeguard of human life (SLV)
in the down-aisle direction as much as possible and simultaneously to use the highest damping value allowed by the building rules to
reduce the LOKIBASE displacement at the Limit state for collapse prevention (SLC) in the cross-aisle direction. The goal was achieved
through a cylindrical device made of stainless steel (AISI304) with an optimized shape, under large displacement during seismic action.

Key words: LOKIBASE, “CANDLE”, pallet racking systems, cylindrical beam damper, holed cylindrical beam damper.

1. Introduction (Ferrari-Girardini). According to the information in the

Section 11.9.1 of Ministerial Decree of 17 January
1.1 LOKIBASE—The Device for Seismic Isolation of

) 2018 [2], it can be treated as a combination of two slider
Pallet Raking Systems

devices and a non-linear displacement dependent one.

LOKIBASE is a special device to protect pallet This anti-seismic device, placed in the isolation

racking systems against the earthquake. LOKIBASE interface under rack structures, allows increasing the

itself and,
subsequently, attenuating seismic actions. In LOKIBASE

consists of the following main components [1]: fundamental period of the structure

o two slider devices on which a rubber membrane is
set up (LOKI devices). LOKI devices are linear
displacement dependent ones;

¢ a cylindrical beam damper (“CANDLE” device).

device, two slider devices, rigid in vertical direction
and with negligible values of resistance to the friction

in horizontal directions, thanks to marble bearing

The “CANDLE” device is a non-linear displacement
dependent one;

¢ two anti-lifting devices (“UP-LIFT” devices);

¢ a fuse plug.

¢ In the following Fig. 1 the standard configuration

is shown.
1.2 How Does LOKIBASE Work?

LOKIBASE is a patented anti-seismic device

Corresponding author: Marco Ferrari, structural steel
engineer. E-mail: marco.ferrari.private@gmail.com.

system, allow supporting vertical loads and decoupling
sliding planes. Two conical rubber membranes and one
cylindrical beam damper make a non-linear
displacement-dependent device, which enables the
control of pallet racking system displacements under
seismic action. LOKI device does not bear the tensile
forces, which should act on it under seismic action and
certain use conditions of the pallet racking system. For

these, for each upright frame two “up-lift” devices
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(anti-lifting) are provided.

To ensure adequate comfort under conditions of
normal use and avoid small oscillations during picking
operations, a special seat for engagement with one fuse
plug is provided on “up-lift” devices. This fuse plug is
calibrated to withstand horizontal actions compatible
with ordinary loading and unloading operations in
compliance with the constrains imposed by anti-seismic
protection techniques adopted (seismic isolation). Only
one fuse plug for upright frame is provided.

1.3 Purpose and Structure of the Paper

Purpose of the paper is optimizing the shape of the
cylindrical stainless steel (AISI304) damper of the
LOKIBASE device, an isolator/dissipator for the
protection of pallet racking structures form earthquakes,
to reduce the value of the forces at the Limit state for
the safeguard of human life (SLV) [2] in the down-aisle
direction as much as possible and simultaneously to use
the highest damping value allowed by the building
rules to reduce the LOKIBASE displacement at the
Limit state for collapse prevention (SLC) [2] in the
cross-aisle direction.

Chapter 2 summarizes the data of the standard

Lol
¥ = DOWMN-aisle direction
Z = CROSS-aisle direction

Fig. 1 LOKIBASE standard configuration.

LOKIBASE device.
A shape optimization analysis of the cylindrical
damper is presented in Chapter 3.

In Chapter 4, conclusions are given.
2. Data of the Standard LOKIBASE Device

The standard LOKIBASE device is characterized by

Refs. [3-6]:

e LOKI device stiffness £ = 6 N/mm;

e large displacement of the engaged length at the top
of the cylindrical beam damper;

e cylindrical beam damper with constant circular
cross-section and non-zero friction.

Neglecting the vertical constraint contribution (due
to the horizontal strut at the bottom of the upright frame)
in the cylindrical beam damper flexural bending
(theoretical configuration only) the value of the force
which acts on the LOKIBASE device F* tH LOKIBASE 1S
higher than F%okiBase (horizontal force on the
standard LOKIBASE device, Table 1). The two values
are given below:

F% tHLokiBASE = 3,804 N (1)
Forokiase = 3,484 N (2)
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Table 1 Theoretical bilinear parameters of the standard LOKIBASE device.

Parameter Value Note
Displacement in the first branch of the load test where the behavior of LOKIBASE device is
%1, LOKIBASE (mm) 8.7 . .
linear. A value d2/20 is taken
o ™) 414 Force for d°.Loxisask displacement in the first branch of the load test where the behavior of
CLLOKIBASE LOKIBASE device is linear
d°1,LOKIBASE (mm) 49.8 Displacement of LOKIBASE device at the intersection point of the 71 and 2 straight lines
F* LokBase (N) 2,371 Force on LOKIBASE device at the intersection point of the 71 and r2 straight lines
Maximum design displacement of the LOKIBASE device at the Limit state for collapse
d2,LoKIBASE (mm) 174 .
prevention SLC
F% LoxiBase (N) 3,484 Force on LOKIBASE device for the d%.LokiBase displacement, in the third cycle of the load test

K° LoxiBase (N/mm)  47.6
K rokiBase (N/mm) 9.0
KCec.LokBasE (N/mm)  20.0

Elastic stiffness (first branch) of LOKIBASE device
Post-elastic stiffness (second branch) of LOKIBASE device
Secant stiffness of LOKIBASE device

JLOKI 0.15% Friction coefficient LOKI devices

Eaproxi (J) 114 Energy dissipated by two LOKI devices

E*4.damper (J) 780 Energy dissipated by the cylindrical beam damper
EfqLokiBase (J) 895 Energy dissipated by LOKIBASE device

€% LOKIBASE 0.235 LOKIBASE device equivalent viscous damping coefficient
Note ¢: Cylindrical beam damper with circular cross section diam. 16 mm.

3. Optimization Analysis of the LOKIBASE
Device

3.1 Introduction

The theoretical optimization analysis shown below
aims to optimize the behavior of LOKIBASE device in
order to [1, 7-10]:

¢ reduce the force under earthquake excitation in the
down-aisle direction (Y in Fig. 1);

e control the maximum value of the displacement in
the cross-aisle direction (Z in Fig. 1).

For the maximum displacement d>, a comparison of
the horizontal force F2 pown.LokiBAsE acting in down-
aisle direction (the weakest), on the optimized
LOKIBASE device and the horizontal force acting in
the same direction on the LOKIBASE device with
cylindrical beam damper (F°2 i LokiBasE given in Eq.
(1) in the theoretical configuration, and F% 1okiBASE
given in Eq. (2) in the standard configuration) is made.
The data about the theoretical bilinear cycle of the
optimized LOKIBASE device are given. In Fig. 2 the

analyzed equipment is shown.

3.2 Optimization Analysis of the LOKIBASE Device

The theoretical optimization analysis takes account of:

e LOKI device stiffness k=5 N/mm;

o large displacement of the engaged length at the top
of the cylindrical beam damper;

e a hole of special size and its position on the
cylindrical beam damper.

Now, for the maximum displacement d» and two
LOKI devices with a k£ value of 5 N/mm, a
comparison of the horizontal force icz,DowN,LOKIBAsE
acting in down-aisle direction (the weakest) on the
optimized LOKIBASE device and the horizontal
force acting in the same direction on the LOKIBASE
device with cylindrical beam damper (F°2,TH,LOKIBASE
given in Eq. (1) in the theoretical configuration, and
F*rokiBase given in Eq. (2) in the standard

configuration) is made.

FZ}t]C)OWN,LOKIBASE _ 2,772 _
3,484

e 0.79 3)
2,LOKIBASE

hc
F2pownLokiBase _ 2,772

= =0.73 4)
F3HLoKiBASE 3,804
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Hole diam. 6 mm at the
industrial floor level (the hole
axis is in the down-aisle
direction (Y in Fig. 1)

View of the equipment and detail about the
holed cylindrical beam damper installation

Hole diam. 6 mm at the
industrial floor level (the hole
axis is in the down-aisle
direction (Y in Fig. 1)

Holed cylindrical beam damper

Fig.2 LOKIBASE analyzed equipment.

Table 2 LOKI device data by test.
k (N/mm) = 5.0
K (N/mm) =10.0
edroki (J) =57.1

LOKI stiffness
K=2xk=stiffness of two LOKI devices

Energy dissipated by LOKI due to friction
Energy dissipated by two LOKI
devices due to friction

Maximum design displacement of
LOKIBASE at the SLC

Edqz2roxi (J)=114.1

d> (mm) = 174.0

Table3 Data of the standard cylindrical beam damper® by
test.

Force at the maximum
displacement d,

Energy dissipated in the third
cycle

Note (1) ¢: Standard cylindrical beam damper with circular
cross-section diam. 16 mm.

F‘CZ,damper (N) = 1,3975

Ecd,damper (J) =780.5

Table 4 Theoretical data of the standard cylindrical beam
damper®,

D (mm)=16 Diameter of the circular cross-section
Plastic section modulus of the circular

3) —
Wep (mm”) = 683 cross-section

D
here: W& =—
where: W} ==

Note (1) © Standard cylindrical beam damper with circular
cross-section diam. 16 mm.

Table 5 Theoretical data of the holed cylindrical beam

damper.
¢
'F;‘
oy
¥
V\
EJY o 1) oz S

R

Bending moment M about the strong y-axis
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Theoretical data of the circular gross cross-section®
2z
D (mm)= 18 Diameter of the holed cylindrical
beam damper
Plastic section modulus of the circular
gross cross-section

n W (mm?) =972

D3
where: thlc =—
6

r Note (2) h Holed cylindrical beam damper diam. 18 mm.

Main theoretical data of the holed circular cross-section®

Diameter of the holed cylindrical beam

- )
% 2 iplz,z D (mm) =18 damper
= d (mm) = 6 Diameter of the hole in the holed
cylindrical beam damper
= Plastic section modulus of the holed circular
R

hc 3\ —
Wpiy (mm?) =815 cross-section about the strong y-axis
Plastic section modulus of the holed circular

whe  (mm?) = 468 ; .
plz ( ) cross-section about the weak z-axis

o where:
Bending moment M about the weak z-axis 3

hc D 3 d
WS = — * (cosy)> where: ¢ = arcsen

Py T ¢
D3 D?xd d?

B WhC - + —
plz ™ g 4 12
Note (2) ' Holed cylindrical beam damper diam. 18 mm.
Theoretical plastic section modulus of the holed circular cross-
¢ section® about the neutral n-axis
D (mm) = 18 Diameter of the holed cylindrical beam
damper
_ Diameter of the hole in the holed
o d (mm) =06 L
2 cylindrical beam damper
5 Wg‘fa (mm?®) = See Plastic section modulus of the holed
Bending moment M about the -axis Fig. 3 circular cross-section about the n-axis
where
Wi, = 2 ¢ ([l ose” _ poianesine y (eone D00 (1235 (14 (tan)?) - 2+ (tan@)?)| + [0 (20 R = 307+ 5) 4 2200 (B2 = 12092+ [2x 25 sina)?

3 R2
(cosa)* + 3 * (cos a)? + (sina)? * (cos a)?) +% * (cosa —sina* tana—i—i* cos a) - S':" * (R? —r2)32))

fora<a = arcws( )

-
R

and
R¥xcosa sina 3o R*xcosa r\ sina 3
ngc,a:Z*(‘ 3 - *(Rz—T2)7+é*(r2—3*R2)*COSlZ +| 3 *<2*R_3*r+ﬁ)+ 3 *(Rz—r2)7>

for a > a* = arccos (i)

In the above formulas the neutral axis rotation, a, is given by:

a = arctan (:;:—Z* tan 6’) See Fig, 4.,

where:

6 is the angle of rotation of the bending axis respect to the weak z-axis. See Table 5.

Iilc = th * Vmax = We’;,cz * “RZ -r?

el,z
he — hc — hc
Iy _Wel,y*Zmax _VVel,y*R
whe — TR 47t 4x7? 4*R? (3 Reot 2T 1 (si )2)
= - - =% R % * —— %7 x *
elz " 4xcosqp 3*Rxcosqp 3*cosg 3*cosq \8 ¢ cospmgrrrcosgrising

W _2%R® (3 5 1 )
Wi, = — (Z * arcsen(cos @) + 7 sin@xcosg —oxsingx (cos @)? — 2 = (sin@)? = cos <p)
where:

.
= arcsen—
¢ R

In the all above formulas:

D d
R=-andr=-
2 2

Note (2) " Holed cylindrical beam damper diam. 18 mm.
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thpl,a - Plastic section modulus of the Holed Circular Cross Section about the neutral n-axis

900
800 /e/"
70 | | | | / |
'/«/‘
500 & * =

thpl,a [mm3]

400

0[]

Fig.3 Plastic section modulus of the holed circular cross-section about the neutral n-axis.

Neutral axis rotation o for a 0 rotation of the bending axis
with respect to the weak z-axis
a [°]90
80
70
60
50

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
0[°]
Fig. 4 Neutral axis rotation a for a 8 rotation of the bending axis with respect to the weak z-axis.

Table 6 Adjustment factors 4° for the force F"; at the top of the damper and for the energy E"q.damper”> @ in @ direction.

Adjustment factor 4 for the force F; at the top of the damper
and for the energy E"q damper in 6 direction
Note (1) © Standard cylindrical beam damper with circular cross-section diam. 16 mm;

(2) " Holed cylindrical beam damper diam.18 mm.

A9 = Whey o/ Wep = See Fig. 5

A® - Adjustment factor A for the force F"¢, and for the energy E"y jampe in 0 direction

1.20

1.10

A

1.00

090

0.80

0.70

0[]

Fig. 5 Adjustment factor for the force F°; and for the energy E"qdamper in 6 direction.
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Force-Displacement diagram (Third cycle)

F [N]
2500
200
B o PN
» o'"’ -
o S
1000 P
’
500
0
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- 50¢
7 RIS ~
» ”
) v
P 150 = Reearn Dianper diaens. T6emien - W abioul any i e i
~——— — = Rrearn Damprer diam. 36mm - M aboul any divecdion
v > Holed #eam Damper dam. 15mm - M about y-axis
2900,
loled Beam Damper dam.18mm - M about 2-axis

2500

Fig. 6 Energy dissipated in the third cycle by the holed cylindrical beam damper (diam. 18 mm) in cross-aisle direction (cycle
in orange) and in down-aisle direction (cycle in gray) versus the energy dissipated by the standard cylindrical beam damper
(diam. 16 mm) in any direction (cycle in blue).

Table 7 Force applied to and energy dissipated by the optimized LOKIBASE device (holed cylindrical beam damper)® in
CROSS-aisle direction.

Fhe, ross [N] = 1,668 Force at the top of the holed cylindrical beam damper in CROSS-aisle direction

FB¢, cross,LokiBase [N] = 3,408 Total force applied to LOKIBASE in CROSS-aisle direction

Eqcrossz2 Lokt [J1 = 114 Energy dissipated by two LOKI devices due to friction

fhe _ Energy dissipated by the holed cylindrical beam damper in CROSS-aisle direction,
d,CROSS,damper [J] = 931 see Fig. 6

E hcd,CROSS,LOKIB ase U] = 1,045 Total energy dissipated by LOKIBASE device in CROSS-aisle direction

¢ hce,CROSS,LOKIB asg = 0.28 LOKIBASE equivalent damping coefficient in CROSS-aisle direction

Note (2) ' Holed cylindrical beam damper diam. 18 mm.

Table 8 Force applied to and energy dissipated by the optimized LOKIBASE device (holed cylindrical beam damper)® in
DOWN-aisle direction.

FP¢, bown [N] = 1,032 Force at the top of the holed cylindrical beam damper in DOWN-aisle direction

FhCZ‘DOWN,LOK[BASE [N] =2,772 Total force applied to LOKIBASE in DOWN-aisle direction

Eqpown,2 Lok [J] = 114 Energy dissipated by two LOKI devices due to friction

Ehe ] = 576 Energy dissipated by the holed cylindrical beam damper in DOWN-aisle direction,
d,DOWN,damper see Flg. 6

E hcd,DOWN'LOKIB ase J] = 690 Total energy dissipated by LOKIBASE device in DOWN-aisle direction

¢ hCeIDOWN'LOKIB asg = 023 LOKIBASE equivalent damping coefficient in DOWN-aisle direction

Note (2) h* Holed cylindrical beam damper diam. 18 mm.

Table 9 Force applied to and energy dissipated by the optimized LOKIBASE device (holed cylindrical beam damper)® in 0
direction.

F hcz'e [N] = See Fig. 7 Force at the top of the holed cylindrical beam damper in 6 direction

FP¢, o 1okiase [N] = See Fig. 8 Total force applied to LOKIBASE in & direction

Eqp2i0k [J] = 114 Energy dissipated by two LOKI devices due to friction

E™ 40 damper[J] = See Fig. 9 Energy dissipated by the holed cylindrical beam damper in @ direction
E hcd,G,LOKIB ase J] = See Fig. 10 Total energy dissipated by LOKIBASE device in @ direction

¢ hce,e,LOKIB asg = See Fig. 11 LOKIBASE equivalent damping coefficient in € direction

Note (2) ' Holed cylindrical beam damper diam. 18 mm.
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Fhe, o - Force at the top of the Holed Cylindrical Beam Damper in 0-direction
1800 . . . . .

1700

| | I '
1600 A

1400
- /
1200 t t T i

1100 »’*,_.,-—-4/
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0 5 10 15 20 25 30 35 40 45 S0 55 60 65 70 75 80 85 90
o1°

Fig. 7 Force at the top of the holed cylindrical beam damper in @direction.

F¢, 0, LokiBase - Total force applied to LOKIBASE in 6 direction
3500

3400 —
3300

)
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(=3
(=]

—
(=3
(=]
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(=3
(=4
(=}

2,0,LOKIBASE [N]

\
\
\

he

2800 _
2700
2600

F

0 5 10 15 20 25 30 35 40 45 S0 55 60 65 70 75 80 85 90
0 [°]

Fig. 8 Total force applied to LOKIBASE in &direction.

Ehcd,o,damper - Energy dissipated by the Holed Cylindrical Beam Damper in 6 direction

1000
)

900 | /
800 /
700 /

0 S 10 15 2 25 30 35 40 45 0 S5 60 6 0 75 80 85 90
o[

Ekd.e.damper [Jl

Fig. 9 Energy dissipated by the holed cylindrical beam damper in @direction.
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E"; o Loxmase [J]

1100

1000

900

800

700

600

E"4 0. okisase - Total energy dissipated by LOKIBASE device in 6 direction

A

P

0[]

Fig. 10 Total energy dissipated by LOKIBASE device in @ direction.

=he
%  ¢,8,LOKIBASE

0.25

&M<, o.okiease - LOKIBASE equivalent damping coefficient in 0 direction

0.27

0.26

20 25 30 35 40 45 S0 S5 60 65 70 75 80 85 90
01°]

Fig. 11 LOKIBASE equivalent damping coefficient in @ direction.
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Theoretical bilinear cycle of the LOKIBASE device in CROSS aisle direction

{dy gress. Freg

\

(d2,cross. Frlcross)

=2 CROSS (3] [Load curve-Hirst load cvcle)
=2 CROSS (2} [1Thigd load cycle)
== ? (RSS20

—#—d 2 CRO55

Ksﬂ: CROSE

K1 cros =l
——r
L1
/ -
0 20 40 &0 80 100 120 140 160 180 app S [mml
dy cross/ 20 d3 cross | 4

Fig. 12 Theoretical elastic behavior of the LOKIBASE in CROSS-aisle direction.
Note: In Fig. 12, ™ superscript and LokiBask subscript are not reported.

369



370 LOKIBASE: The Device for Seismic Isolation of Pallet Racking Systems—Optimization Analysis

3.3 Theoretical Bilinear Cycles of the Optimized
LOKIBASE Device (with Holed Cylindrical Beam Damper)

In Fig. 12, the theoretical elastic behavior of the
optimized LOKIBASE device in CROSS-aisle direction
is shown.

In Table 10, the data of the theoretical bilinear cycle
of the optimized LOKIBASE device in CROSS-aisle

Table 10 Theoretical bilinear cycle of the LOKIBASE device in

direction are summarized.

In Fig. 13, the theoretical elastic behavior of the
optimized LOKIBASE device in DOWN-aisle
direction is shown.

In Table 11, the data of the theoretical bilinear cycle
of the optimized LOKIBASE device in DOWN-aisle

direction are summarized.

CROSS-aisle direction.

Parameter Value Note

d"°e1,CROSS,LOKIBASE (Mm 8.7 .
o ’ (mm) device is linear. A value

Displacement in the first branch of the load test where the behavior of LOKIBASE

db,cross/20 is taken

Force for dti,cross,LokiBast displacement in the first branch of the load test where the

FracrossLoxmase (N) 436 behavior of LOKIBASE device is linear
dh®) crOsS,LOKIBASE (Mm) 49.8 Displacement of LOKIBASE device at the intersection point of the 71 and 7 straight lines
F1 cross,LokiBAsE (N) 2,614 Force on LOKIBASE device at the intersection point of the 1 and r2 straight lines
dhe Maximum design displacement of the LOKIBASE device at the Limit state for collapse
2,CROSS,LOKIBASE (mm) 174 prevention SLC
. he . . .
", cross.Lokzase (N) 3.408 ]O:;)i}(iz ?saﬁzI;IBASE device for the d"2,cross,LokiBase displacement, in the third cycle
K" cross.LokiBase (N/mm) 52.5 Elastic stiffness (first branch) of LOKIBASE device
Kh) cross.LokiBase (N/mm) 6.4 Post-clastic stiffness (second branch) of LOKIBASE device
K™ cross,LokiBase (N/mm)  19.6 Secant stiffness of LOKIBASE device
JLOKI 0.15% Friction coefficient of LOKI devices
Eaz ok (J) 114 Energy dissipated by two LOKI devices
E"4,crOSS damper (J) 931 Energy dissipated by the cylindrical beam damper
[E"4 cross.LokiBASE (J) 1,045 Energy dissipated by LOKIBASE device
&% CROSS,LOKIBASE 0.28 LOKIBASE device equivalent viscous damping coefficient

Note: " Holed cylindrical beam damper.

Theoretical bilinear cycle of the LOKIBASE device in DOWN aisle direction

3000

2500

2000 K.:) (e ]
(d4 powns F1 ooy

F2 DOWN [N]
o
[=
(=]

1000
K pown
500
4] / 3
0 20 40 60 a0 100
dz pown | 20 dz newn! 4

{3 powen: Pz pown)

=e—F2 DOWWH {5) (Load curve-First load oycle)
===F2,00WM {5) (Third load cycle]

=7 DOWHS 0

——d] DOWHA

[
il 7

e

120 140 160 180 200 s [mm]

Fig. 13 Theoretical elastic behavior of the LOKIBASE in DOWN-aisle direction.

Note: In Fig. 13, ' superscript and Lokisast subscript are not reported
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Table 11 Theoretical bilinear cycle of the LOKIBASE device in DOWN-aisle direction.

Parameter Value Note

he Displacement in the first branch of the load test where the behavior of LOKIBASE
&1 DOWN LOKIBASE (Tim) 8.7 device is linear. A value d2,pown/20 is taken
Fapownsokmase (N) 315 Force .for A", DOWN,LOKIBASE fiisp.lac.ement in the first branch of the load test where the

’ ’ behavior of LOKIBASE device is linear
d"1 powN LoKIBASE (mm) 49.8 Displacement of LOKIBASE device at the intersection point of the 71 and 72 straight lines
F™1 pown LokiBasg (N) 1,807 Force on LOKIBASE device at the intersection point of the 71 and 2 straight lines
" pown.LoKkiBASE (Mm) 174 ]I;/i::ér;lil(r:l (;eisicgn displacement of the LOKIBASE device at the Limit state for collapse
. he . . .

s pownokisase (N) 2772 Egiﬁz ?gnal(;(geI;IBASE device for the d"2.pown.LokiBast displacement, in the third cycle
K1 pown,LokiBast (N/mm) 36.3 Elastic stiffness (first branch) of LOKIBASE device
K2 pown,LokiBASE (N/mm) 7.8 Post-clastic stiffness (second branch) of LOKIBASE device
K™ pownLokiBase (N/mm) — 15.9 Secant stiffness of LOKIBASE device
JMLOKI 0.15% Friction coefficient of LOKI devices
Eqz ok (J) 114 Energy dissipated by two LOKI devices
E"4 powN,damper (J) 576 Energy dissipated by the cylindrical beam damper
E"4pown.LokiBasE (J) 690 Energy dissipated by LOKIBASE device

&M% DOWN LOKIBASE 0.23 LOKIBASE device equivalent viscous damping coefficient

Note ' Holed cylindrical beam damper.

4. Conclusions

In Section 3.2 it is shown that, in the down-aisle
direction a reduction in the stiffness value of the LOKI
devices (from &£ = 6 N/mm to £ = 5 N/mm) and an
optimization of the shape of the cylindrical beam
damper (18 mm diameter bar, holed with a 6 mm
diameter hole with the axis in the direction of the down-
aisle direction placed at the industrial floor level) allow
reducing the horizontal force on the standard
LOKIBASE device from F*; rokisast = 3,484 N (LOKI
devices with £ = 6 N/mm and LOKIBASE beam
damper with circular cross section diam. 16 mm — as
given in Eq. (2), Chapter 2) to F') powN.LOKIBASE =
2,772 N (optimized LOKIBASE device, Table 11). The
ratio of the F', pown.LokiBASE to the F¥2 1 okiask is 0.79
as given in Eq. (3) (a reduction of 21% in the value of
the F,Lokisase). In the same direction, neglecting the
vertical constraint contribution due to the horizontal

strut at the bottom of the upright frame in the

cylindrical beam damper flexural bending (theoretical
configuration only), the theoretical reduction is 27.0%
(see Eq. (4)).

In the same section, it is shown that, in the cross-aisle
direction a reduction in the stiffness value of the LOKI
devices (from k£ = 6 N/mm to &£ = 5 N/mm) and an
optimization of the shape of the cylindrical beam
damper (18 mm diameter bar, holed with a 6 mm
diameter hole with the axis in the direction of the down-
aisle direction placed at the industrial floor level) allow
rising the equivalent viscous damping coefficient
& cross,LokiBast from 23.5% (standard LOKI device,
Table 1) to 28% (optimized LOKIBASE device, Table
10). In the cross-aisle direction, the LOKIBASE device
displacement value is reduced about of 7.0%. Table 12
summarized the percent reductions in the horizontal
force acting on the optimized LOKIBASE device (code
C) with reference to the standard configuration (code B)
and to the theoretical configuration (code A) in the

down-aisle direction.
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Table 12 Percent reductions in the horizontal force acting on the optimized LOKIBASE device.

Total force acting on Percent Percent
Force acting on two LOKI Force acting on LOKIBASE cylindrical LOKIBASE device reduction reduction
Code  devicesatd>=174 mm  beam damper in DOWN-aisle direction at in DOWN-aisle (with (with
N) d2 =174 mm (N) direction at d> =174 reference to  reference to
mm (N) Code A) (%) Code B) (%)
Standard ~ Optimized Optimized
LOKI LOKI Standard beam damper beam damper
LOI.(I LOKI device Without . .
device . - With second With second
. _ stiffness k=5 second order
stiffness k= order effects order effects
N/mm effects
6 N/mm
A 2,088 1,716 3,804
B 2,088 1,396 3,484
C 1,740 1,032 2,772 27.0 21.0
Note
LOKIBASE device configurations
Code A k=6 N/mm; cylindrical beam damper with circular cross-section and without second order effects (Theoretical configuration
only)
Code B k = 6 N/mm; cylindrical beam damper with circular cross-section and with second order effects (Standard configuration,
Chapter 2)
Code C k=15 N/mm; optimize cylindrical beam damper with second order effects (Optimized configuration, Chapter 3)
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