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9

Goods and products are stored in framed systems, such as pallet racks, used for industrial and10

commercial activities. In the last years, pallet rack code provisions for seismic loads have been11

significantly improved, but there are still relevant aspects that need attention for guaranteeing a12

safer structural design. For example, in the current European and American standards, no indi-13

cations are given about the seismic isolation systems applied to these structures. Only two ways14

to enhance the performance of racks in seismic zones are reported: rack netting and structural15

strengthening. Both methodologies present logistic and technical problems. For these reasons,16

researchers are investigatingmore efficient solutions, like the base isolation systems. An accurate17

isolation system can bring benefits in terms of reduction of the structural damage and improving18

the safety of the stored items. Since the cost of the structural frame is often negligible with re-19

spect to the cost of the stored products, avoiding the overturning of merchandise is an important20

challenge. Moreover, sometimes falling pallets can bring to the overall global collapse due to an21

impact given on its beams or columns. In the paper, a critical overview of base isolation systems22

developed for different steel storage rack typologies is presented and discussed, highlighting the23

main characteristics and the advantages associated with their use in practical cases. Furthermore,24

four different applications of energy dissipation devices are briefly discussed, comparing these25

systems with the previously introduced base isolation devices.26

27

1. Introduction28

The skeleton frames of the industrial systems used to store goods and products represent very important and com-29

plex structures, which can be distinguished into different typologies: selective pallet racks, drive-in and drive-through30

racks, push back racks, gravity flow racks and rack supported platforms. As an example, in Figure 1 is reported a31

typical selective pallet rack with its main components. The layout of pallet racks in the down-aisle direction appears32

to be like the more traditional moment-resisting semi-continuous frames [1] typically employed in civil and industrial33

constructions. Conversely, the upright frames layout mimics the brace schemes in use for steel buildings: two - or more34

- columns (uprights) are laced together with diagonal and/or horizontal braces, which are frequently single-bolted on35

their lips. Instead of double-symmetric hot-rolled members, the cold-formed monosymmetric ones are used and the36

member responses can be remarkably governed by the interaction between bending and torsion [2, 3]. As it may be37

expected, the global response of storage steel rack systems is strongly affected by the local behaviour of both members38
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Figure 1: Typical steel storage pallet rack and its main components

and connections.39

It is worth reviewing the key points to be taken into account when facing the design of rackswith a seismic resistance40

perspective:41

• Dead-to-live load. In buildings, live loads are always comparable with dead loads while, in racks, the weight42

of the structure is very limited - generally not greater than 5% of the weight of the pallet units. For the static43

design, reference must be made to [4]: along with the fully loaded rack (100% occupancy) condition, the design44

can be also governed by the fully loaded rack with the exception of single unloaded bay close to the middle45

of the structure, at the lowest or at the second storage level. Furthermore, in the seismic design [5], together46

with the 100% occupancy, it must be considered also: i) the configuration with only the top storage level, used47

to maximise the design of anchor bolts and base-plates and ii) different occupancy levels (70% and 50% of the48
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total) that can generate mass eccentricities. The most relevant feature related to the load distributions is the49

inherent seismic masses which affect the dynamic characteristics of the structures. Contrary to what happens for50

buildings, the periods of vibration are greatly dependent on the considered level of occupancy, affecting hence51

either the seismic effects and the structural responses;52

• Members cross-section. Owing to the presence of open thin-walled cross-sections, members are often prone53

to local and/or distortional buckling phenomena, which largely precede the attainment of the yielding capac-54

ity. Therefore, for the plastic design of such structures, it is important to rely exclusively on the post-yielding55

capacity of connections. On the other hand, [6] and [7] do not allow to use connection post-yielding capacity.56

Generally, monosymmetric profiles are employed as structural members, which lead to significant and non-57

negligible torsional effects. For this reason, engineers must be able to account for the calculation of bimoment58

distribution along the members and the associated tangential and normal warping stresses during the design of59

rack frames. As discussed in [8], neglecting these effects can lead to an unsafe estimation of the load carrying60

capacity;61

• Beam-to-column joint. Connections between horizontal elements (pallets beams) and uprights are characterised62

by a very limited degree of flexural stiffness and bending resistance. Pallet beam-ends are shop-welded bracket63

with hooks to be located on the slots of the uprights in view of quick construction of rack skeleton frames. Bolts,64

in addition to the hooked connection devices, could improve joint performance as proved by [9], but frequently65

skipped because deemed to be too expensive. Therefore, the cyclic response of standard beam-to-column rack66

joints is characterised by a very unstable behaviour due to a remarkable pinching of the cycles, which increases67

as does the level of the imposed rotation. Reference can be made to Figure 2, proposing the relationship between68

the non-dimensional moment (m̄) (obtained by dividing the joint moment for the beam bending resistance) ver-69

sus the relative upright-beam rotation (�). From these curves, which are related to an experimental study [10],70

it can be noted that the shape of the hysteresis loops changes significantly in subsequent cycles, showing an71

important loss of stiffness after the first cycle [11]. However, a great issue associated with these connections is72

the low value of the yielding moments if compared with the ones of the connected beams. It is worth noticing73

that for structures as intended in [6], the connections must be designed to exhibit no plastic deformation. Great74

values of rotations are however achieved and, as a consequence, a satisfactory level of ductility characterises75

joints without brittle fracture [12];76

• Base-plate joint. Also the connections between uprights and building slab are characterised by a very limited77

degree of flexural stiffness and bending resistance. In most of the cases, when the cross-aisle direction is con-78

sidered, the seismic action can pose a risk for the overturning, which becomes the most dangerous limit state.79

Nevertheless, as happened for the beam-to-column connections, the nonlinear cyclic behaviour can provide a80
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853C. Bernuzzi, C.A. Castiglioni / Thin-Walled Structures 39 (2001) 841–859

Fig. 11. Selected cycles of the moment–rotation joint curve for A150S joint specimen.

particular, as it appears from Figs. 11 and 12, related respectively to A and B joint
type, which present the non-dimensional moment m̄ versus the joint rotation for some
selected cycles, it can be noted that:

� the first cycle is stable and regular, i.e., very similar to the one associated with
traditional steel components, characterised by a progressive and regular deterio-
ration of stiffness; both unloading and reloading branches of the first cycle in

Fig. 12. Selected cycles of the moment–rotation joint curve for B150S joint specimen.

(a)

846 C. Bernuzzi, C.A. Castiglioni / Thin-Walled Structures 39 (2001) 841–859

experimental outcomes are proposed and discussed in non-dimensional form,
allowing however a general characterisation of the behaviour of rack joints, in
accordance with the main purposes of the present study. Fig. 4 shows the details of
the two tested nodal zones (in terms of beam-end-connector and column profile),
which are in the following identified as A and B types.

Fig. 4. Components of the tested joint specimens (a) type A and (b) type B node.

(b)

Figure 2: Examples of cyclic m̄-� relationship for beam-to-column rack joints (a), and connection details (b) [10]

non-negligible ductility to the structure. For this reason, as suggested by [5], attention must be paid on the design81

of base-connections to be allowed to use a behaviour factor q grater than 1 (but however lower than 2) in the82

seismic structural analysis;83

• Dynamic response. The seismic response of the two principal directions is rather different. In the down-aisle84

direction, the great flexibility provided by connections and the absence of spine bracings reflect in significantly85

high value of the fundamental period of vibrations (T), sometimes up to 3.50s, which are the typical values86

observed for high-rise and tall steel buildings.Conversely, in the cross-aisle direction, the presence of bracing87

systems ensures a fundamental period lower than 1.50s. Despite their conventional lateral resisting schemes,88

seismic performance along the transverse direction is utterly dictated by base connections and brace-to-upright89

connections [13], where the inelastic deformations take place [14].90

As it appears clear by considering the previous discussed points, it is a quite complex task to predict the rack’s91

behaviour. High engineering competences are required to accurately reproduce the key features of each item and hence92

to attain the global frame response guaranteeing, at the same time, competitive performance with structural systems of93

extremely limited weight (cost). As discussed, racks are frames made up of members hardly able to dissipate energy,94

but however able to sustain significant lateral displacements owing to the high level of rotation that can be reached in95

post-elastic range by joints. This behaviour has been confirmed also recently by pushover analyses on shelving racks96

[15] and pallet racks [16].97

Rack design standards have been recently updated worldwide: in Europe [4, 5, 17] ;in Australia [18] ;in the US98

[19, 20] . Many recent analyses that can be found in [21] and [22], which respectively focus on industrial structures99

in Christchurch after the 2010 Darfield earthquake and damage to non-structural elements during 2016 Central Italy100

earthquake, have indeed underlined the need for safer ways of design racks against seismic effects. It was recognised101
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that the poor performance of rack structures was mainly due to lacking of details for bearing lateral forces [23]. It is102

also recognised the high fragility of the cross-aisle frames which often experience column bucking failures [24] and103

ground anchoring failures [25]. The framework established by the latest code provisions identifies the performance104

criteria that racks must comply with. Along with No Collapse and Damage Limitation requirements, it is mandatory105

to consider the Movement of the Unit-Load due to seismic-induced accelerations. Pallet sliding, albeit favourable,106

may lead to shed of the contents and, in the worst scenario, to the unseating of the unit-loads. This is of particular107

concernwhen the area where goods are stored is publicly accessible henceforth being falling goods a human-life hazard.108

Besides, classical procedures which mainly deal with strengthening and stiffening structures cannot increase the safety109

of warehouses against the shedding of goods, which is recognised as a performance level. Rather, it is necessary to110

reduce floor accelerations to be effective on the movement of the stored items. For instance, to avoid shedding of111

goods, [20] suggests several restraint practices depending on the way the merchandise is stored.112

Regarding the structural analysis, ref. [5] proposes the classical four different methods suggested also by [26]113

for common structures: Lateral force method (LFM), Modal response spectrum analysis (MRSA), Pushover analysis114

(POA) and Nonlinear time-history analysis (NLTH). The only requirement to choose one over another is to check the115

inter-storey drift value, which is directly related to the importance of the second order effects. Actually, [5] states that116

the MRSA is the reference method to be used for adjustable pallet racking systems under seismic forces. Despite in the117

recent years the evolution of the computer capabilities of performing complex computations, engineers, in the practical118

cases, prefer to perform linear analyses (LFM or MRSA method) considering a behaviour factor (q), in general, equal119

to 1.5 or 2.0 (without any deep investigation, as admitted by [5]). In the Author’s opinion, the NLTH is the method120

to be used, because it is the only one able to take into account all the peculiarities of these structures. The two paper121

Bernuzzi et al. [11, 27] propose a mixed procedure combining the NLTH with the low-cyclic fatigue theory approach,122

which has been developed and applied to rack frames. The low-cyclic fatigue theory has been added to the NLTH123

in order to monitor, during a seismic event, the damage state in beam-to-column and base-plate connections. This124

methodology can be easily applied and take into account the rack peculiarities giving important design information to125

the designers.126

In the following, after a brief recall on the main principles of base isolation systems, the paper presents a critical127

overview of the seismic devices developed for different steel storage rack typologies, highlighting the main features128

and the advantages associated with their use in practical cases. In addition, different applications of energy dissipation129

devices are briefly discussed. As previously discussed, in the current European and American standards no indications130

are given about the seismic isolation systems applied to racks. In the Authors’ opinion, it is important to spread aware-131

ness among researchers that not only the ’classical’ design is allowed for these frames, but also isolation systems can132

be adopted.133
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2. Suitability of traditional design methods for earthquake-resistant structures for steel134

storage structures135

Presently, the common practice for the seismic design of buildings tends toward safeguarding the human life by136

assuring an adequate level of reliability after the seismic events and guarantees the capability of structures to be reha-137

bilitated after a seismic event [28, 29]. The Seismic design objective is to prevent the collapse of buildings—accepting138

the occurrence of extensive damage—relying on ductile resources. Of course, in order to maximise the exploitation of139

local ductility, structures have to be globally guided to exhibit a global collapse mechanism [30, 31]. To accomplish140

this, however, elements must be thoroughly sized to guarantee the failure-control approach, which acts through the141

capacity design principles [32]. The regions where structures have to exhibit plastic deformations are identified and142

therefore designed with reliable strengths, whereas the brittle-prone regions are designed with hierarchically imposed143

strengths.144

Damage is a consequence of plastic deformations that are unavoidable —desired— to dissipate earthquake energy,145

as long as current seismic code design procedures are to be fulfilled. For what concerns steel structures, members146

made up of compact hot-rolled laminated profiles possess high ductility inherently, hence allowing for plastic design147

of structures. On the other hand, the knowledge transfer to rack structures is hardly straightforward. In the first place,148

low plasticmembers’ resources do not allow to rely on such to provide structures with enough post-elastic deformations.149

The connections are hence identified as the place where plastic deformations can happen – this indeed goes towards150

the capacity design principles, though tabs and slits do not assure ample and stable hysteretic cycles. In fact, beam-151

to-column and base connections inherit their geometries from static load design procedures and have not been yet152

updated to the demand for more ductility. Secondly, the common practice to have the same upright cross-sections153

along the elevation constrains the designers’ choices, making hierarchy criteria not so plainly enforceable for manifest154

economical feasibility.155

Therefore, it is necessary a non-conventional way to design these structures and base isolation system seems to be156

an adequate solution.157

2.1. Main principles of base isolation system design158

Since the first insight about the seismic isolation of buildings, the know-how available has faced a trial-and-error159

update procedure, which nowadays results in a great variety of devices and related techniques to be used for the seis-160

mic isolation of infrastructures and buildings [33]. Over more than a century of developments, seismic isolation seems161

presently to be a mature solution for a new approach to earthquake-resistant design of structure [34], which can en-162

sure post-earthquake functionalities [35]. When the problem concerns buildings, base isolation system (BIS) is the163

most convenient and effectively capable of mitigating earthquake effects [36]. In general, BIS introduces a layer be-164

tween structures and foundations (or basements) made up of suitable devices with low lateral stiffness, which however165
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preserve the former vertical stiffness. The insertion of the isolation system allows to set the fundamental period of166

vibration of the structure at will, which may be selected to be decoupled from the energy contents of most the expected167

seismic events.168

As it is well established, the kinematics of a seismically isolated building can be studied assuming a model with 2169

degrees of freedom (2DOF), after the linear theory of [37, 38]. Figure 3 depicts the linear elastic 2DOF model with170

lumped masses, which may be considered a synthesis of base isolated structures. In terms of relative displacements,171

which are convenient to compare both super-structure displacement us and base displacement ub, the equations of172

motion are given by:173

ms(üb + üs) + csu̇s + ksus = −müg (1)

(ms + mb)üb + müs + cbu̇b + kbub = −(ms + mb)üg (2)

where m is the mass, c is the damping coefficient, k is the stiffness, subscripts b and s refer to isolation system and174

super-structure, respectively. üg is the ground acceleration. Equation (1) is characterised by a circular frequency175

!2s = ks∕ms that is related to the main structure (fixed structure), whereas Equation (2) by !2b = kb∕(ms +mb), which176

is related to the isolation system. It is useful to define the ratio between the periods of the systems � = (Ts∕Tb)2. The177

solution of the eigen-problem associated to the system on equation (1) and (2) yields to identify the two modal periods,178

kb, cb

ks, cs

mb

ms

ug

ub

us

Figure 3: 2DOF base isolation system mechanical model, after De Luca et al. [33]
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approximated to the first order of �:179

T1 = Tb
√

1 − 
�, T2 = Ts

√

1 + 
�
1 − 


(3)

where 
 = ms∕(ms + mb).180

As long as the first order approximation of � holds, the first period of vibration T1 is almost the same of the isolation
system Tb, while the structural period is increased and this effect is as strong as the value of 
 increases. This also
reflects on the structural damping of the system. The damping ratio of the first mode yields to:

�1 = �b(1 −
3
�
2
) (4)

Equation 4 leads to a damping ratio quite similar to the damping ratio that characterises the dynamic of the isolation181

system. Additionally, another benefit comes from the participation factor associated to the first mode, which happens182

to be Γ1 = 1 − 
�, ensuring that most of the seismic effects set into action the structure with a favourable deformed183

shape [39]. It can be instructive to consider the first mode shape �1 = [1, �], which clearly states, though the structures184

undergoes deformation, the most of the displacement is gathered at the isolation level.185

This heads to the following beneficial effects if compared to buildings without seismic isolation:186

1. the significant reduction of the accelerations transmitted to the super-structure, even at the higher levels;187

2. the reduction of the inter-storey drifts: in simple terms, under the action of the earthquake the building moves188

as a rigid block above the isolators.189

2.2. Seismic isolation for steel storage systems190

These aspects, if applied to rack systems, are beneficial because of it is possible to avoid the overturning of the191

stored goods, that is a typical problem when an earthquake income on these structures, as shown in Figure 4, the192

downtime of structures is extraordinarily cut down after seismic events.193

Although a huge number of seismic devices are nowadays available on the market [36, 41, 42], it may be compli-194

cated to apply them directly to rack systems because of economic and technical reasons:195

• for a proper installation of the base isolation system, a rigid diaphragm must be created to avoid differential196

displacements between uprights. This can raise a logistic issue because also the pallet slots at ground level must197

be completely free for the storage of heavier pallets. Moreover, owners avoid using bracing in the down-aisle198

direction as well;199

• the loads applied to the racks can change day by day and very different value of the axial load in the uprights200

can be found. Only logistic reasons govern the load-unload phases and no attention are given to the structural201
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Figure 4: Shake table tests on non-isolated steel storage pallet racks [40]

condition. In many cases, great mass eccentricity is created and consequently torsion effect becomes predomi-202

nant. Mass variability may represent an issue for some kind of base isolation system, which provides different203

periods depending on the vertical loads, e.g. the ones made with rubber;204

• the lateral resisting system is characterised by high slenderness. The limited plan dimension and the great height205

of the racks can bring to the base-uplift problem along the cross-aisle direction, which could be a problem for206

the isolator hardware. Most of the seismic devices are not able to bear tension (sliding devices) or cannot work207

properly (rubber bearing systems). A purposely developed hardware may be considered [43], which is capable208

of bearing compression as well as tension;209

• the dimension of rack uprights is very small if compared with the columns of the traditional building or with
the bridge piles, where usually the isolators are located. Also, the vertical loads are one or even two order of
magnitude less than the usual ones, which are necessary for a certain class of isolators to work efficiently. It is
worth referring to the period of vibration of a rubber isolator device, which can be roughly estimated as:

Tdev ≈ 2�
√

�
G
ntr
g

(5)

where � is the vertical stress, G is the rubber shear modulus, tr is the thickness of the rubber layers, n is the210

number of rubber layers, g is the magnitude of the acceleration of gravity. Equation (5) underlines the reason211

rubber devices cannot apply for the isolation of a system with low mass. The quantities G and ntr, though may212
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be changed, are constrained by technological issues and displacement demand, respectively. Hence, the vertical213

stress upon device imposes the period of vibration, which increases with �1∕2. For instance, considering soft214

rubber and a shear strain 
 = 150%, reasonable figures areG = 0.70MPa, ntr = 0.15m and � = 7.00MPa lead215

to Tdev = 2.46s. However, for pallet racks, it is hard to exceed � = 1.00MPa, so that the corresponding period216

through Equation (5) yields to around 0.92s. The reader, who is interested in more detail about the procedure217

and the values employed herein, can find examples in [33, 37]. Equation (5) can be found also in the Design218

Recommendations for Seismically Isolated Buildings by Architectural Institute of Japan;219

• the direct cost of a common base isolation system has a major impact on the cost of the storage rack frames220

alone. Moreover, throughout the rack life, the owner of the warehouse can change as well as the ownership of221

the stored goods [44]. Often, owners prefer to charge on themselves the risk of a possible collapse rather than222

investing more money in engineer costs, especially when the costs of the merchandise are not so relevant.223

For these reasons researchers are nowadays studying and trying to develop innovative and more efficient devices.224
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3. Principal applications of base isolation strategy on steel racks225

3.1. Warehouse and high-rack structures226

Important studies on high-rack structures with base isolation systems have been carried out by Kilar et al. [45, 46]227

were the nonlinear responses of theFixed Base (FB) andBase Isolated (BI) high racks, with variousmass eccentricities,228

were analysed by using either nonlinear dynamic time history analyses (NLTH) and pushover analyses (POA). The229

presented case study is relative to a real application and its structural model is depicted in Figure 5. The uprights of the230

rack structure are made of omega 100x120mm (outer dimensions) cold-formed sections (H in Figure 5), forming the231

upright frames by means the use of diagonals realised with C 50x30x3mm profiles (K in Figure 5). Uprights have been232

perforate only where beams have been located. Lateral stability have been increased by means the use of supporting233

bracing towers located at both end of the structure. The columns of the supporting structures are made of hot-rolled234

HEA200 (A in Figure 5) sections. All the beams are made of welded boxed SHS type profiles (B,C,I in Figure 5), and235

the diagonals are double L sections (D,G,J in Figure 5). The internal sides of the supporting structures are additionally236

braced by double L sections (E in Figure 5). On the top beams are made of HEA100 (F in Figure 5) profiles while top237

bracing are UPN120/55 (L in Figure 5). The supporting systems provide an increased rigidity to the racks structure238

compared to the classical unbraced racks frame.239

The base isolation system was designed in order to ensure that no damage occurs in the fully and symmetrically240

loaded rack structure after an earthquake. The isolation system was composed by rubber bearings with a diameter of241

45 cm and a total height of 24 cm (including outer steel plates) [47]. They were made of soft rubber (40 durometer) and242

V. Kilar et al. / Engineering Structures 33 (2011) 3471–3482 3473

Fig. 1. Geometry of the base-isolated rack structure with its two outer supporting structures.

a b

Fig. 2. The central rack structure with an inserted empty pallet (a) and a side view of the left hand side supporting structure (b).

2.3. Mass eccentricities and occupancy levels

In rack structures with a prescribed maximum pallet load the

maximum possible eccentricity due to the most unfavourable

distribution of the stored merchandise can be mathematically

related to the payload occupancy level ratio (ψ) of the structure.

The following assumptions have been made in our study:

– a single rack pallet is either empty or loaded with a payload

mass equal to 6 tons,

– thepayloadmass is always distributed in themost unfavourable

position (i.e. shifted towards the edge of the floor plan),

– a column of rack pallets is always considered to be filled

throughout the entire height of the structure (Fig. 1) and

– only mass eccentricities in the down-aisle direction of the

layout of the structure have been considered.

The maximum eccentricity (emax) can be calculated as:

emax =
mG · eG + mQ · eQ

mG + mQ

(1)

where mG and mQ present the mass due to the self-weight/

permanent load and the live load (payload mass at a certain ψ),

respectively, while eG and eQ present their eccentricities. The emax

therefore represents the distance between the centre of mass

(CM) and the geometrical centre of the structure (Fig. 3). In all of

the analysed cases the eG amounts to zero (symmetric structural

system), whereas the eQ on the other hand can be expressed with

regard to the level of occupancy ψ in the following manner:

eQ (ψ) = (1 − ψ) ·
L

2
(2)

where L denotes the length of the rack structure. If we now define

η = mG/mQ as the ratio between mG and mQ and consider Eq. (2)

with Eq. (1), we get:

emax(ψ) =
(1 − ψ)

(η + 1)
·
L

2
. (3)

An example where the payload mass is at the furthest to the right

hand side position of the floor plan is presented in Fig. 3 for a 70%

occupancy level (ψ = 0.7). In this case L = 43.2 m (Fig. 1), the

Figure 5: Geometry of the base-isolated rack structure with its two outer supporting structures (dimensions in metres)
[45].
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have a horizontal stiffness of 650 kN/m, with a damping ratio equal to � = 0.10. Their maximum allowed horizontal243

displacement is equal to 200 mm and the maximum admitted vertical load is 900 kN under seismic actions and 3570244

kN for static load case. A set of 20 rubber bearings, which are distributed around the perimeter of the structure layout,245

have been designed, whereas the middle points of the plan layout are vertically supported by flat-sliding devices. To246

ensure a uniform distribution of stresses and to create a rigid plan onto the base isolation system, a reinforced concrete247

slab with 30 cm of thickness and a series of concrete tie-beams (b/h =40/60 cm), forming a 6 m × 6 m grid, was248

added beneath the structure. This stiff diaphragm resulted in 633 tons of additional mass at the base-storey. The centre249

of stiffness of the isolation system corresponds to the centre of stiffness of the superstructure [45], as well as to the250

geometrical centre of the floor plan.251

The structure was modelled and analysed by using the commercial finite element (FE) computer software SAP2000252

v12.0.1 [48], which is reliable to perform nonlinear dynamic analyses. Firstly, second-order modal analyses have been253

performed to obtain the fundamental period T1 of both models. FB rack has shown a fundamental period of 1.35s in254

the down-aisle and 1.25s in the cross-aisle direction. As expected the base isolation system has increased those values:255

3.47s and 3.42s in the down- and cross-aisle directions, respectively. It must be underlined that these preliminary256

analyses were performed considering the fully loaded loading condition. After, a parametric study has been carried257

out by varying the mass eccentricity in both FB and BI models and two different peak ground accelerations (ag) have258

been selected, namely 0.175g and 0.250g.259

The structure sensitivity to asymmetric live load distributions was analysed with respect to the inherent eccentric-260

ity emax, which represents the distance between the centre of mass and the geometrical centre of the structure. A final261

summary of the most important outcomes of the analyses carried out in [45] are reported in Figure 6. Sub-figure 6(a)262

reports, for each relative eccentricity emax∕B (B is the total length of the structure), the relative displacements of the263

frames on either the stiff and the flexible side, and the centre of mass (CM). Similarly, sub-figure 6(a) reports the storey264

drifts for the rack structure (left panel) and the supporting structure (right panel).265

From the 4 panels in Figure 6, it can be noted that for the FB rack structure the most critical occupancy is not266

the fully one (100%→ emax = 0%), but rather occupancy levels ranging between 85% and 55%, which can produce267

maximum eccentricities ranging from 5% to 15% of the larger floor plan dimension. Incidentally, it must be noticed268

that also a different structural period can vary the effects of the ground motion on to the super-structure. For the FB269

structure, the plastic hinges develop either at column-ends and diagonals of the supporting structures and at the base270

of columns on the flexible side of the central rack structure, which may lead to a dangerous local collapse mechanism.271

The accidental eccentricity, which is prescribed by Eurocode8 (5% of the floor plan dimension), might be too small to272

correctly account for an unfavourable asymmetric payload distribution. On the other hand, the introduction of the base273

isolation system does flatten the effects of having different occupancy levels, as it can be observed from the 4 panels in274

Figure 6. In fact, the relative displacements as well as the storey drift are hardly affected by eccentricity. Additionally,275
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the system can significantly reduce the unfavourable effects of torsion.276
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Fig. 11. The relative displacements of the models for different mass eccentricities.

Fig. 12. Deck rotations of the models for different mass eccentricities.

Furthermore, it has been shown that the effects of asymmetry

are not important if the rack structure is less than half full, because

in these cases the observed response quantities are already smaller

than those corresponding to the symmetric structural variant with

a design occupancy of 70%. In this case it is therefore irrelevant

at which position the pallets are stored. For higher occupancies,

however, some caution might, in practise, be necessary, in order

not to produce an unnecessary mass eccentricity which could

increase the seismic hazard. In the considered test building the

maximum contribution of torsion to the horizontal displacements

due to asymmetry was up to one percent of the building height

in the most unfavourable situation with the eccentricity of about

10% of the floor plan dimension. The accidental eccentricity,

which is prescribed, for example, by Eurocode 8 and amounts

to 5% of the floor plan dimension, might therefore be too small

in order to account correctly for an unfavourable asymmetric

payload distribution. On the other hand, computer monitoring and

management of the rack’s occupancy can also provide a solution to

this problem. Nevertheless, a general lesson learnt is that a certain

additional accidental eccentricity should be used for the analysis

of all such buildings with a high ratio between live and dead

load.

In addition, it was concluded that a base isolation system can

significantly reduce the unfavourable effects of torsion, and that

the effects of torsion in a BI structure are smaller than those

in a FB structure with the same asymmetry. The reduction in

relative displacements and storey drifts of the analysed models

was by a factor of 3, and the reduction in torsional deck rotations

was by a factor of about 5 or 6. The implementation of a BI

system can therefore be a very effective solution, since it can

eliminate all damage to the rack structure as well as to the

supporting structures. In practise the designer would probably

select a somewhatmore flexible isolation system in order to satisfy

other isolation design requirements, as well as to keep the design

on the safe side.

As a side product of this study it has also been concluded

that the extended N2 method can provide good estimates

of displacement and drifts, and is also capable of detecting

nonlinearities of the superstructure in the asymmetric FB and

BI models. It has been shown that the usual pushover analysis

underestimates the base displacement torsional amplifications in

BI models (both for the stiff and flexible side), and that in this

case the torsional amplification factors obtained by the extended

N2 method tend to improve the results. It should be noted that

pushover analysis in one direction can detect only certain plastic

hinges and the buckling of diagonals which are in compression for

this direction of loading. For this reason it is necessary in general to

apply pushover analysis in both (e.g.+ and−) observed directions

in order to account for the same plastic hinge pattern as obtained

by NLDA.

(a)
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Fig. 13. Storey drifts of the models for different mass eccentricities.

Acknowledgments

The authors greatly acknowledge the support of the company

Trimo d.d. for providing all the necessary data of the examined

structure. The presented research work has been partially founded

by the Slovenian Research Agency.

References

[1] Sideris P, Filiatrault A, Leclerc M, Tremblay R. Experimental investigation
on the seismic behavior of palletized merchandise in steel storage racks.
Earthquake Spectra 2010;26(1):209–33.

[2] Alhan C, Gavin HP. Reliability of base isolation for the protection of critical
equipment from earthquake hazards. Eng Struct 2005;27(9):1435–49.

[3] GodleyMHR. Plastic design of pallet rack beams. Thin-Walled Structures 1997;
29(1–4):175–88.

[4] Freitas AMS, Souza FT, Freitas SR. Analysis and behavior of steel storage drive-
in racks. Thin-Walled Structures 2010;48(2):110–7.

[5] Filiatrault A, Higgins PS, Wanitkorkul A, Courtwright JA, Michael R. Experi-
mental seismic response of base isolated pallet-type steel storage racks. Earth-
quake Spectra 2008;24(3):617–39.

[6] Ng ALY, Beale RG, Godley MHR. Methods of restraining progressive collapse in
rack structures. Eng Struct 2009;31(7):1460–8.

[7] Baldassino N, Bernuzzi C. Analysis and behaviour of steel storage pallet racks.
Thin-Walled Structures 2000;37(4):277–304.

[8] Aguirre C. Seismic behavior of rack structures. Journal of Constructional Steel
Research 2005;61(5):607–24.

[9] Abdel-Jaber M, Beale RG, Godley MHR. A theoretical and experimental
investigation of pallet rack structures under sway. Journal of Constructional
Steel Research 2006;62(1–2):668–80.

[10] Di Sarno L, Elnashai AS, Nethercot DA. Seismic retrofitting of framed structures
with stainless steel. Journal of Constructional Steel Research 2006;62(1–2):
93–104.

[11] FEM. Recommendations for the design of static steel pallet racks under seismic
conditions – prFEM10.2.08. Birmingham: European Racking Federation; 2005.

[12] CEN. Eurocode 3: Design of steel structures – Part 1-1: General structural rules,
EN 1993-1-1. Brussels: European Committee for Standardization; 2005.

[13] CEN. Eurocode 8: Design of structures for earthquake resistance – Part 1:
General rules, seismic actions and rules for buildings, EN 1998-1. Brussels:
European Committee for Standardization; 2005.

[14] Kilar V, Koren D. Seismic behaviour of asymmetric base isolated structures
with various distributions of isolators. Eng Struct 2009;31(4):910–21.

[15] CSI. SAP2000 (v12.0.1) – Linear and nonlinear static and dynamic analysis and
design of three-dimensional structures. Berkeley: Computer & Structures, Inc;
2008.

[16] Bruneau M, Uang CM, Whittaker A. Ductile design of steel structures. Boston:
McGraw-Hill; 1998.

[17] Federal Emergency Management Agency. Prestandard and commentary for
the seismic rehabilitation of buildings, FEMA-356. Washington D.C.: FEMA;
2000.

[18] Elghazouli AY, Castro JM, Izzuddin BA. Seismic performance of composite
moment-resisting frames. Eng Struct 2008;30(7):1802–19.

[19] Naumoski ND. Program SYNTH: Generation of artificial accelerograms
compatible with target spectrum. Nove D Naumoski; 1998.

(b)

Figure 6: Deck rotation of the models for different mass eccentricities (a) and storey drifts of the models for different
mass eccentricities (b) [45].

As a whole, the effects of torsion in the BI structure are smaller than the ones in the FB structure: the reduction277

in torsional deck rotations was by a factor of 5 (Figure 6(a)). Furthermore, the reduction in terms of inter-storey drifts278

was by a factor of 3 as can be observed from Figure 6(b). Overall, the implementation of a BIS can therefore be a very279

effective solution, since it can get rid of all damages from the rack structures as well as from the supporting structures.280

Finally, Kilar et al. [46] presents an interesting cost analysis on the same high rack structure of Figure 5. Fig-281

ure 7 reports the data of a cost analysis performed on 2 configurations (i.e. SYM and ASYM, short for symmetric282

and asymmetric, respectively) of the same structure and with 2 seismic intensities. The difference between the two283
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cases stands in the way the pay-load is distributed i.e. SYM emax = 0%; ASYM emax = 10%. However, both of them284

share the same occupancy level. It was shown that a base isolation system is probably not economically feasible for285

smaller to moderate ground motion intensities, if only the pure repair costs are observed. However, if the downtime286

(Cd loss of function) costs and damaged content costs are taken into consideration, along with the structural costs Cs287

and the damaged content costs Cc , it can be noted that the isolation system could be economically viable for all the288

analysed seismic intensity (Figure 7). The costs of base isolation are represented by the red straight line, and can be289

approximated to 10% of initial building costs. If the total costs are considered, it can be noted that the costs increase290

as the seismic magnitude does and if full occupancy is considered, the total induced costs could exceed the costs of291

the original structure. The base isolation solution results always the more convenient. Obviously, the results of this292

cost analysis are strictly dependent on the Authors’ assumptions on the costs and on the duration of different structural293

recovery operations. The Authors of this work have found that those assumptions are fairly representative of a real-like294

scenario.295

Figure 7: Seismic isolation costs versus total costs (structural repair, downtime and damaged content) for different
occupancy levels and ground motion intensities [46].

It can be concluded that the discussed isolation strategy can be classified as a classical base isolation procedure,296

commonly used for buildings, and grounds on a well-know theoretical background. Both articles [45, 46] present an297

interesting application of a base isolation system to a non-conventional structures, which requested to develop a more298

extensive analysis campaign for the high uncertainties related to the mass distribution. Since the isolation system299

is made up of elastomeric seismic isolators, the great variability of the mass distribution does affect the fundamen-300

tal structural period which, in turn, implies different seismic effects on the super-structure. In contrast, the seismic301

isolation of buildings has much fewer degrees of freedom. Nevertheless, a great advantage arises, that is, the main302

peculiarities of racks systems can be partially faced and the suppliers of such structures could use their long-established303

know-how also for seismic-prone areas.304
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3.2. Wine-barrel racks305

Losses experienced by the wine industries after severe quake events have underlined the structural weakness of the306

winery facilities [49, 50]. Most of the spilled wine was stored in steel legged tanks, which experience local buckling307

failures of the tank walls [51]. However, high quality wines and spirits are often stored in wooden wine barrels, whose308

racking systems also have undergone several collapses. On the wake of this, the work of Candia et al. [52] investigated309

analytically the behaviour of wine barrel configurations, identifying a remarkable increase of forces in the stack’s310

components. Some published research was focused on the nonlinear rocking behaviour of wine barrel stacks during311

seismic excitation. Chadwell et al. [53, 54] conducted a research to provide wine barrel stacks with collapse mitigation312

by using seismic isolation ball bearings.313

The system proposed by [54] is a bearing device which leans on balls made of hardened steel, rolling inside a314

polished cubic polynomial surface (Figure 8(a)). The best curved surface was fit through computer simulations to315

optimise the transference of forces from high frequency earthquake vibrations byminimising the initial bearing stiffness316

anywhere — flat surface. Moreover, for near source type ground motions containing either fling steps or velocity pulse317

type characteristics, the design was such that the ball bearing force transmittance was limited. This was accomplished318

when the ball bearings, rolling upon a curved surface, reaches the critical friction angle where the ball slides against319

the surface while continuing to roll upon the concrete warehouse floor. Figure 8(b) depicts the hysteretic behaviour320

of the device highlighting the three main phases. In this application attention is paid only on collapse prevention and321

excessive lateral displacements are not a main concern.322
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4. Isolation System Development 

 
The proposed base isolation system allows for unrestrained lateral displacement of the entire barrel stack 

relative to the concrete floor.  By reducing the friction coefficient at the base of the system, the effective 

base shear capacity and associated force transmission to the barrel stack are proportionately reduced.  The 

sliding demand/capacity ratio of the bottom barrel level, at the location of the isolation bearings, becomes the 

controlling failure mechanism. Sliding at this location allows the barrel stack to move as a single unit. 

Analysis shows that a friction coefficient of approximately 16% and below would provide seismic barrel 

stack protection for a four level barrel stack.   

 
The isolation device prototyped for collapse mitigation is a steel ball bearing that rolls inside a polynomial 

curved surface milled from steel. The test results presented here are for the steel on steel bearing. The authors 

are currently preparing to test an identical bearing that is Teflon coated steel on steel.  The best fit curved 

surface profile was fit through computer simulation to minimize the force transfer at the base rack atop the 

typical warehouse concrete floor. In design of the bearing, the idea was to minimize the transference of forces 

from high frequency earthquake vibration by minimizing the initial bearing stiffness anywhere between near 

zero to zero.  This was achieved by an initial flat plate section of the bearing. Secondly, for near source type 

ground motions containing either fling step or velocity pulse type characteristics, the design was such that the 

ball bearing force transmittance was limited.  This was achieved when the ball bearing, rolling upon a 

curved surface, reaches the critical friction angle where the ball slides against the Teflon while continuing to 

roll upon the concrete warehouse floor. 

 

In early prototyping, decisions about the number and size of the ball bearing to use were considered (Brown, 

2007).  It was found that 16 contact points of 0.75 in diameter ball bearings was sufficient to minimize 

potential damage to the warehouse concrete floor during service for a five level barrel stack.  A five level 

barrel stack weighs approximately 6,500 lbs resulting in an estimated load at each point of contact of 400 lbs. 

As the ball bearings are hardened steel, they leave a small pock mark in the floor slab at the point of contact 

and introduce a force that has to be overcome before the stack can begin to move. 

 

The behavior of the bearing (Figure 4.1) is such that as the ground moves underneath the device due to 

seismic excitation, the ball is forced to roll against the cubic surface similar to the well established friction 

pendulum system.  However, because the surface is cubic, the resulting force displacement is roughly 

parabolic and the tangent stiffness consequently changes linearly with increasing lateral displacements.   

 

 
 

Figure 4.1 Isolation Device Schematic 

 

As the hardened steel ball bearing rolls up the curve, the force tangent to the Teflon/ball bearing surface 

reaches a capacity that is dictated by the friction coefficient between Teflon and steel.  Once this capacity is 

reached, the ball slides against the Teflon surface, essentially creating an equivalent yield force (force 

transmission fuse).  While at this yield point, the bearing will no longer travel along the cubic surface but 

will continue to travel on the ground below, increasing displacement, while transmitting a finite force up 

(a)
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through the stack equal to the friction coefficient times the weight above.  Unique to this type of system is 

that the horizontal yield force is exactly the same as the friction force tangent to the contact of the bearing 

with the Teflon surface.  Furthermore, the reaction at the concrete ball bearing contact point is equal to the 

normal force at the Teflon/ball bearing contact point.  This can be shown using static moment equilibrium at 

the center of the ball bearing in the deformed configuration (Figure 4.2). 

 

 
 

Figure 4.2 Free body Diagram of Ball Bearing 

 

Due to the lower friction coefficient between the ball bearing and the upper curved surface compared to the 

ball bearing contact point with the concrete surface, sliding will always occur at the Teflon/steel contact 

point.  Figure 4.3 shows the force displacement articulation model for the wine barrel rack mounted on the 

prototype seismic isolation bearing.  The force displacement curve shown has a yield force of 0.125 kips 

consistent with a two level stack and an assumed Teflon/steel friction coefficient of 5%.  Details of the 

theoretical development of the force displacement articulation model are not provided here for brevity. 

 
 

 
 

Figure 4.3 Force-Displacement Articulation model of the Isolation Device 

 

When the ball reaches the yielding plateau, increased displacements are seen with no increase in force. 

Essentially, the tangent stiffness of the system drops to zero.  Also, in Figure 4.3, a flat region (a region of 

zero slope) can be observed near the origin.  This flat surface is a direct correlation to a physical flat surface 

(b)

Figure 8: Isolation device schematic (a) and force-displacement articulation model of the isolation device (b) [54]

The proposed base isolation system allows for unrestrained lateral displacements of the whole barrel stack relative323

to the concrete floor. If the friction coefficient at the base of the system is reduced, the effective base shear capacity and324

associated force transmission to the barrel stack are proportionately reduced. The sliding demand-to-capacity ratio of325

the bottom barrel level at the location of the isolation bearings becomes the controlling failure mechanism. Analyses326

show that a friction coefficient of approximately 16% and below would provide seismic protection for a four-level327

barrel stack. The behaviour of the bearing (Figure 8(b)) is such that as the ground moves underneath the device due to328
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seismic excitation, the ball is forced to roll against the surface like a pendulum system. However, because the surface329

is cubic, the resulting force-displacement curve is roughly parabolic and the tangent stiffness consequently changes330

linearly with increasing lateral displacements. As the hardened steel ball bearing rolls up the curve, the force tangent331

to the ball bearing surface reaches a capacity that is dictated by the friction coefficient between the two surfaces.332

Once this capacity is reached, the ball slides against the Teflon surface, essentially creating an equivalent yield333

force (force transmission fuse). While at this yield point, the bearing will no longer travel along the cubic surface but334

will continue to travel on the ground below, increasing displacement, while transmitting a limited force up through the335

stack equal to the friction coefficient times the weight above. Unique to this type of system is that the horizontal yield336

force is the same as the friction force tangent to the contact of the bearing with the surface. Furthermore, the reaction at337

the concrete ball bearing contact point is equal to the normal force at the surface/ball bearing contact point. However,338

the ball bearings leave a small pock mark on the concrete floor slab, introducing a force that must be overcome before339

the stack can move. With the chosen surface and a dimension of 19 mm diameter for the ball bearings, the numbers of340

contact points was 16. The isolation system was created for a maximum of five-barrel stack with 28kN of weight.341

TheAuthors have conducted also some interesting experimental activities on shake table with different input ground342

motions (named LA16, LA18 and LA19). In Figure 9 the results obtained from the last ground motion, whose peak343

ground acceleration was around 0.70g, are sketched. After the tests, the Authors report that the total relative displace-344

ments were concentrated between the base rack and the simulated concrete floor. No rocking of barrel was observed.345

It can be noted that little residual displacements remain after earthquake, highlighting no fully re-centring capacity of346

this isolation system. Nevertheless, this problem was not addressed by the Authors at all.347

The evidence from initial full scale testing of wine barrel stacks mounted upon an isolation system consisting of348

a steel ball bearing rolling/sliding in a concave cubic polynomial surface is promising. The device has shown to be349

working as designed for the wine barrel configurations tested and to mitigate wine barrel stack collapse by effectively350

decoupling the wine barrel stack from the ground motion. Unluckily, no comparison is made between isolated and non-351

isolated system so the improvement given by the isolation system is not clear. This research program will conclude352

with a statistical analysis to establish the probability of failure of wine barrel stacks as both a function of stack height,353

as well as stacks with and without the isolation bearings.354

The reported results clearly show the efficiency of this isolation system, which is able to mitigate the accelera-355

tion and avoid the overturning of the wine-barrels. This system can be easily adopted also in different rack systems.356

Unfortunately, no information about cost-analysis is reported.357

3.3. Pellegrino® isolation system358

The isolation system developed by RIGID-U-RAK [https://www.ridgurak.com/ accessed 2020] have been359

named with the trademark Pellegrino® and provides seismic isolation exclusively in the cross-aisle direction of pallet360

type steel storage racks, by incorporating high damped elastomeric bearings and friction plates (Figure 10(a)). Filia-361
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6. Full Scale Test Results 

Consistent with previous research, three earthquake ground motions were used to evaluate the performance of 
the isolation device (LA16, LA18, and LA19).  At the time of authorship of this document, testing of the one 
and two level barrel stacks with the steel on steel seismic isolation bearing has been conducted.  Displacement 
time histories of the base barrel are provided for the one and two level barrel stacks in Figure 6.1.  In all tests 
conducted, neither sliding of the barrel upon rack nor barrel rocking was observed.  In fact, the total relative 
displacements were concentrated between the base rack and the simulated concrete warehouse floor. 
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Figure 6.1 Stack Displacement Time Histories for LA16, LA18, LA19 
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Figure 9: Considered structures (a) and their seismic responses under the North Palm Springs, 1986 (LA19) (b)[54]

trault et al. [40] presents a summary of experimental results from tests of isolated pallet racks performed on the triaxial362

shake table at the University of Buffalo (US). The base isolation system considered in this study is designed to provide363

base isolation in the cross-aisle direction of a pallet rack system, while providing similar restraints as conventional364

bolted base plates in the down-aisle direction.365

The objective of the isolation in the cross-aisle direction is to reduce the horizontal accelerations of the rack in order366

to avoid content spillage and structural damage during a major seismic event, without interfering with normal material367

handling operations. The base isolation is not designed to provide isolation in the down-aisle direction, though. The368

system (Figure 10(b)) consists of a U-shape plate (Horizontal Support), inserted inside a steel box (Box Fabrication)369

which is welded on the base plate (Base Plate). Actually, the base plate and the steel box make up a one-piece com-370

ponent, which represents the fixed part of the device (refer to Figure 10(a)). As it may sound clear, the base plate is371

anchored to the building slab by means of anchor bolts. In this framework, the two uprights are bolted onto the flange of372

the U-shape profile. Two seismic mounts make up the connection between the movable part, i.e. the horizontal support373

plate, and the fixed one, i.e. box fabrication + base plate.374

The lateral seismic shear forces are carried by the mounts and by friction between the horizontal support and375
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(a)

 

36 
 

 
Figure 1.5: Current Production Base Isolation System for Steel Storage Racks (Photo 

from Ridg-U-Rak) 

 
Figure 1.6: Detailed Components of Base Isolation System for Steel Storage Racks 

(CAD model created in Pro/E) (b)

Figure 10: Pellegrino® device (a) (font https://www.ridgurak.com/). Rendered view of the base isolation system
Pellegrino® for steel storage racks. The principal components are given (b) [55]

bearing plates. The horizontal support plate can slide on the base plate of the box, which is coated with low-friction376

bearing material, when seismic loading is acting along the cross-aisle direction. If the uprights are engaged in com-377

pression, the two mounts are mainly engaged in shear stress and little tension. However, if there is an upright in tension,378

one of the two mounts must be engaged in compression as well as shear. Therefore, the lateral stiffness of the isolation379

system is provided only by the two parallel mounts. In the down-aisle direction, the rubber mounts are restrained by380

the side walls of the horizontal support plate, effectively restraining displacements in that direction and encloses two381

multi-layered high damping laminated elastomer. It is important to stress that the most of the force along the down-382

aisle direction are transmitted by contact U-shape plate-steel box, whereas a small amount, by friction mechanism.383

The Ph.D. thesis developed by [55] describes all the preliminary tests made on this isolation system, whose principal384

results are summarised in Table 1. It can be noted that, the lateral and the compression stiffness of the devices are385

changing with the variation of the hardness of the rubber. On the contrary, the equivalent damping ratios remain about386

the same. The maximum lateral displacements are for both cases equal to 100 mm.387

Table 1
Principal characteristics for the Pellegrino base isolation system [40]

Rubber
durometer

Shear stiffness
[kN/m]

Equivalent
damping ratio

Compression
stiffness
[kN/m]

Max lateral
displacement
[mm]

40 47 0.20 373 100
60 93 0.22 634 100

Full-scale tests were performed on the triaxial shake table in the Structural Engineering and Earthquake Simulation388
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Laboratory (SEESL) at the University at Buffalo (US). Several loading distributions were considered and the tests389

were repeated with increasing intensity of earthquakes. First of all, natural periods of all the tested racks have been390

determinate via pulse tests. Full-cycle acceleration time-history at a frequency of 10 Hz and amplitude of 0.05 g was391

generated by the shake table in the three orthogonal directions of the rack to assess the fundamental periods of vibration,392

which are collected in Table 2. Tests have been conducted by using different type of weights to simulate the stored393

products: concrete blocks of 21.8 kN of weight each, light merchandise (23.1 kN total), intermediate merchandise (94.1394

kN total) and heavy merchandise (176.5 kN total). In the down-aisle direction fundamental periods of FB racks are395

significantly longer than those of the cross-aisle (in case of concrete block as pallets e.g. 1.30s vs 0.57s). In case of light396

merchandise, the cross-aisle period for FB rack results very small, highlighting the really low value of the weight used397

for this case. For the base isolated rack configurations, the cross-aisle fundamental periods are much longer than the398

cross-aisle periods of the conventional rack configurations. Conversely, the periods along the down-aisle direction are399

slightly longer than those of the FB configurations, meeting the objective of providing base isolation in one direction400

only.401

Table 2
Measured initial fundamental periods of rack specimens [40]

Test
Series

Rack configu-
ration

Base Isolator Rubber
Durometer

Loading Fundamental period (s)

Down-aisle Cross-aisle

1A
1B

Base isolated
Fixed based

60
N/A Concrete blocks

1.37
1.30

1.71
0.57

2, 10
6

Base isolated
Fixed based

40
N/A Light Merchandise

0.59
0.47

1.45
0.19

3
7

Base isolated
Fixed based

40
N/A Intermediate Mer-

chandise

0.89
0.79

1.75
0.46

4
5, 9
8, 11

Base isolated
Base isolated
Fixed based

40
60
N/A

Heavy Merchandise
1.14
1.12
1.00

1.71
1.75
0.55

The synthetic seismic input has been generated starting from the maximum considered earthquake (MCE) demand402

for a site Class D in a high seismic zone (e.g. California), given in the FEMA 460 document [20] where is defined also403

the Design Earthquake (DE) for the life safety performance. In particular, the 150% seismic input level meets the MCE404

(0.7g) and the 100% meets the DE (0.47g). Observing the results of the seismic tests, they have clearly demonstrated405

the improved structural performance of a rack structure incorporating a cross-aisle base isolation system. The base406

isolation system considered in this study significantly reduced the cross-aisle absolute accelerations and inter-storey407

drifts (Figure 11) of the rack structure compared with the values measured in the same rack conventionally anchored408

at its base. For the rigid base rack, an inter-storey drift of 4% occurred at the first level of the rack. As it may be clear,409

the structure exhibits a soft-storey failure mechanism which is the worst scenario ever. On the other hand, the base410
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isolated configuration shows that the inter-storey drift remains under 0.7% at all levels (Figure 11).411

tal bracing member, as shown in Figure 8b). After this damage it was decided that the

rigid based rack was not structurally sound to undergo a final triaxial test at 100% (DE)

test level and the seismic testing program was stopped for this rack.

These observations clearly indicate the superior performance of the base isolated

rack tested in Test Series 1A over the similar conventional (rigid based) rack tested in

Test Series 1B. The rigid based rack did not meet the life safety performance objective

recommended in the FEMA 460 document since severe structural damage occurred at

intensity less than the DE level (100% test level). The base isolated rack, on the other

hand, met the DE life-safety performance expectation of FEMA 460 since no structural

damage was observed and the acceleration levels in the cross-aisle direction were low

and would not cause merchandise spilling, as discussed in the next section. The MCE

collapse prevention performance objective was not investigated in these first two test se-

ries since the base isolated rack was not excited beyond 100% (DE) test level.

Measured Acceleration Responses

Figure 9 compares for various seismic excitation amplitudes the measured top level

peak accelerations in the cross-aisle direction of the base isolated rack tested in Test Se-

ries 1A with that measured on the conventional rack tested in Test Series 1B. The results

shown in the figure were obtained from all the cross-aisle seismic tests conducted in the

first two test series.

The base isolated rack configuration substantially reduced the accelerations in the

cross-aisle direction. For all seismic tests conducted on the base isolated rack in Test

Series 1A, the peak cross-aisle accelerations did not exceed 0.24 g at 100% (DE) test

level. It is expected that this level of acceleration would not cause spilling of merchan-

dise from the base isolated rack (Filiatrault 2001).

Figure 9. Variations of peak top level cross-aisle accelerations with excitation amplitudes, Test

Series 1A and 1B.
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Measured Interstory Drift Responses

Figure 10 compares the envelopes of peak cross-aisle interstory drifts measured on

the base isolated rack in Test Series 1A with that measured on the conventional rack in

Test Series 1B. The results are presented for a cross-aisle seismic excitation at 50% test

level. For the rigid based rack, an interstory drift of nearly 4% occurred at the first level

of the rack. The base isolated configuration reduced interstory drift at all levels below

0.7%.

Base Isolation Displacements

Figure 11 shows the envelope of peak displacements measured across the base iso-

lators used for Test Series 1A for various cross-aisle seismic excitation amplitudes. In all

tests, the peak displacements were less than 100 mm and varied almost linearly with the

amplitude of the excitation up to 100% (DE) test level. Very little variations in peak re-

sponse were observed between the three different isolation units used in Test Series 1A,

indicating minimal differential movement between the three isolated frames.

Base Isolation Hysteretic Response

The shear force developed by each base isolator unit can be estimated by summing

the inertia forces (mass � acceleration) measured on the frame supported by each iso-

lator. The mass is estimated by the tributary content weight carried by each frame. When

this base shear force is plotted against the displacement across the base isolator, an es-

timate of the force—displacement hysteretic response of the isolator unit can be ob-

tained.

Figure 12 shows the estimated hysteretic response of the east base isolator used in

Test Series 1A under a cross-aisle seismic excitation at 100% (DE) test level. Also

shown in the figure is the static lateral stiffness of the base isolation unit (see Table 1).

Figure 10. Envelopes of peak cross-aisle interstory drifts, cross-aisle seismic excitations, 50%

test level, Test Series 1A and 1B.
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(b)

Figure 11: Variations of peak top level cross-aisle accelerations with excitation amplitudes (a), and envelopes of peak
cross-aisle interstorey drifts, cross-aisle seismic excitations (b), 50% test level, Test Series 1A and 1B. [40]

Although the base isolation system is designed to isolate the rack in the cross-aisle direction, it has also some412

beneficial effects in reducing the accelerations of the racks in the down-aisle direction, up to 1.5 and 2.1 times lower413

for light and heavy merchandise, respectively. This beneficial effect is due to the slight increase in the down-aisle414

natural period of the racks (Table 2). The efficiency of the base isolation system in reducing the cross- and down-aisle415

accelerations increases with the weight of the merchandise.416

For the base isolated rack configurations no overturning of the merchandise during triaxial excitation, correspond-417

ing to 100% test level (life safety performance), has been observed. Under a triaxial seismic excitation at 200% test418

level, the base isolated rack loaded with light merchandise recorded an item falling from the topmost level. On the419

other hand, the base isolated rack loaded with heavy merchandise did not sustained any loss. Under the same 200%420

triaxial excitation, the rigid based rack did lose almost all of the stored items (last frame of Figure 4). Moreover, the421

conventional (rigid based) racks suffered significant structural damage as a result of the triaxial seismic tests. Fol-422

lowing a triaxial seismic excitation at 65% test level, yielding, local buckling and cracking at the base of the central423

uprights were observed (Figure 12(a)). On the other hand, damage on the base isolated structure, for the case with424

heavy merchandise, cracking and tearing across down-aisle connector perforations in uprights was observed (Figure425

12(b)).426

During the seismic test at 150% test level, both central uprights sheared off completely from their base plates just427

above the welds. Finally, it was judged that the rigid based racks did not meet the expected performance objectives428

recommended in the FEMA 460 document since serious structural damage occurred at intensity less than the DE.429
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isolators. The second value was measured during the seismic tests after significant slid-

ing of the base isolation system developed. Therefore, the second value represents the

true cross-aisle period of the base isolated rack. For the base isolated rack configura-

tions, the cross-aisle fundamental periods after the isolators are activated are much

longer than the cross-aisle fundamental periods of the conventional rack configurations.

The down-aisle fundamental periods of the base isolated racks are only slightly longer

than that of the conventional rack configurations, therefore meeting the objective of pro-

viding base isolation in the cross-aisle direction only.

SEISMIC TEST RESULTS

RACKS LOADED WITH CONCRETE BLOCKS (TEST SERIES 1A AND 1B)

The first two test series were preliminary investigations in order to assess the effi-

ciency of the proposed base isolation system. For this series only, concrete blocks rigidly

banded to the beams were used to load the 3-level racks and only uniaxial seismic tests

in the cross-aisle direction were conducted. Therefore, the results of this test series are

reported separately than the results for the other test series involving 4-level racks

loaded with real merchandise.

Observed Performance

The base isolated rack remained free of structural damage for all the cross-aisle seis-

mic tests conducted up to 100% test (DE) level, which was the most intense seismic test

of Test Series 1A. As shown in Figure 8a), only minor scouring was observed on the

interior side walls of the U-shaped horizontal support plate as a result of the sliding of

the base isolation against these surfaces during the seismic tests.

Under a cross-aisle excitation corresponding to 50% test level, slight local inelastic

buckling of the central uprights along with uplifting and yielding of the corresponding

base plates were observed in the rigid based rack during Test Series 1B. At the 65% test

level, more severe local inelastic buckling was seen in the same central uprights of the

rigid based rack along with weld cracking between the uprights and the central horizon-

Figure 8. Observed damage during Test Series 1A and 1B; a) minor scouring on U-shaped

horizontal support plate of base isolator, Test Series 1A, 50% test level; b) buckling of central

upright of rigid based rack, Test Series 1B, 65% test level.
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The most important structural damage to the base isolated racks was observed during

the dismantling of the racks following Test Series 5 and 9 after the rack structures had

undergone several high intensity seismic tests. As shown in Figure 14c), cracking and

tearing were observed on the upright walls across the down-aisle connector perforations

connecting the beams as a result of the severe 200% test level shaking. Damage in the

Figure 14. Observed damage to base isolated racks during Test Series 2 to 12. a) Scouring on

U-shaped horizontal support plate of base isolator, Test Series 5; b) minor damage to low fric-

tion nylon bearing material of base isolator, Test Series 5; c) cracking and tearing across down-

aisle connector perforations in uprights of base isolated racks following Test Series 5 and 9; d)

damage to beam connectors of base isolated racks following Test Series 5 and 9; e) failure of

central upright of rigid based rack, Test Series 8.
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(b)

Figure 12: Buckling of central upright of rigid based rack, Test Series 1B, 65% test level (a). Cracking and tearing
across down- aisle connector perforations in uprights of base isolated racks following Test Series 5 and 9, 200% test
level (b) [40].

3.4. Loki base system430

LOKIBASE is an isolator device developed mainly for steel storage pallet rack structures and it works in both431

down- and cross-aisle directions [http://www.lokibase.com, accessed 2020]. It consists of the following main432

components (Figure 13(a)): i) two slider devices on which a rubber membrane is set up (LOKI devices); ii) a beam433

damper (called CANDLE); iii) two anti-lifting devices (UP-LIFT); iv) a fuse plug. The two slider devices, rigid in the434

vertical direction and with low friction resistance in the horizontal one, allow to support vertical loads and decouple435

sliding planes, thanks to marble bearing systems. The rubber membrane is intended as an elastic element capable of436

providing recentring forces, which tend to mend the residual displacement of the system after a seismic event. Tensile437

forces are not carried by the system and, for these reason, two anti-lifting frames are provided on each upright frame.438

A fuse plug is mounted on each upright frame, used to avoid small oscillations during normal conditions of the picking439

operations. As it appears clear from Figure 13(a), the LOKIBASE is a compound of several devices, and needs to be440

put in place in order to make up the whole isolator. Despite this, neither the website nor the 2 papers provide any detail441

but for the LOKI itself and the CANDLE element. As a consequence, no further information can be grasped from the442

available material on the behaviour of the UP-LIFT frames and the CANDLE within a seismic framework.443

During the years of its development several experimental tests have been performed, which are useful to characterise444

its hysteretic behaviour. The theoretical characterisation of the system is available in two companion papers [56, 57].445

The first [56] focuses on the analysis of the cylindrical beam damper (CANDLE), whose experimental tests were run446
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Figure 13: LOKIBASE system with its principal components (a); Internal component of LOKI device (b)

at University of Trento Laboratory (Italy), and then provides a theoretical model for the fully operating device. The447

latter [57] mostly deals with the optimisation of the beam damper, considering two different cross sections i.e. circular448

and double circular. In fact, the main aim of this is to funnel into the device the capability of having two different449

stiffnesses along the cross- and down-aisle direction, respectively. From the reanalysis of the results of the proposed450

device, which are obtained with the double circular section, it can be noted that:451

• in the cross-aisle direction, the secant stiffness at the maximum design displacement is equal to 21.20 N/mm452

with an equivalent viscous damping ratio � = 0.25;453

• in the down-aisle direction, the secant stiffness is 15.90N/mmwith an equivalent viscous damping ratio � = 0.16;454

where the maximum design displacement for the tested specimen is 174 mm.455

The results exposed in the two papers - [56] and [57] - refer to cyclic tests carried out on the element called456

CANDLE, though. The results of the tests confirmed that the device can be designed to provide different stiffness457

along each main direction, so giving the chance to make it suit to different requirements. However, it must be noticed458

that results of the theoretical model are not thoroughly inferred, for it is not straightforward to extrapolate the behaviour459

of the whole device as in place from just the tests on the dissipative element. The membrane, which is the recentring460

system, was not in place when the tests were performed henceforth the elastic stiffness of the system must be different.461

If the membrane geometry is taken into account, a non linear component may rise due to its non-symmetrical deformed462

shape. Also, the anti-lifting system has not tested. In order to provide a complete physical characterisation, the whole463
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device must undergo to dynamic tests to check out its capabilities.464

Finally, some footage of full-scale tests are reported on [http://www.lokibase.com, accessed 2020] focused465

on the comparison between an isolated and a non-isolated structure, under seismic actions: i) for a barrel-wine rack466

(similar to the ones discussed in Section 3.2); ii) for a one-bay four-storeys steel storage rack. The earthquake has467

been simulated by a bi-directional shake-table. The tests on storage pallet racks have been conducted with different468

typology of pallets. It is remarked in a really clear way the capacity of this system to dissipate in both cross- and469

down-aisle direction, as it fits the purpose of the LOKIBASE system. Two principal differences can be noted from the470

short movies: with no isolation the displacements are bigger than the ones observed with the isolation and overturning471

of top pallets happens only in non-isolated frame. Unfortunately no more detailed test results have been published so472

far, despite they being of great interest.473

3.5. IsolGOODS® isolation system474

FIP MEC (formerly FIP Industriale) has recently developed a system, named with the trademark IsolGOODS®,475

specific for the seismic isolation of adjustable pallet racking systems.476

Figure 14 depicts an unidirectional seismic isolation device suitably designed and patented, which provides seismic477

isolation to the rack in the cross-aisle direction only, similarly to the system described above in Section 3.3. As already478

discussed, the fundamental period of the rack in the cross-aisle direction is usually much lower than in the down-aisle479

direction, and thus this direction is the most affected by earthquake-induced effects. That is why this system provides480

seismic isolation only in the cross-aisle direction, while the behaviour in the down-aisle direction remains mostly481

unaltered. This allows to use the pallets slots at ground level, as in a conventional pallet rack, while said pallet slots are482

lost when using multi-directional isolators. Additionally, the system is able to prevent the up-lift of the rack, that could483

happen in particular load cases under high seismicity actions, in particular in single-entry pallet racks. IsolGOODS®
484

working principle is that of a pendulum isolator or Curved Surface Slider (CSS) as defined in [41], with a double or485

single surface of sliding. Low-lateral flexibility is guaranteed by a low-friction material. In fact, FIP uses for this486

device a particular material, i.e. FIP friction material (FFM), which is an ultra-high molecular weight poly-ethylene487

(UHMW-PE) that ensures very high load-bearing capacity and wear resistance [58].488

As it is well known, CSS devices inherently provide a restoring capability related to the radius of curvature, while489

energy dissipation is provided through friction. The most important feature is that the fundamental period of a structure490

isolated through CSS is independent from the mass. This is of particular interest for racks, whose mass distribution491

is mostly unknown and its high variability may pose an issue to identify the worst load-scenario. The IsolGOODS®
492

system was subjected to characterisation tests similar to those required by the European Standard on Anti-seismic493

devices [41]. Furthermore, the performance of the isolation system has been assessed by means of shake table test494

performed at the FIP Laboratory Tests (Italy). A one-bay four-storey pallet rack was equipped with the presented495

isolation system and its dynamic behaviour was studied under a set of ground motions. Unfortunately, neither the re-496
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Figure 14: Render views of the IsolGOODS® device (a) and installed under a single-entry pallet rack (b). (courtesy of
FIP MEC s.r.l.)

sults of these tests nor a detailed description of the device have been published yet and consequently, no more specific497

information can be given.498
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4. Other strategy for retrofitting: Energy dissipation devices499

Other strategies for the seismic design and retrofit of rack systems can be put into practice. If the structures are500

provided with supplemental energy dissipation devices, two main cases could be distinguished:501

1. the devices are inserted within the same structure, being connected to points of it, that during motion undergo502

on relative displacements and speeds; the most typical case is the well-known dissipative bracing, wherein the503

devices are inserted in bracing systems and dissipate energy in the relative displacement between two successive504

floors of a framed structure;505

2. the devices are inserted between contiguous (adjacent) structures, or structurally independent parts of the same506

structure, and they dissipate energy in relative motion; this assumes that the two independent parts have different507

dynamic characteristics, in order to vibrate differently.508

Researchers have been tested and applied both solution to steel storage rack frames.509

4.1. Sliding friction base-plate510

The use of friction dampers is on the rise for mitigating earthquake-induced effects on buildings, within the passive511

control framework. Friction-based devices can provide energy-dissipation by means of wide and stable loops, with512

a negligible hardening phenomenon and experiencing no damage. For seismic resistant structures, such devices are513

commonly embedded into braces [59], beam-to-column joints [60] and into column-base joint [61]. A novel dissipation514

joint has been very recently proposed by Tang et al. [62] for pallet racking systems. The low-cost method proposed515

in this paper is based on the insertion of a steel sliding friction base-plate connected to all the uprights (Figure 15(a)),516

developed for low and medium-rise racks. The proposed system has been compared with the most commonly used517

yielding base-plate [13]. The device [63] (Figure 15(d)) is able to dissipate energy thanks to the friction instead of518

forming yielding zones at the base connections, which generally has to be replaced after the earthquake. Friction is519

introduced via a controlled clamping force between the upright and a stub welded to the base-plate. Of course, each520

grade of tightness of the bolts produces a different base response.521

Full scale snap-back tests have been performed considering four different base-plate joints, which are installed522

at the base of a one-bay three-deck pallet racking system. The connection typologies involved in this campaign are523

(Figure 15): i) rigid or fixed base-plate (FB) 15(b); ii) yielding base-plate (YB) 15(c); iii) Friction base-plate with524

bolt tightening (DB) 15(d); iv) Friction base-plate without bolt tightening (WB) 15(d). The initial displacement was525

imposed at the third deck of the structure and equals 100 mm along the cross-aisle direction, which, as it has been526

stressed before, presents more lateral stiffness. The reason of only one direction is fairly clear. Though the sliding527

friction device can work in both directions, it needs the upright engaged into tension to be activated.528

Figure 16 shows the test results. Permanent local deformations have been observed in FB frames that cause a large529

residual drift (dashed blue line), which is around 30 mm (tail of the dashed blue line), and it must be the one imposed530
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Figure 15: (a) Test setup of the fully loaded frame; sketches of the three connections compared: (b) rigid base-plate,
(c) yielding base-plate and (d) friction base-plate

by the actuator. It can be seen that the most of the kinetic energy is dissipated within the first cycle. In all the other531

cases, no damage, apart from the base-plates themselves, has been observed and the initial residual displacements were532

recovered even if the tests were started with the same imposed displacements. Rocking was observed for the frames533

fitted with YB (dashed orange line), DB (dotted black line) and WB (solid red line). Additionally, a first attempt to534

calculate the equivalent damping ratio from the free-vibration responses has been made by the Authors by using the535

logarithmic decrements method upon the first 3 cycles. The calculations reveal that the ratio is equal to 16.3% for FB536

frame (that is quite large) and 20% forWB frame, whereas for YB and DB is equal to almost 7%. Finally, the oscillation537

of internal axial force on the uprights has been recorded by using strain gauges. It has been shown that uprights of538

both DB and WB frames had smaller force demand compared to YB one. The amount of the compression force on the539

FB is 1.5 times greater than the other cases.540

By comparing the performance of the devices, it is not immediate to choose the outperformer. From the results541

outstandingly exposed in this paper, the friction sliding devices behave better than the yielding base-plate and far better542

than the fixed base-plate. According to the Authors, the bolt-tightened one gives more seismic resilience and is capable543

of reducing the force demand. However, it must be kept in mind that the tests are performed considering a dynamic544

framework not a seismic one. The structure equipped with the YBs proves to be as stiff as the one with the FBs, while545

the structures with DBs and WBs exhibit periods that are almost twice the FB’s. This is indeed an advantage, for the546

structure does benefit of a period shift.547
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4 

yielding, as shown in Figure 5d. 

III: Friction baseplate with a bolt tightened to 30 N·m, as shown in Figure 5e.  

IV: Friction baseplate without bolt tightening, which can be considered to be a free-to-rock connection 

with horizontal shear resistance. 

A photograph of the test setup is shown in Figure 5b. A displacement in the cross-aisle direction was 

applied to the centre of the top level of the rack frame by a hydraulic actuator mounted to a strong wall. 

A quick-release shackle was used to release the frame that was then allowed to undergo free vibration 

until the structure came to complete rest. 

The column uplift was measured by portal gauges, the longitudinal normal strain at the upright base was 

recorded with strain gauge sets, and the displacements of the frame at different levels were recorded by 

wire displacement transducers.  

3  OBSERVATIONS AND DISCUSSIONS  

3.1 Damage inspection: 

Subsequent to the snap-back tests, there was no upright damage observed for the frames fitted with 

yielding baseplates and friction baseplates (with or without bolt tightening), while a permanent local 

deformation was observed at one upright fitted with rigid baseplates. Likewise, no significant residual 

displacement was observed for the former, which tended to self-centre, while a large residual 

displacement was observed for the latter, as shown in Figure 6.  

It is worth noting that the anchor bolts of the rigid baseplates were loosened from the concrete foundation 

at the application of the horizontal displacement (time zero), although no damage was found in the 

baseplates themselves. 

3.2 General response: 

Rocking was observed for the frames fitted with yielding or friction baseplates. The frames rocked in a 

manner similar to a rigid block, but with the block demonstrating noticeable elastic flexibility.  In 

contrast, the frame fitted with the rigid baseplates underwent significant bending and shearing. 

 

Figure 6. Time-history of horizontal displacements of the middle upright frame with 4 types of 
baseplate configuration 

As can be seen in Figure 6, the frame with bolt-tightened friction baseplates came to rest in about 5 

cycles in 2.5 seconds, while that with the yielding baseplates took more than 12 cycles and 8 seconds.  

The periods of the first 5 cycles of the free-vibration response of each frame are listed in Table 1. Only 

Figure 16: Seismic test results available in [62]: time-history of horizontal displacements of the middle upright frame
with 4 types of base-plate configuration

4.2. Drive-in racks548

Drive-in and Drive-through racks are special typologies of steel storage systems developed to maximise the storage549

density. In the drive-through, as suggested by the name, operators can go through the structure in the aisle-direction,550

from both sides, while in the drive-in type, one side is for the forklift operation and the other face is braced (to improve551

the stability of the system). The principal difference between drive-in and pallet racks is that in the former no inter-552

storey beams are present, making the structure more susceptible to instability phenomena. Global stability is therefore553

obtained mainly thanks to the base-plate connections and to the beams present on top.In fact, at the top of the struc-554

ture, a bracing plane is realised which acts as a rigid diaphragm. The pallet itself contributes to give more stability to555

the frame system, as studied by many authors [64]. At the Sydney University, Australia, the first world-wide seismic556

full-scale shake table tests on drive-in frames (Figure 17) have been performed [65]).557

The objectives of the study were to determine the natural frequencies and damping ratios from full-scale shake558

table tests as well as the inelastic responses of drive-in rack frames when subjected to seismic excitation. Also modes559

of vibration, base shear and damage propagation have been investigated. In the first paper [65], two different framing560

systems have been considered: one fully braced in the cross-aisle direction with the diagonal braces extending from561

top to bottom; the second one relying mainly on a portal frame type of stiffness and bending capacity of uprights562

in resisting the earthquake-induced actions. The interesting results showed how plasticity is propagated along these563

particular structures before the structural collapse, identifying all the damages spread on braces and uprights.564

To improve the seismic reliability [66], special steel dissipation devices could be mounted to an external spine565
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and their scaling, Section 5 documents the full-scale tests for
determining natural frequencies, damping and the response to
seismic excitation, and Section 6 draws conclusions from the study.

2. Drive-in rack frames and properties of material and
components

Fig.1 shows the typical lay-out and terminology used for drive-in
racks. Uprights and frame bracing are used to provide stiffness in the
cross-aisle direction, whereas diagonal (top) plan bracing combined
with spine bracing at the back provide stiffness in the perpendicular
down-aisle direction. Pallets are placed on continuous rail beams by
forklift trucks driving into the bays and can be stacked adjacent to
each other to provide a densely packed storage system.Note that the
bay direction is parallel to the cross-aisle direction.

The drive-in storage racks used in the tests conducted in this
study (Table 1) were made of light gauge cold-formed steel open
sections with different profiles for the different rack components,
whereas the top diagonal plan braces were made of cold-formed
CHS sections. The rack components were produced from G450
grade steel (i.e. nominal yield stress of 450MPa) with a nominal
thickness of 1.9mm. The top diagonal brace was a G450
26.9� 2mm CHS, whereas the base plate assembly was made of
5mm thick G250 steel plates.

The dimensions of the rack uprights and brace members were
measured and shown to be consistent with the nominal values
given in Table 1. The measured values of the base metal thickness of
the uprights are shown in the second column of Table 2.

Tensile coupon tests were conducted to determine the material
properties of the rack uprights including yield stress and elastic
modulus. The results of the tensile coupon tests are summarized in
Table 2. The Young's modulus was obtained using both strain
gauges (ESG) and an extensometer clipped on the coupon (Eext), and
the tests were stopped periodically for at least two minutes to
obtain the static values of yield stress and ultimate tensile strength.
Four coupons were tested, cut from one upright. All uprights were
formed from the same coil of steel and could be assumed to have
essentially identical properties.

In addition, stub column tests were undertaken to determine the
Q-factor [30], which accounts for the effect of local buckling and
post-bucklingon the section capacity ofmemberswithperforations.
TheQ-factor is defined as the ultimate stub column strengthdivided
by the product of theminimumnet section area and the yield stress,

such that a Q-factor of unity implies that the net section can reach
the yield load. Two stub column samples were tested and provided
the Q-factors listed in Table 3. The average Q-factor was 0.958.

The mechanical properties, notably stiffness and strength, for
the key rack connections including the upright to base plate as-
sembly and upright to portal beam connections were determined
from component tests. The same drive-in rack system with the
exact same bolted upright to portal beam connections (Fig. 2(a)) as
those used in the present study were tested in [20], and hence the
results presented in [20] have been used in the present study.

The upright to portal beam connection tests were conducted
using the portal frame testing procedure described in AS4084 [30]
and EN15512 [31], according towhich a lateral loadwas applied to a
frame consisting of a portal beam connected to two uprights pin-
connected at the base, as shown in Fig. 2(b). The horizontal
displacement was measured at the same level, thus allowing the
semi-rigid rotational stiffness of the upright to portal beam
connection to be determined [20]. Cyclic loads were applied to
identify the initial first phase in which stiffness was derived from
frictionbetween component plate elements, the subsequentflexible
secondphasewhere the uprights andportal beamrotated relative to
each other without the bolts engaged, and the third phase where
bearing between the bolts and ply has been established leading to a
significant increase in stiffness, as shown in Fig. 2(c).

Gilbert et al. [20] proposed that the moment-rotation curve can
be idealized by multi-linear moment-rotation curves as shown in
Fig. 2(c) for the purpose of finite element modelling. Average
stiffness values K1, K2, and K3 for phases 1, 2, and 3, respectively, as
well as average constant moments M1, M2, and M3, and multi-
linear moment-rotation relationships for each phase are tabu-
lated and reproduced in Fig. 2(c). These stiffness values were
adopted in the finite element models used in this research project,
except that in [20], the torque applied to tension the M12 bolts was
20 N.m, whereas the torque applied in the tests reported hereinwas
54 N.m to match with the standard torques recommended by the
supplier. To account for the increased torque, the tabulated values
of k and M shown in Fig. 2(c) were scaled up proportionally to the
increase in the applied torque.

Gilbert et al. [21] tested the base plate to upright assembly as per
the procedure described in AS4084 [30] and EN15512 [31] for a
range of axial loads starting with a zero load, 33kN, 100kN, and
200kN. The moment-rotation diagrams for the base plate assembly
under different levels of axial force are shown in Fig. 3. However, to

Fig. 1. Terminology of drive-in racking system.
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Figure 17: Terminology of drive-in racking system [65]

bracing system. The device is a special steel plate that permits to mitigated the seismic actions while preserving the566

structural integrity of the principal components.567

4.3. Parmigiano cheese568

The great number of collapses happened after the 2012 Emilia-Romagna earthquake (Italy) [67], showed the low569

reliability of the seismic zoning map for design which was in-force before 2003. The majority of the economical losses570

were experienced by the business sector [23], due to the collapse of many industrial buildings [68]. The poor perfor-571

mance of these structures, which were not designed to withstand lateral actions, led many researchers to concentrate572

their attention on new recommendations for retrofitting the existing ones [69]. The seismic event also underlined the573

need for seismic provisions to be applied to non-structural elements [23] (figure 18(b)). Theoretical research are in574

(a) (b)

Figure 18: Typical storage system for Parmigiano cheese (a) and a collapsed one after something (b)
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progress also in the field of the steel structures for the storage of the Parmigiano cheese (Figure 18(a)), which is a very575

important Italian product.576

(a)

Upright

Cross-aisle

Damper Top diaphragm

(b)

Figure 19: Three structural models that can be considered to simulate the scalere in the cross-aisle direction (a). Render
view of case S3, which shows in red the damper devices after Franco et al [70] (b).

Generally Parmigiano cheese is stored in structures made by composed steel tubular columns (2 tube of 50x50 mm577

with thickness of 3 or 4 mm and a global height from 7 to 9 m) having 1.5m of span (Figure 19). Along the cross aisle578

direction, each bay is connected by means of wooden panels, on which the cheese wheels rely, and via a continuous579

tubular steel on the top. Global length can vary from 18 to 40 m. When the steel rack is connected to the concrete wall580

(cases S2 and S3 in Figure 19(a)), it is only simply supported on the floor. On the other hand, when it is anchored581

to the floor, it is not connected to counter walls (case S1 in Figure 19(a)). Bracings are always present only in the582

down-aisle direction. Therefore, the structural scheme is quite close to the one of the Drive-in, previously discussed,583

but in this case the stored products (Parmigiano wheels) do not help increase the transverse stability. A great number of584
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these structures have been designed more than 20 years ago, considering only vertical forces (with no seismic actions)585

and therefore they are generally in an unsafe condition. For this reason, Franco et al. [70] proposed a complete study586

on the dynamic behaviour of these racks, focusing the attention on the seismic improvements techniques. The cases587

S1 and S2 exposed in Figure 19(a) are representative of the way this structures are often built. A proposed solution588

by the Authors is to use a passive-control system: viscous dampers are connected between the top of the storage racks589

and the surrounding concrete structures (S3 in Figure 19(a)).590

The time-history analyses of the proposed configurations have shown that the use of dampers presents noteworthy591

advantages for all cases in which the constraint degree of the racks is augmented and, consequently, their stiffness is592

increased. The advantages are in terms of stress reduction in the rack elements, and of reaction forces transmitted to593

the surrounding support structures. A sensitivity analysis has also been conducted to assess the optimal damping factor594

for the viscous coupling. An optimal damping condition is the one in which the bending moments in the longitudinal595

and transversely directions are comparable and, at the same time, the forces transmitted to the surrounding support596

structures are contained. A passive-control system, which provides the viscous coupling of the existing racks with597

a surrounding support structure, increases the seismic performance in terms of both stress and displacements. This598

countermeasure is simple and economical, because the refurbishment can be made without moving the cheese wheels,599

thus eliminating the cost for retaining the warehouse. On the minus side, this strategy requests to modify the dynamic600

behaviour of the adjacent structure, which will need in turn to be checked against the forces transmitted by the devices.601

4.4. Warehouse602

Takeuchi and Suzuki [71] studied a high-rise automatic steel rack warehouse (height 52m) replacing side base603

chords (Figure 20) of the centre truss, by buckling resisting columns (BRC).604

Figure 20: BRC system and its hysteresis loop [71]

The collapse mechanism of the entire structure is hence dictated by the BRC: during an earthquake, the side trusses605

are kept elastic while BRCs are going into plastic and pull back the structure from residual deformations. The BRCs606
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are composed of steel core-plates restrained with a concrete-filled tubes. The restrain keeps the core-plate away from607

buckling and therefore its behaviour is symmetric, showing a very excellent energy dissipation behaviour. The per-608

formance of the structures against large earthquakes is greatly improved if compared to the same warehouse without609

BRCs: replacing only 2 columns over 13 with BRCs makes the maximum shear forces reduce to 75%, while replacing610

6 over 13 reduce to 55%.611

5. Concluding remarks612

The major seismic codes used in the rack design, EN16618 and FEMA460, provide recommendations to increase613

the seismic safety of rack structures but do not give any provision about the base isolation systems. If overturning of614

stored goods is of concern, there are only two ways reported for the improvement of the safety of racks in seismic zones:615

rack netting and structural strengthening. The rack netting is a steel netting installed on all sides of the rack, covering616

the bay openings from top to bottom. Though effective, the method is also very impractical for several reasons. In617

fact, if netting is installed, it then needs to be removed and reinstalled every time a storage slot is accessed. As regards618

the latter provision, it can be noted that it allows the structure to meet the code requirements but increases the stiffness619

of the structure at the same time, adding rigidity and introducing higher accelerations throughout the system. The620

two approaches can be used together, but neither rack netting nor structural strengthening protect the rack and prevent621

adequately the product shedding. The product shedding prevention must be always considered in the design process,622

being the total cost of stored goods generally much higher than the cost of the structural components. Also in this623

direction, seismic isolation seems to be a very useful and effective solution, and a number of researches are nowadays624

in progress in many parts of the world.625

The paper has presented the main characteristics of several devices applied to different typologies of steel storage626

racks. The research of Kilar et al. [45] shows that the use of base isolation for high rack structures does reduce the627

inter-storey displacements and the dangerous effects of torsion. An application of a standard base isolation system628

to a high rack structure is presented, which has been treated on a par with classical buildings. Then base isolation of629

wine barrels is discussed, following the papers published by Chadwell et al. [54]. Despite the developed device being630

clearly efficient, in the process of its development no attention was paid neither to limiting lateral displacements nor to631

the re-centring capacity after an earthquake. In spite of having such limitations, the system proved to be highly effec-632

tive. Regarding the base isolation of classical steel storage pallet racks, the RIGID-U-RAK system (Pellegrino®), the633

FIP MEC System (IsolGOODS®) and the Gilardini System (LOKIBASE) have been discussed. Both the IsolGOODS®
634

system and the Pellegrino® system are unidirectional; conversely, the LOKIBASE system is a bi-directional device that635

hence affects both directions. Though a complete description of the devices was provided, the only available results636

in the literature for real applications are from the Pellegrino® system [40]. The results show that the application of a637

seismic isolation system can reduce accelerations on both cross- and down-aisle directions, avoid the overturning of638
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the stored goods and damage on the uprights. Finally, the use of energy dissipation devices is discussed. It can be an639

effective and low-cost solution as demonstrated by Tang et al. [62], Franco et al. [70] and Takeuci et al. [71]. Devices640

of such kinds can provide rack structures with more resilience, for the design and retrofit of structures as it is shown641

in the collected research.642

Unfortunately, The detailed characteristics of some presented systems cannot be easily found because no paper has643

been published so far. However, on the companies’ websites, some photos and video shootings are reported during sev-644

eral experimental tests. Despite the peculiarity of rack structures, a base isolation system can bring many advantages,645

such as the reduction of accelerations on both cross- and down-aisle directions, the reduction of the inter-storey drifts646

and the prevention of the overturning of the stored goods. Another important aspect is related to the energy dissipation647

during earthquakes. In fact, normally the energy dissipation is concentrated only on the beam-to-column joints that648

are subjected to great damage during the earthquake. The use of dissipative devices or base isolation systems increases649

the energy dissipation reducing the plastic rotation in the joints and consequently the structural damage, guaranteeing650

a safe in-service use also after the seismic events.651

To conclude, another issue must be underlined. Purposely provided devices to a code-compliant structure, whose652

seismic response is modified by them, have to comply with the current law in the Country where the structure is653

erected. For instance, throughout the European countries, the seismic devices are built and installed in accordance654

with the European Standard on Anti-seismic devices [41], which identifies functionalities, design rules and conformity655

requirements for the devices to be used. To be practical, the devices, which have been reviewed in this manuscript,656

need to be indeed code-compliant as well. However, the Pellegrino® and IsolGOODS®devices seem to be the only657

two seismic isolators which can fit both the no failure requirement (NF) and damage limitation requirement (DL). The658

LOKIBASE, on the contrary, relies on a plastic hinge to provide the device with a dissipative behaviour which violates659

the DL requirement. The device proposed by Chadwell et al. [54] cannot be easily framed into the [41] classification,660

though. In this framework, it presents several issues related to the definition of concrete-ball friction coefficients, for661

the bottom surface does not come with the device. The wear resistance poses a problem as well, since while the ball662

rolls and slides the concrete tends to be scratched, unpredictably changing its characteristics. Needless to say, the663

devices used for the case study of [46], the buckling restrained columns (BRC) and the dampers come directly from664

the well-established building practices.665
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