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ABSTRACT

SEISMIC PROTECTION OF STORAGE RACK SYSTEMS WITH BASE ISOLATION

Mir Mohammad Amer Yahya

Steel storage rack systems are widely used in warehouses and stores for storing different types of
products accessible for public and employees. Structural components of these systems consist of
slender, thin-walled open section steel members, which are quite susceptible to buckling, and the
live loads acting on these structures are much greater than the self-weight of these structures. These
issues complicate the design and analysis of steel storage racks under earthquake loads. In addition,
failure of these systems during earthquakes can result in the loss of lives of employees and
customers in addition to economic losses due to damages to stored products and disruption of
services. This study investigates the use of base isolation to improve the seismic response of steel
storage racks. Seismic isolation system consists of friction pendulum bearings that support the floor
slab underneath the storage racks. The model geometry and the loads supported by the steel storage
rack has been adapted from the Seisracks 2 project. Finite element model of the fixed base storage
racks was created using SAP 2000 and calibrated with the experimental results from the Seisracks
2 project. A parametric study which covered the variation of friction coefficients and distribution
of live loads was conducted with a suite of 12 earthquakes to investigate the reductions in rack
accelerations and drifts as well as the changes in bearing displacements. Results of the parametric
study indicate that seismic isolation was effective for reducing the response parameters and
distribution of live load as well as the friction coefficient of bearings can have a significant
influence on the seismic response.

Keywords: Steel Storage Racks, Friction Pendulum System, Seismic Isolation, Earthquake
Resistant Design
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KISA OZET

DEPOLAMA RAF SISTEMLERININ SISMIK iZOLASYONLA DEPREMDEN
KORUNMASI

Mir Mohammad Amer Yahya

Celik raf sistemleri, depolar ve magazalar gibi halka ve ¢aligsanlarin erisimine agik yerlerde farkli
tipte tirlinleri depolamakta yaygin olarak kullanilmaktadir. Bu sistemlerin yapisal bilesenleri,
burkulmaya maruz olabilecek ince cidarl agik kesitli ¢elik elemanlardan olusmaktadir ve bu
sistemlere etkiyen hareketli yiikler sistemin zati agirligindan oldukga biiyiik olabilmektedir. Bu
sebepler celik raf sistemlerinin deprem yiikleri etkisi altinda analizini ve boyutlandirilmasini
giiclestirmektedir. Buna ek olarak, bu sistemlerin deprem etkisiyle hasar gérmesi, depolanan
iriinlere gelebilecek hasarlar veya hizmetleri aksamasina bagli olusacak ekonomik kayiplara ek
olarak ¢alisanlarin ve miisterilerin yaralanmalar1 veya 6liimiine neden olabilmektedir. bu
makalede, depolama raflarinm tabaninda Tek Siirtiinme Izolatorlerinin kullanimi yapilmugtir.
Yalitilmis rafin yer degistirmesi ve hizlanmasi sabit tabanli rafla karsilastirildi. Ayrica, 6 uzak
saha ve 6 yakin saha depreminde farkl ylikleme tiirlerinde raf yapisinin davranisi gézlenmistir.
Raf yapis1 SAP2000 ticari yazilimi1 kullanilarak modellenmistir ve sonuglar sunulmustur.

Anahtar Kelimeler: Celik Depolama Raflari, Siirtiinmeli Sarkag Sistemi, Sismik Yalitim,
Depreme Dayanikli Tasarim
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1. Introduction

Large-scale steel storage racks have become a significant component of warehouses, stores, and
many other facilities. These systems are available in a variety of types, size and shapes and their
configurations can be adjusted with ease. The height of storage rack structures can reach up to 35
meters. The components of a typical steel storage rack is shown in the Figure 1. A large number of
steel storage racks use a moment frame in the down aisle direction and a braced frame in cross aisle
direction to resist horizontal loads such as earthquakes and forklift impact loads [5]. Structural
components of steel storage racks in use today are generally thin-walled open sections. Live loads
acting on these structures are considerably high compared to their self-weight. All of these factors
contribute to the susceptibility of the steel storage rack systems to earthquake related damages.
During earthquakes, racks can collapse, overturn or the stored contents may slide off. Since these
systems are often used in publicly accessible spaces, their failure can result in the injuries and
casualties in addition to economic losses and disruption of services.

Beam End -
Connector

'\\

|

|
Upright - :
Frame I
— : Bracing Brackets

pright

|

| Upright
Frame '
Bracing :

|

~ 1 | — - =
~ Spine '
G ~_ | p =
‘¢ Osp N4 MS\e Bracing B‘:d.m
«11&/0 Doqn\ Section Base Plate

Figure 1: Typical racking system [5]
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1.1 Steel Storage Racks

Design of steel storage racks under seismic loads require to understand the behavior of racks
completely. Hence, in this section different parts of racks have been studied and explained.

1.1.1 Beam End Connectors

Steel storage racks consist of beams, uprights, base-plate and bracings. The connections between
beam and upright are called beam end connectors. Beam end connectors have a significant effect
on the global response of steel storage rack systems under external forces. Especially the seismic
response of rack structure in the longitudinal direction significantly depends on the behavior of
these connections. Many researchers have stated that taking into account the inelastic response of
beam end connectors is crucial for modelling rack systems under seismic excitations [20,28].

There are different kinds of beam end connector types with various member geometries. The
connection of beam to upright or beam end connectors can be established by bolts or hooks. The
hook connections of beam to upright is done with tabs which are perforations on the uprights.
Additionally, hooks have a semi-rigid behavior. Various types of beam end connectors make it
impossible to a typical moment rotation behavior, therefore, several studies have been conducted
regarding to beam end connections [20].

(a) (b)

(a) Conventional cantilever method (b) Double method (Bajoria & Talikot: 2006)

Figure 2: Modelled by ANSY'S software for finite element analysis [28]



1.1.2 Upright and Base plate

Uprights are cold-formed steel members. Existence of perforation along its height is the main
characteristic of an upright that allows assemblage of braces and other structural elements.
Perforations along the height of an upright significantly influence the structural behavior of the
upright and it is recommended to take it into account during design.

flange
/ 7 ‘ )
‘ 0

| \ rear flange q i
} \'\, / o

\
~ 1

|
|
|

Figure 3: A typical upright with the cross section [29]

Uprights are connected to the base plates, where base plates are usually fixed to the ground.
Performance of base plate connections depends on the level of axial loads applied to the upright.

Figure 4: Typical base-plate connections [29]



At the University of Trento, the response of base-plate under axial eccentric load was studied.
Results point out a notable non-linear behavior in base joints.[29]

Freitas and his colleagues conducted a study on perforations, material properties, collapse mode
and ultimate strength of uprights when subjected to compression. Their numerical study results
were compared to the experimental results pointing out that RMI codes considered conservative
values (Freitas et al. 2005) [30].

1.1.3 Bracing

Braces are being used for providing of stability to steel storage racks mostly in cross-aisle
direction. Braces are connected to uprights forming a hinge joint. Bracings can be applied as
diagonal bracing, plane bracing and spine bracings in steel storage rack structures.

Beam

Plane Bracing

(PB) .
5 ‘
-
II
Lateral Bracing
(LB - ‘
I]i;lg”“;::: I{l:’l-r‘“-i”&’ P Hinge 9
B for SB
Upright Doz .
/ Spine Bracing
] (SR}
oS 7

ot Y '\T/' X

Figure 5: Typical rack structure with diagonal, plane and spine bracings [35]



During the 1992 Landers Earthquake, the storage racks at the Builders Emporium Store had broken
away from their anchorages in the wall pilasters and in some places had battered their way through
the walls. Storage racks at Santa Carlita Store failed during the 1994 Northridge Earthquake, as the
load carrying capacity of the racks was inadequate to support the weight of stored goods and as a
result, several bays of racks failed completely in the cross-aisle direction, which in turn caused
considerable damages to the stored contents. The 2003 San Simeon Earthquake caused rack failure
in a big-box store due to pallets with lower coefficient of friction. A small lawn tractor on a steel
palleted slid off the top of a rack and cans of roofing tar fell off another rack from a significant
height. Similarly, during the 2001 Nisqually Earthquake, Storage racks at Olympia store had rack
damages due to element buckling of some diagonal braces. The mentioned rack damages during
earthquakes are provided by FEMA 460 (2005) [2].

Figure 6: Collapse of a rack structure during earthquake at the Santa Clarita Store [2]



Figure 8: Collapse of a rack structure at the Santa Clarita Store [2]
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Crosier et. al. (2010) [3] surveyed the damages of Darfield Earthquake that occurred in New
Zealand at 2010. According to their report, facilities and businesses such as a kitchen cabinet
manufacturer, miscellaneous storage providers, a glass workshop, a milk distribution center, a food
distribution center that were using steel storage rack structures were partially damaged and some
were severely damaged. The damages included collapse of rack structures, damage of goods,
failure in down-aisle direction of racks and extensive damage to products.

Figure 9: Damages from the 2010 Darfield Earthquake [3]



The susceptibility of steel storage racks have motivated research on the analysis and design
procedures for the seismic design of these structures.

SEISRACKS [51] project, launched in 2004 and ended in 2007, was funded by the European Union
and focused on the design of seismic pallet racking systems. Following this research project, the
follow up project titled SEISRACKS 2 started in 2007 [52].

Freitas et al. (2005) analyzed steel storage rack columns; the results of analysis show that
imperfections and material properties in stub columns have a strong influence on their structural
performance [10].

Linfeng et al. (2012), investigated the effect of spine bracing and reported that the existence of
spine bracing in the rack systems significantly improves the seismic performance of storage racks
as unbraced pallet racks critically depend on the beam end connectors to resist lateral loading [6].

Baldassino et al. (2014) studied performance of beam to column joints and base-plate connections
of steel storage racks with 61 different types of joints. The results of 238 tests show the actual
response of beam-end connectors provide a non-negligible degree of lateral stiffness of the frame
and as a consequence, semi-continuous frame model is always suggested for a more refined and
“optimal” design analysis [9].

Zhao et al. (2014) studied the flexural behavior of beam end connections under hogging loading in
a single cantilever test setup. They studied 17 types of beam end connections, where various
parameters such as profile of the upright, thickness and number of tabs in connector were
investigated. Experiment results stated that failure mode of beam end connectors depend on the
relative thickness between the beam end connector and upright [23].

Giordanoa et al. (2014) investigated experimentally the behavior of three different types of beam
end connections of steel storage racks and compared results of experimental tests under both
monotonic and cyclic loads. Type A connector is with four hooks which is folded at its end, type
B connector is with five hooks which is welded to the beam end with a double-sided welding, type
C is formed by the same connection as type B but it is welded all around the beam end section.
This study concluded that in monotonic tests, connections with the folded ends are more
deformable. However, when the welding is done all around the beam end section, the connection
failure may associate with the collapse of tabs with higher ultimate moments and rotations. Also,
the cyclic test is confirming the various behavior of rack connections with comparisons to
traditional steel joints [24].



C

Figure 10: All three beam end connectors type [24]

Yinetal. (2018) studied a steel storage rack with spine bracing. It was observed that after applying
lateral forces during pushover analysis, spine bracing bears the majority of shear force [35].

Around the world, codes of design for large scale steel storage racks are being developed. In the
United States, RMI (Rack Manufacturers Institute) [48] published its first “Minimum Engineering
Standards for Industrial Storage Racks.” in 1964. To reflect this rapid development and to assure
adequate safety performance of modern rack structures, the RMI decided early in 1971 to replace
its original standards by a more detailed and comprehensive specification. Continued testing and
parametric studies of RMI during past years resulted in the 2002 Specification [49]. In 2004 the
2002 RMI Specification and Commentary were adopted in the American National Standard ANSI
MH 16.1-2004 [49] which was again revised in 2008 [1].

FEMA-460 (2005) [2], a design guideline for the seismic considerations for steel storage racks
developed for FEMA, addresses the issues regarding the mitigation of the life-safety risk posed by
the storage racks in publicly accessible areas of retail stores.

In Canada\ Canadian Standard Associations building code for steel storage racks CSA A344 (2005)
[53] went into effect in 2005. Priorly, RMI Specifications were used for the design of storage rack
systems in Canada.

The first Australian Standard for Steel Storage Racks AS4084 was published in 1993. In 2009 [54]
a new draft for steel storage rack structures was introduced and a new version of the Australian
Standard AS 4084 was published in 2012 [55].



Widespread use of large-scale steel storage rack systems in seismically active regions have also
motivated researchers to implement seismic isolation and energy dissipation systems to protect
these structures and their contents from earthquake induced damages.

FEMA-460 suggested seismic isolators best option for the safety of storage rack systems in seismic
Zones.

Filiatrault et al. (2008) [45] studied experimentally the seismic behavior of storage racks which
were isolated by an innovative base isolation (Figure 11). The isolated rack was designed to meet
FEMAA460 requirements. A series of uniaxial and triaxial tests with real merchandise on shake table
have been conducted. Results displayed a significant improvement in behavior of a rack structure
incorporating a new cross-aisle base isolation system. It was concluded that the rigid based racks
did not meet the expected performance objectives recommended in the FEMA460 document.

Upright

¥  Rubber Welded
Mount Stud
e Fig. 3)

c\

¥,
SS'A/'S/e
Box —

Horizontal —
Support Low Friction
Bearing Material

Figure 11: Innovative Base Isolation for steel storage rack [45]

Patent NO.: US 7,263,806 B2 (United States Patent Pellegrino et al.) (2007) is an invention of
storage rack vibration isolators by Pellegrino and his colleagues. The effects of seismic forces on
a storage rack system mounted on a floor are reduced through the use of the storage rack vibration
isolators constructed according to this invention [12].
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Robert et al. (2010) developed a new base isolation system and experimentally studied seismic
response of a steel pallet storage rack. The experiment was done both on base isolated and rigid
based storage racks and results were compared. Seismic test results observed that base isolated rack
remained damage free up to 100% test level, however, rigid based rack faced severe local inelastic
buckling in central upright and weld cracking at the central horizontal bracing member. After this
damage seismic testing was stopped for rigid based rack for not being enough stable for 100% test
level. Additionally, it is observed that merchandise spillage will not happen at this level of
acceleration. But the rigid based rack under the same excitation lost almost all of its merchandise
[11].

L
8 'E::tL 15‘! 1

‘u.1 rr ‘-_;. s
.'“l.' e T 1733

Cr— - —

— - — 1
« e ErTane
\ r—

IS —

a) Base Isolated Rack. b) Rigid Based Rack.

Figure 12: Base isolated and rigid based racks under Tri-Axial Seismic Excitations experiment
[11].

Kilar et al. (2011) [46] investigated numerically the effect of asymmetry on fixed and isolated
racks. They conducted several pushover analyses in which the results were compared with non-
linear time history analyses. The results displayed that asymmetry increased the damage of the
supports in the flexible side. In other words, racks which are fully loaded do not experience the
worst-case scenario, while lower occupancy would case eccentricity in the range of 10% to 15%
of the larger floor plan dimension. The study reported that using base isolation in storage racks has
a positive effect on the performance of the frame even in the case of higher levels of loading and
larger mass eccentricities.

11



1.2 Layout of the Thesis

This thesis is divided into 4 chapters and each chapter is divided into subsections to maintain the
flow of chapters. Graphs, Tables and Figures are presented right after the paragraph for more
essence and clear understanding.

CHAPTER 1: Provides introduction to the topic and an abroad overview to the
background of base isolators. Plus, literature reviews.

CHAPTER 2: Discuss the Base Isolation and provides additional information on
types of base isolators. Furthermore, explanations for FPS type isolators.

Chapter 3: Discuss briefly the SIESRACK 2 project model and simulations
conducted by National Technical University of Athens. Also, Presents the numerical
modelling of rack structure with the FPS. The work done in this thesis is briefly
discussed and explained providing the results for all cases.

Chapter 4: Conclusion, provides summary and results of the isolated rack structure
comparing to the fixed base. Furthermore, this chapter discusses the loading cases of a

combined isolated rack structure under real earthquakes.

These chapter are followed by list of all references used in this thesis and appendixes.
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2. Seismic Isolation

Seismic isolation is a technique used for reducing the effects of strong ground motions on structures
and their components, to protect them from collapse and damages. Seismic isolation systems work
by increasing the vibration period of the structure beyond the fundamental period of the earthquake,

thereby reducing the amplification of the inertial loads due to resonance effect [56].

Base isolation components generally are horizontally flexible to allow lateral displacements,
considering that they are also vertically stiff to safely carry gravitational loads like static weight of
structure. The horizontally flexibility of base isolation cause an increase in period of the structure
which lowers peak acceleration levels during an event. Structures with fixed base move with the
ground motion during an earthquake which results in extensive damages but structures with base
isolators will move a little or not at all during an earthquake (Figure13). Base isolators by reducing
the seismic energy and forces cause the structure to not be affected directly by seismic forces. (P.

Agarwal et al. 2006).
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Figure 13: A multi-story structure with and without base isolator during an earthquake [13].
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EUROCODE 8 [4] suggest the following objectives for base isolators:

The main type of isolation systems used up to now are based on flexibility with respect to the
horizontal forces acting on the structure, such as:

e to increase the period of the fundamental mode to obtain a reduced spectral acceleration
response.

e to force the fundamental modal shape to a pure translation, so much as possible.

e to make the higher modes response insignificant by concentrating the mass of the
structure into the fundamental mode, thereby drastically decreasing the input energy.

The damping by energy dissipation has influence on response of displacement and acceleration
(Figure 14). An increase in damping cause decrease in acceleration by lengthening the period,
however in case of displacement vice versa will happen.

Incregsin
damping 4 DISPLACEMENT A

INCREASING DAMPING
] Fericd shift,

/

. PERICD

Figure 14: Effects of base isolation on acceleration and displacement by increasing damping [59]

Stiff soil conditions will cause reduction in spectral acceleration while in soft soil adverse occurs
(Figure 15). Condition of soil has a significant effect on performance of base isolators (37).

Soft Soil

SPECTRAL ACCELERATION

i
i
I
i
i
i
T, PERIOC
Effect of Site Condition

Figure 15: Effects of base isolation [60]
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Energy dissipation devices may take many forms and dissipate energy through a variety of
mechanisms including the yielding of mild steel, viscoelastic action in rubberlike materials,
shearing of viscous fluid and sliding friction [44].

Hysteretic energy dissipation is one of the most effective means for providing a substantial level
of additional damping. The term hysteretic refers to the offset in the loading and unloading curves
cyclic loading. Figure 16 is a force-displacement curve where the enclosed area is a measure of the
energy dissipated during cycles of motion. Work done during loading is not fully recovered during
unloading and the difference is lost or dissipated as heat [59].
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Figure 16: Hysteretic Energy

Viscous damping devices are based on material damping which may be assumed to behave linear
viscous. However, it must be mentioned that most dampers classified as “viscous dampers” do not
behave completely linear over the entire velocity range due to sealing friction and nonlinear
material behavior which ends up in a nonlinear viscous behavior at small velocities [61].

B ,/7_,.77 ~ (‘v

L

Figure 17: Viscous Damping Energy (Solid line) [61]
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2.1 Types of Seismic Isolators:

There are 2 major types of base isolators in use today, namely, elastomeric isolators and sliding
isolators.

Sliding isolators (Figure 18) works on principle of friction. This approach is based on the
proposition that the lower the friction coefficient, the less the shear transmitted [57]. In sliding
isolators, a stainless-steel plate or spherical surface and articulated friction slider will slide over
each other during earthquake excitation. For initiation of sliding the intensity of exciting force
must break away friction force of isolator. Hence during earthquake excitation, the frequency of
which is not harmonic, the isolator displacement is of stick-slip nature (Girish et al. 2012)

Bearing maferial / Articulated slider

: Spnenca P [‘ ’,-‘; ~ Seal
g s.rtson (Spocel OILES cost /" MowgOsc :

NG L p— J 1740 % Cylinder

ST [ —
7/

o 7 7 / / /7/ %

Sing surtoon (Specl OLES cont Supporting _,-“: \ Spherical surface

* Cut Model column

Figure 18: Sliding Isolators [36]

Sliding seismic isolation systems are provided in flat or curved surface. The separation between
the two structural elements is important because efforts resulting from earthquake excitation will
not transmit on the vertical upward to the superstructure. And in this type of isolation systems the
mechanism which provides restoring force to return the structure to its equilibrium position are
high-tension springs, laminated rubber bearings or by making the sliding surface curve [62].

Isolation systems with flat slider surface are used in combination with high-tension spring for
restoring force, however curved surface sliders recover by the gravity force as a mechanism for
restoring force.
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2.1.1 Friction Pendulum Isolator

The friction pendulum system has been widely used for seismic protection of buildings, bridges
and industrial structures. According to previous studies in the friction pendulum system, the
coefficient of friction depends on several effects such as sliding velocity, apparent pressure, air
temperature and cycling effect [57][58]. Friction isolators for rack systems can also be a
significant approach for reducing merchandise shedding during earthquake.

By application of low coefficient of friction in bearings, it will reduce the acceleration of
structure and decrease the transfer of force into structure. Additionally, low coefficient of friction
causes reduced energy dissipation capacity, allowing supplemental dampers to provide the
primary source of energy dissipation (Madden et al. 2002).

For a friction pendulum isolator, the following variables must be considered carefully since they
have significant influence on the behavior of isolator:

3. Friction Coefficient
It depends on the surface material that is used. This factor is the most important
factor for a friction pendulum isolator.

4. Radius of curvature
This parameter will influence the natural period of the friction isolator system. It is
important to consider this parameter carefully during design of isolator in order to
avoid the period which resonance with the ground acceleration.

5. Initial stiffness
In the ideal condition, it can be assumed that initial stiffness is almost infinite
because no movement will occur before the force surpasses the weight of the
building x friction coefficient. However, in the real practice and computational
model, there will be an initial slip thus it is needed to determine a value which
should be far higher than the post-elastic stiffness to represent the condition

properly.

17



For finding the Effective Stiffness, Effective damping ratio and the fundamental period of the
structure the following formulas (2.1) (2.2) (2.3) respectively can be used [41]:
K=W/R+uW/D (2.1)
Where,
K — Effective stiffness
W — The total weight of structure
R — Net pendulum Radius
u - Friction Coefficient, Slow/Fast
D — Approximate estimated isolator displacement
B=2/n[p/pt+tD/R] (2.2)
Where,
[ — Effective Damping Ratio
R — Net pendulum Radius

u - Friction Coefficient, Slow/Fast
D — Approximate estimated isolator displacement

T=2n,/R/g (2.3)

Where,

T — The fundamental period of structure
R — Net pendulum Radius

o

Figure 19: Working principles of Friction Pendulum System [63]
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In the 1980s, Victor Zayas studied the idea for isolating the buildings with devices base on
friction and on the response of a pendulum (patent filed on Dec. 12, 1985 and published on Feb.
24, 1987) [14]. The detailed concept, design and testing of the system which is referred to as
Friction Pendulum System are explained in a report published in 1987 [15] and in a journal paper
published in 1990 [16]. These documents show range of applications with velocities starting from
0 up to 0.9 m/s, load bearing capacities starting from 7 up to 210 MPa, friction coefficients
starting from 5% up to 20% and radius of curvature starting from 0.9 up to 15m. Some of the
ranges later shown to be technically impossible, but the choice for considering these ranges can
be justified by the desire to cover all possible applications and developments (17).

The most significant factor for friction pendulum isolator is the sliding properties of the surface
materials. The FPS has a spherical stainless-steel surface and a slider, covering by a Teflon-based
composite material. During a strong earthquake, the slider moves on the spherical stainless-steel
surface lifting the structure and dissipating the ground motion energy by friction between the
spherical surface and the slider. The isolator uses the surface curvature for generating the
restoring force from the pendulum action of the weight on the FPS [57].
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Figure 20: The motion of a Friction Pendulum Isolator [17]
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According to the simplified Coulomb model, the frictional force is directly proportional to the
applied load, independent on the apparent area of contact and sliding velocity. Also, tests in recent
years documented the degradation of the frictional characteristics due to the generation of high
temperatures at the sliding interface during reversal cycles of motion [64].

In structural engineering, the Bouc—Wen model of hysteresisis used to describe non-
linear hysteretic systems. Force—displacement characteristics of seismic protection devices are of
hysteretic type. Often, the experimental hysteretic loops are obtained by imposing cyclic relative
motions between the device mounting ends on the structure rig and by recording the evolution of
the developed force versus the imposed displacement. By fitting a Bouc—Wen model type to
experimental data, one obtains a single non-linear first order equation which can describe the
evolution of force developed by one device for almost any loading pattern (periodic, a-periodic or
random).

The classical Bouc—Wen model used for approximation of hysteretic curves:
F(t) = aky(t) + (1 - a) k™z (t) ... (2.4)

where k is the stiffness coefficient, a € [0, 1] a weighting parameter and z™ an virtual
displacement given by the Bouc—Wen equation:

Z=A-FB|Z7|n=-"y|Z|nsgn (Zy)y ... (2.5)

with the parameters A > 0, B, y and n.
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3. Numerical Modelling

3.1 Numerical Modelling of the Steel Storage Rack

The storage rack model which was used in this study is the storage rack model used in the
SEISRACK 2 project. The finite element modelling aspects of this rack structure has been
thoroughly explained in Seismic Performance of Steel Pallet Racks [42] and modelling of the
rack structure for this study has been created accordingly.

This model has been tested in National Technical University of Athens, Laboratory of Metal
Structure 2014. This chapter deals with the modelling of the storage rack components using
SAP2000. The results of the experiment have been used to calibrate the finite element model.

Numerical model of the rack was developed in SAP2000 and the model was verified by
comparison with experimental results. later on, the developed model used to conduct parametric
studies with and without base isolation system. Also, various cases of loadings were studied.

3.1.1 Rack Geometry and its Properties:

The racking system used in the seisrack 2 project have four levels and six bays. The height of the
rack structure is approximately 8.2 meters, the width without rear bracing is 1.1 meters and the
length in down-aisle direction is approximately 17.2 meters. One single bay has the capacity for
12 pallets which means one compartment can carry 3 pallets. In total the racking system can carry
up to 72 units of pallet goods [42]. The longitudinal view, Plain view, Cross-aisle view, Upright,
Base-plate, Diagonal connections and Horizontal bracings of the rack system are given in figures
28, 29, 30, 31, 32, 33 and 34 respectively.
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Figure 22: Plan view of the rack model [42]
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Figure 21: Longitudinal view of the rack model [42]
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Figure 23: Cross-aisle view and Rear bracing view of the rack model [42]
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Figure 24: Upright of the rack model [42] Figure 25: Base plate of the rack model [42]
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Figure 26: Diagonal of the rack model [42] Figure 27: Horizontal bracing of the rack model [42]
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3.1.2 Modelling of the storage rack in SAP2000

The software used for this thesis is SAP2000 version 19. The reason which this software was
used for analysis purpose is the ability of elements design by section design tools, detailed

options for links and non-linear time history analysis by several earthquakes. The loads, materials

and section properties are presented in Table 1 [42].

Table 1: Loads, Materials and Section properties [42].

Materials
Uprights S420 MC
Bracings S355 MC
Beams S235JRC
Loads
Dead Loads (KN/m) 19.2
Live Pallet Loads (KN/m) 576
Section Properties
Beams (mm) 45*120*1.5
Uprights (mm) 120*60
Bracings (mm) 45*45
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3.1.3 Geometry

The finite element model geometry of the rack in axis X is the down-aisle direction and in axis Y
is the cross-aisle direction (fig. 28). Bracings were modelled as truss elements by releasing all
moments at both ends. Sap2000 section designer tool was used to design the uprights (fig. 29).
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Figure 29: Section Designer tool
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3.1.4 Uprights

All the uprights were fixed on the ground. A multilinear plastic link (fig. 30) was used between
fixed support and uprights to simulate the plastic response of the base plate (fig. 31).

/ Upright

Multilinear Plastic Iink\
/-, Fixed Support

Figure 30: Detail of link assignments in the lowest level [42]
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Figure 31: Link/Support properties of the base plate [42]
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3.1.5 Beams

The capacity of each bay per level is 3 pallets (fig. 32). Hence, the internal nodes of the beams
were drawn accordingly. Each pallet at each bay is presented with three nodes, two of the nodes
at the end and one node at the middle. The distance between pallets in each bay is equally
distributed. The loads of the pallets were considered as concentrated loads and it was imposed
according to the geometry of the pallets. As Euro standards a typical pallet has a length of 800
mm in X direction and a total load of 8 KN [42].

@ Pallet 1 Pallet 2 Pallet 2 ®
L ] @®»

Figure 32: Detail of nodes and load assignments in beams [42]

Two types of links were used at the end of pallet beams: a rigid link connecting the upright and
the beam for representing the geometrical eccentricity between the edge of beam and the centroid
of upright. Also, a multi linear plastic link was used to simulate the non-linear behavior of beam
end connector. The properties of links are again defined by experimental data provided by the
construction companies and are used to explain the moment rotation relation with regard to the
rotation around Y axis [42].
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Figure 33: Link/Support properties of the beam end connector [42]
28

Mutt-Linear Force-Deformation Definition

Action

Rotation HMoment ~
1 008 0. \
2 -0.06 EY
3 -0.028 -235 \
n

-0.018 -2

K

]

K

v

]

o ®




Figure 34: Following figures are behavior of Beam End Connector Link
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WVC270 EQ - Beam End Connector Link
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3.1.6 Diagonals

In this study diagonals are modelled truss elements with open symmetric sections. In order
diagonals behave as trusses all moments were released in both ends.

Section Property Bracing L4

Property Modifiers MNone

Material Overwrite Neone

Releases End-l T, M2 M3 KN, m, © i
Releases End-J Mz, M3

Figure 35: Moment releases in Diagonals [42]

3.2 Modal Analysis Results

As mentioned before, the experimental data provided by rack manufacturer companies were used
for the simulation of the rack structure as reference for this thesis. The geometry of the structure
as well as loads, elements and assignments of nodes with inelastic behavior has already been
explained. The modal analysis of model is presented in here. In the following table, 20 modes of
the fixed base structure is shown.

Table 2: Modal Analysis Results for fixed base Structure

Numerical - Fixed Base | Experimental - Fixed Base
Mode No. ) )
Period (s) Period (s)

1 1.291 1.261
2 1.202 1.225
3 1.151 1.003
4 0.901 0.977
5 0.851 0.841
6 0.562 0.615
7 0.551 0.594
8 0.532 0.538
9 0.489 0.526
10 0.477 0.516
11 0.465 0.498
12 0.451 0.485
13 0.448 0.481
14 0.441 0.476
15 0.437 0.468
16 0.431 0.461
17 0.436 0.456
18 0.433 0.431
19 0.431 0.421
20 0.422 0.417
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T1:1.291

Figure 36: Mode 1

T2: 1.202

Figure 37: Mode 2
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Figure 39: Mode 4
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T5:0.851

Figure 40: Mode 5
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3.3 Numerical Modelling of the Seismically Isolated St. Storage Rack

The fixed base structure was isolated with single friction isolators at the base. A concrete slab of
45-cm thick was placed under the structure to control the acceleration of rack structure during
earthquakes. Later on, the isolators were applied under the concrete slab at the bearings (Fig. 41).

m 7T Inl Inl

Figure 41: Combined steel isolated rack structure

Main characteristics of single friction isolators are taken from a commercial catalogue which are
presented in Table 3. The stiffness of isolators was calculated according to the weight of the
structure (Fig. 42,43).

Table 3: Main characteristics of the commercial FPSs considered in the analysis [47]

FPS type R (mm) [ Max Displacement Capacity |[Nsd/Ned| pfast | pslow |[drm (mm)
Medium-type friction 3,700 400 1 0.055 0.022 81.4
Medium-type friction 2,500 100 0.8 0.062 0.025 62.36
Medium-type friction 2,500 150 0.8 0.062 0.025 62.36
Medium-type friction 3,100 200 0.8 0.062 0.025 77.33
Medium-type friction 3,100 250 0.8 0.062 0.025 77.33
Medium-type friction 3,700 300 0.8 0.062 0.025 92.3
Medium-type friction 3,700 350 0.8 0.062 0.025 92.3
Medium-type friction 3,700 400 0.8 0.062 0.025 92.3
Medium-type friction 2,500 100 0.6 0.073 0.029 73.33
Medium-type friction 2,500 150 0.6 0.073 0.029 73.33
Medium-type friction 3,100 200 0.6 0.073 0.029 90.93
Medium-type friction 3,100 250 0.6 0.073 0.029 90.93
Medium-type friction 3,700 300 0.6 0.073 0.029 108.52
Medium-type friction 3,700 350 0.6 0.073 0.029 108.52
Medium-type friction 3,700 400 0.6 0.073 0.029 108.52
Medium-type friction 2,500 100 0.4 0.092 0.037 92.13
Medium-type friction 2,500 150 0.4 0.092 0.037 92.13
Medium-type friction 3,100 200 0.4 0.092 0.037 114.24
Medium-type friction 3,100 250 0.4 0.092 0.037 114.24
Medium-type friction 3,700 300 0.4 0.092 0.037 136.35
Medium-type friction 3,700 350 0.4 0.092 0.037 136.35
Medium-type friction 3,700 400 0.4 0.092 0.037 136.35
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Effective Stiffness - K=W/R + uW/ D
(Case One)
W =4523.8 KN
R=3.1
n =0.062
D=0.2(m)
K1 (Linear case) = 4523.8/ 3.1 + (0.062*4523.8) / 0.2
K1 =2861.6 KN/m
K2 (Nonlinear case) = 4523.8 / 3.1 + (0.062*4523.8) / 0.0014

K2 =201799 KN/m

(Case Two)

W =3947.8 KN (For FPS under loaded rack)

W = 3743 KN (For FPS under unloaded rack)

R=31

u=0.062

D =0.2 (m)

K1 (Linear case) =3947.8 /3.1 + (0.062*3947.8) / 0.2 (For FPS under loaded rack)
K1 =2497 KN/m

K1 (Linear case) = 3743/ 3.1 + (0.062*3743.8) / 0.2 (For FPS under unloaded rack)
K1 =2367.8 KN/m

K2 (Nonlinear case) = 3947.8 / 3.1 + (0.062*3947.8) / 0.0014 (For FPS under loaded rack)
K2 =176113.4 KN/m

K2 (Nonlinear case) = 3743 / 3.1 + (0.062*3743) / 0.0014 (For FPS under unloaded rack)

K2 =165761.4 KN/m
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(Case Three)

W = 3372 KN (For FPS under loaded rack)

W = 3211 KN (For FPS under unloaded rack)

R=3.1

n =0.062

D=0.2(m)

K1 (Linear case) = 3372/ 3.1 + (0.062*3372) / 0.2 (For FPS under loaded rack)
K1 =2133 KN/m

K1 (Linear case) = 3211/ 3.1 + (0.062*3211) / 0.2 (For FPS under unloaded rack)
K1 =2031.5 KN/m

K2 (Nonlinear case) = 3372/ 3.1 + (0.062*3372) / 0.0014 (For FPS under loaded rack)
K2 = 150419 KN/m

K2 (Nonlinear case) = 3211/ 3.1 + (0.062*3211) / 0.0014 (For FPS under unloaded rack)

K2 =143237.4 KN/m
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(Case Four)

W = 2796 KN (For FPS under loaded rack)

W = 2510 KN (For FPS under unloaded rack)

R=3.1

n =0.062

D=0.2(m)

K1 (Linear case) = 2796 / 3.1 + (0.062*2796) / 0.2 (For FPS under loaded rack)
K1 =1769 KN/m

K1 (Linear case) = 2510/ 3.1 + (0.062*2510) / 0.2 (For FPS under unloaded rack)

K1 =1587.7 KN/m

K2 (Nonlinear case) = 2796 / 3.1 + (0.062*2796) / 0.0014 (For FPS under loaded rack)
K2 = 124725 KN/m
K2 (Nonlinear case) = 2510/ 3.1 + (0.062*2510) / 0.0014 (For FPS under unloaded rack)

K2 =111966.7 KN/m

Effective Damping- =2 p/[p + (D/R) x] (3.2

= (2*0.062) / 3.14(0.2/3.1) + 0.062= 0.47
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A non-linear Time History analysis was done on the isolated steel storage racks with FPS to find
out the effect of isolator application in steel storage racks. Acceleration and Relative
Displacements of isolated steel storage rack was observed and compared to the fixed base steel
storage rack. Both in fixed base and isolated base steel storage rack structures the acceleration
and displacements were observed at top joint of the model. The natural frequency period of the
isolated model showed a significant increase which resulted in decrease of acceleration. The
decrease in acceleration of rack structure can cause to prevent shedding of contents from beams
and a well-controlled steel storage rack during earthquakes.

Six near-field and six far-field earthquakes with various magnitudes were used [43]. The
following table present the details of all 12 earthquakes, record is available from the PEER NGA
database.

Table 4: Earthquake Records for different kinds of loadings [43]

Name and Station Component Magnitude | Distance
1 Darfield New Zealand - HORC HORCN18E | 2010 7.3 Near-Field
2 Loma Prieta -Saratoga WVC270 1989 6.9 Near-Field
3 Cape Mendocino - Petrolia PET090 1992 7.1 Near-Field
4 Irpinia, Italy-01 - Sturno STU270 1980 6.9 Near-Field
5 Superstition Hills-02 - PTS PTS225 1987 6.5 Near-Field
6 Kobe Japan - Takarazuka TAZ090 1995 6.9 Near-Field
7 Landers - Coolwater CLW-LN 1992 7.3 Far-Field
8 Northridge - Canyon Country WLC LOS270 1994 6.7 Far-Field
9 Manijil Iran - Abbar ABBAR—L | 1990 7.4 Far-Field
10 Firuli, Italy - Tolmezzo TMZ270 1976 6.5 Far-Field
11 Hector Mine - Hector HECO090 1999 7.1 Far-Field
12 El Mayor-Cucapah - El Centro E12360 2010 7.1 Far-Field
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3.3.1 Modal Analysis

For finding fundamental natural period a modal analysis was performed on a single isolated and
fixed steel storage rack. Vibration modes of a structures is good for understanding of the system’s
behavior. The results obtained from modal analysis of isolated steel storage rack with FPS show
reasonably good increase in period of the structure in comparison to fixed based steel storage
rack.

Table 5: Vibration modes of SAP model for single rack

Numerical - Fixed Base Experimental - Fixed Base Numerical - Isolated Base
Mode No.

Period (s) Period (S) Period (S)
Mode 1 1.291 1.261 3.131
Mode 2 1.202 1.225 2.552
Mode 3 1.15 1.003 2.011

Figure 44: 3D View of the Model
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3.3.2 Seismic Time History Analysis

Time history analysis was performed for simulation of seismic loads. Time history analysis use
dynamic loading to apply on the rack system step by step and then it starts recoding the
corresponding response. In this analysis, time history analysis is performed step by step by
Nonlinear Modal History (FNA). FNA time depends on the size of the structure and the number
of time steps to follow which each analysis may lead to a long time. Time history in this part of
analysis was conducted with earthquake records of Table 4 on the combined steel storage rack
structure with FPS (The periods of combined St. storage rack structure are T1: 2.01, T2: 1.61 and
T3:1.21) (fig. 41).

Numerical Results of isolated steel storage rack with 100% of the applied earthquakes are
compared with fixed base steel storage rack. In this section results of Acceleration and Relative
Displacement of the analysis is presented and discussed (fig. 45) (fig. 46).

Relative Displacement (m) Near-Field EQs Relative Displacement (m) Far-Field EQs
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Figure 45: Isolated Base and Fixed Base results of relative displacement
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Figure 46: Isolated Base and Fixed Base results of acceleration
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Figure 51: Response Acceleration of earthquakes (15% Damping)

47

—STUZ70
— PT5225
—E12360
T™MZ270
—WVC270
= PET090
— CLW-LN
— 105270
—TAZ090
—— ABBAR--L
—HEC090
——HORCN18E

—5TU270
—PT5225
—E£12360
T™MZ270
—WVC270
—PET090
—CLW-LN
— 05270
—TAZ090
——ABBAR--L
—HEC090
——HORCN18E



m)

Response Displacement (c

Response Acceleration (g)

=]
=

-
=

[=x]
=]

(%]
[a=]

=
=

[#¥]
=]

]
[a=]

=
[==]

[}

=
I

=
]

—

=
oo

=
=l

o
=~

o
[N

Damping - 15 % (Provided by SeismoSignal Soft.)

45
Period (s)

Figure 52: Response Displacement of earthquakes (15% Damping)

Damping - 20 % (Provided by SeismoSignal Soft.)

05 1 15 2 25 3 35 B 45
Period (s)

Figure 53: Response Acceleration of earthquakes (20% Damping)
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Figure 54: Response Displacement of earthquakes (20% Damping)

The fixed based and isolated structure periods were obtained through modal analysis. The fixed
period of 1.25s was increased to a period almost 3 times after application of single frictional
isolator. The analysis results show significant decrease in acceleration. As shown in above figures,
these parameters decrease with increase in the structural fundamental period but in contrary to the
total displacement. The con of increasing the structural period is that it may increase bearing
displacements. However, the relative dispalcement of isolated rack structure between the top floor
and bearing show a signifiant decrease which verifies the proper response of isolators in the

structure.

Absolute maximum acceleration can be defined as the absolute peak acceleration value of an
earthquake record to be excited horizontally in both negative and positive axis. Inertial forces are
proportional to the accelerations, hence larger acceleration yield higher story forces. The
acceleration data of both in fixed and isolated rack structure was taken and compared. a maximum

reduction of 45% to 65% in acceleration for far-field and near-field ground motions were observed.
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3.3.3  Hysteresis Loop (Force — Displacement Curves) of the Isolators

If we plot the force (F) acting on an object by the distance moved, we make a force-displacement
graph. These are useful because we can always find the work done by (or on) a system by finding
the area under a force-displacement graph. As the result, the hysteresis loops can be used to
determine the energy dissipation per cycle and the effective damping provided by bearings.
Hysteresis loop of FPS isolator for each earthquake is given below accordingly.

Figure 55: following figures are Force-Deformation Curves of FPS Links (Hysteresis Loop —
Structure Fully loaded)
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3.4 Study and Analysis of VVarious Cases of loading

As the second part of this thesis, a combined steel storage rack structure with different kinds of
loadings was investigated. Four of the same rack structures were placed on a concrete slab with 2
meters distance from each other. During analysis four cases of loadings were investigated, Case 1
— all four racks were fully loaded, Case 2- only one rack out of four racks was fully unloaded,
Case 3 — only two racks out of four racks were fully unloaded and finally Case 4 — three racks out
of four racks were fully unloaded. Each case was carefully investigated and the behavior of rack
structures and effects of it on the contents during earthquake is summarized. Also, single friction
isolators were applied under concrete slab at the bearings and real earthquakes data were used for
time history analysis. To find out the behavior of steel storage racks with various cases of
loadings under seismic ground motions, the structure rotational displacement during earthquake
was observed at two joints at the bearings. The two observed joints were in opposite positions of
concrete slab, the first observed joint was at the loaded corner of the concrete slab and the second
observed joint was at the unloaded corner of the concrete slab.

Time History Analysis (FNA) is done with 6 near-field and 6 far-field earthquakes. Details of
earthquakes records are already given at table 4. When the structure is rotating during given
ground motions, each joints displacement at bearing in the same exact time is investigated. The
results show that loaded side of structure shows more displacement during the given ground
motions excitations and in some cases unloaded side of structure has a significant displacement
difference with the loaded side of the structure. But after unloading one or two racks of the
structure, there is an increase of displacement observed in loaded side of structure comparing to
structure displacement when all four racks are fully loaded.

All cases design pictures from Sap2000 are presented respectively for a better understanding of
results, following displacement data of all cases at both joints. The behavior of rack structures in
all cases are also explained accordingly.
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3.4.1 Case one
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Figure 56: 3D-View of Rack Structure for case one
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Displacement at the bearing of structure in case one is almost the same or identical in all
positions and all joints. Since all four racks are fully loaded with the same amount of weight and
all isolators are working under the same applied force on them, center of mass plus center of
weight will be positioned at the center of structure and equally distributed to all joints at the
bearing. Hence, not so much displacement difference is seen between both joints. As mentioned,
the displacement difference between both joints in all earthquakes results are very minor or the
same which might cause a minor structural rotation during earthquake excitation and shedding of
storage rack contents from pallets can be negligible.

Table 6: Case One Results

CASE ONE - FOUR RACKS LOADED
Earthquake Amax. Amin. Aavg. Amax./.Aavg.
(m) (m) (m) Ratio
Darfield New Zealand - HORC 0.61 0.6 0.605 1.009
Loma Prieta -Saratoga 0.43 0.42 0.425 1.011
Cape Mendocino - Petrolia 0.356 0.351 0.353 1.007
Parachute Test Site 0.47 0.46 0.465 1.01
Irpina - Sturno 0.4 0.4 0.4 1
Kobe Japan - Takarazuka 0.145 0.141 0.143 1.013
Landers - Coolwater 0.197 0.191 0.194 1.015
Northridge - Canyon Country WLC 0.1 0.1 0.105 1.047
Manijil Iran - Abbar 0.17 0.17 0.175 1
Firuli, Italy - Tolmezzo 0.05 0.05 0.05 1
Hector Mine - Hector 0.1 0.09 0.095 1.052
El Mayor-Cucapah - El Centro 0.581 0.58 0.580 1
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3.4.2 Case Two

___\Amin.

Figure 57: 3D View of Rack Structure for case two
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Displacement at the bearing of rack structure in case two between joints from loaded and
unloaded corner of structure shows a minor difference. Since three racks are fully loaded in the
structure and the remaining one rack is fully unloaded, center of mass plus center of weight is
mostly concentrated at the loaded side of structure. Hence, a minor displacement difference can
be observed between both joints. In case Four and three the displacement difference between both
joints in all earthquakes are considerably enough for structural rotation of rack structure during
earthquake excitations than case One and Two. Also, it is to mention that a minor displacement
difference between both joints can be seen in case two which can be enough for structural
rotation during earthquake excitation but shedding of storage rack contents from pallets can be
controllable.

Table 7: Case Two Results

CASE TWO - THREE RACKS LOADED

Earthquake Amax. Amin. Aavg. Amax./‘Aavg.
(m) (m) (m) Ratio
Darfield New Zealand - HORC 0.78 0.69 0.735 1.06
Loma Prieta -Saratoga 0.44 0.43 0.435 1.01
Cape Mendocino - Petrolia 0.39 0.34 0.365 1.06
Parachute Test Site 0.62 0.5 0.56 1.107
Irpina - Sturno 0.44 0.38 0.41 1.07
Kobe Japan - Takarazuka 0.17 0.14 0.155 1.09
Landers - Coolwater 0.19 0.18 0.185 1.02
Northridge - Canyon Country WLC 0.13 0.1 0.115 1.13
Manijil Iran - Abbar 0.17 0.15 0.16 1.06
Firuli, Italy - Tolmezzo 0.06 0.05 0.055 1.09
Hector Mine - Hector 0.13 0.1 0.115 1.13
El Mayor-Cucapah - El Centro 0.62 0.6 0.61 1.01
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3.4.3 Case Three

—__'_._lmin.

Figure 58: 3D View of Rack Structure for case three
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Displacement at the bearing of rack structure in case three between joints from loaded and
unloaded corner of structure shows a considerable difference too. Since only two rack is fully
loaded in the structure and the remaining two racks are fully unloaded, center of mass plus center
of weight is mostly concentrated at the loaded side of structure. Hence, displacement difference is
seen between both joints.

Table 8: Case Three Results

CASE THREE - TWO RACKS LOADED

Earthquake Amax. Amin. Aavg. Amax./Aavg.
(m) (m) (m) Ratio
Darfield New Zealand - HORC 0.73 0.66 0.695 1.05
Loma Prieta -Saratoga 0.45 0.41 0.43 1.04
Cape Mendocino - Petrolia 0.39 0.34 0.365 1.06
Parachute Test Site 0.57 0.48 0.525 1.08
Irpina - Sturno 0.45 0.38 0.415 1.08
Kobe Japan - Takarazuka 0.14 0.12 0.13 1.07
Landers - Coolwater 0.18 0.17 0.175 1.02
Northridge - Canyon Country WLC 0.12 0.09 0.105 1.14
Manijil Iran - Abbar 0.16 0.15 0.155 1.03
Firuli, Italy - Tolmezzo 0.063 0.049 0.056 1.12
Hector Mine - Hector 0.11 0.08 0.095 1.15
El Mayor-Cucapah - El Centro 0.61 0.59 0.6 1.01
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3.4.4 Case Four

Figure 59: 3D View of Rack Structure for case four
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Displacement at the bearing of rack structure in case four between joints from loaded and
unloaded corner of structure shows a significant difference. Since only one rack is fully loaded in
the structure and the remaining three racks are fully unloaded, center of mass plus center of
weight is mostly concentrated at the loaded side of structure. Hence, displacement difference is
seen between both joints.

Table 9: Case Four Results

CASE FOUR - ONE RACKS LOADED

Earthquake Amax. Amin. Aavg. Amax/‘Aavg.
(m) (m) (m) Ratio
Darfield New Zealand - HORC 0.74 0.51 0.625 1.18
Loma Prieta -Saratoga 0.46 0.27 0.365 1.26
Cape Mendocino - Petrolia 0.4 0.31 0.355 1.12
Parachute Test Site 0.53 0.33 0.43 1.23
Irpina - Sturno 0.31 0.11 0.21 1.47
Kobe Japan - Takarazuka 0.16 0.09 0.125 1.28
Landers - Coolwater 0.2 0.14 0.17 1.17
Northridge - Canyon Country WLC 0.13 0.08 0.105 1.238
Manjil Iran - Abbar 0.155 0.127 0.141 1.099
Firuli, Italy - Tolmezzo 0.039 0.067 0.053 0.735
Hector Mine - Hector 0.17 0.11 0.14 1.21
El Mayor-Cucapah - El Centro 0.65 0.49 0.57 1.14
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3.5 Variation of Friction Coefficient (Structure Fully loaded)

Analysis for variation of coefficient of friction showed that by increase of coefficient of friction
an increase will also happen in acceleration of structure meanwhile a decrease in displacement.

Figure 60: Following figures are Bearing Displacement & Acceleration for various friction
Coefficient:
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4. Summary and Conclusion

In this thesis, Seismic protection of storage rack system with base isolation is studied. the effect of
single friction isolators in steel storage rack structure and their advantages in comparison to the
fixed based steel storage rack structures are shown and discussed. Additionally, as the main focus
of this thesis the behavior of storage rack structures with various cases of loading under seismic
isolators has been investigated and presented. The purpose behind seismic isolation is prevention
of contents shedding from pallets and a more controlled structural behavior of steel storage rack
system. Since the design of steel storage rack was not the primary concern of this thesis, the
important specifications of rack’s components are obtained from SEISRACK 2 project models.
Furthermore, fixed and isolated storage rack structures natural frequency period was analyzed and
time history analysis under six far-field and six near-field ground motions. The analyses performed
conclude that;

a. After seismic isolation system was performed under real earthquake excitations. The
reduction reached up to 45% to 65% in acceleration, 40% to 50% in relative displacement.
Furthermore, period of isolated base rack structure increased almost 3 times in comparison
to the fixed base rack structure.

b. Structural rotation or floor twist during earthquake can cause shedding of contents from
pallets and since FPS reduce acceleration of structure and may increase total displacement
at the bearing, equally distributed loadings in storage rack system is found to have lesser
displacement at the bearing and a very minor rotational behavior.

c. Out of 4 various loading cases, case four and three showed larger displacement difference
between joints at the bearing, seems to be the worst case during an earthquake. Case one
and two showed lesser displacement difference between joints at the bearing, seems to be
a more controlled rack system. The main consequence of floor twist is an unequal demand
of lateral displacement in the elements of the structure; Hence, it is suggested to keep the
storage rack system always equally loaded.

d. Analysis of variation of coefficient of friction showed that by increase of coefficient of
friction an increase will also happen in acceleration of structure meanwhile a decrease in
displacement and vice versa.

e. The results of this thesis are in agreement with Kilar et al. (2011) [46] investigation on
asymmetry of fixed and isolated steel storage rack structures.

More studies need to be done in this regard. For further studies it is suggested to investigate the
perforation on the uprights, shedding of the contents during motion and friction between pallets
and beams of rack structure. Friction of pallets play an important role in shedding of goods from
beams. Therefore, it is always advised to use wood pallets instead of plastic or steel pallets.
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APPENDIX A

Verification of Time History Analysis results with Seism-Signal Data:
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1.

Time histories, Acc. & Disp. Spectra of selected Ground Motions data presented by Seism-signal Software.
Cape, Petrolia Earthquake:
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3. El Mayor, EI Centro Earthquake:
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4. Firuli, Tolmezzo Earthquake:
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5. Hector Mine, Hector Earthquake:
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7. Landers, Coolwater Earthquake:
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Manijil, ABBAR Earthquake:
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10. Northridge, Canyon Country WLC Earthquake:
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11. Hills - Parachute Test Site Earthquake:
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