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Abstract 

Recent seismic events in Italy highlighted the considerable vulnerability of industrial pallet 
racks that were originally designed solely for gravity loads. Despite this, such racks continue 
to be the predominant storage solution in industrial settings. This research focuses on as-
sessing the seismic fragility of these systems to support more precise risk evaluations for en-
terprises and inform the design of effective retrofit strategies. For this purpose, three-
dimensional non-linear finite-element models of various unbraced pallet rack configura-
tions—typical of those found in Italy—were analysed through Time-History simulations using 
many bidirectional ground motion records representative of the Italian seismicity on amplify-
ing soils. Fragility curves were then derived employing various engineering demand parame-
ters and seismic intensity measures within a cloud-based analysis framework. 

Keywords: industrial pallet racks; non-linear finite element rack models; time-history analy-
sis; cloud analysis; seismic fragility models  
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1 INTRODUCTION 

In recent years, the increasing growth of globalization and e-commerce has significantly 
driven the demand for goods storage systems. Among these, standard adjustable steel pallet 
racks are the most commonly used in commercial and logistics facilities. These racks are typi-
cally made by assembling cold-formed steel profiles with thin-walled sections, which helps 
minimise both production costs and time.  

Pallet racks are particularly vulnerable to seismic actions due to the combined effects of 
substantial service live loads, the presence of semi-rigid beam-to-column (btc) connections, 
the limited or absent ductility of their open-section profiles, and the pronounced slenderness 
of their steel members. In Italy, the seismic weakness of these storage systems became evi-
dent during the 2012 Emilia-Romagna and 2016 Central Italy earthquakes [1]. These events 
also underscored the significant impact of pallet racks on companies’ economic losses, pri-
marily driven by business interruptions [2]. 

Research in this field covered multiple levels of investigation, ranging from the in-depth 
analysis of the mechanical behaviour of individual rack components and their connections to 
the assessment of the global seismic response of entire rack systems, using both experimental 
and numerical approaches. Experimental studies by Padilla-Llano et al. [3 ,4] investigated 
buckling mechanisms in cold-formed steel members under cyclic axial and flexural loading. 
The cyclic behaviour of btc connections—critical to understanding the lateral response of pal-
let rack systems—were also examined by various researchers (e.g., [5, 6]). Comprehensive 
investigations into the seismic performance of storage racks were carried out in the 
SEISRACKS [7] and SEISRACKS2 [8] experimental campaigns, which combined compo-
nent-level and full-rack testing with numerical simulations. The SEISRACKS project was de-
veloped following the guidelines of FEM Document 10.2.08 [9], while SEISRACKS2—
which included a broader range of component and system tests—played a pivotal role in shap-
ing the EN 16681 standard [10]. 

Collectively, previous studies underscored the significant seismic vulnerability of pallet 
rack storage systems. In response, several technological solutions were proposed in recent 
years to enhance their seismic performance. These include the implementation of base isola-
tion systems (e.g., [11]), the integration of specialised energy-dissipating devices (e.g., [12]), 
and the adoption of load-level isolation strategies (e.g., [13, 14]). 

However, only a limited number of studies specifically addressed the seismic fragility of 
steel pallet racks. Notably, Gabbianelli et al. [15] evaluated conditional fragility curves based 
on spectral acceleration (Sa) for two common Italian rack typologies—unbraced and braced—
using two-dimensional finite element (FE) models in the down-aisle direction and a multiple-
stripe analysis method. More recently, Nuñez et al. [16] developed fragility functions for four 
Chilean archetypes, including squat-unbraced and slender-braced configurations with varying 
span lengths, employing three-dimensional FE rack models and an incremental dynamic anal-
ysis approach. These studies highlight the existing gap in seismic fragility assessments for 
pallet racks and emphasise the need for further research in this area. 

Building upon the methodology proposed by Donà et al. [17], this study extends the seis-
mic fragility assessment of a stock of 27 unbraced pallet racks—characterised by variations in 
upright sections (U), load level heights (h), and total heights (H), and representative of typical 
Italian configurations—by considering ground motions on amplifying soil conditions rather 
than rigid soil (as in the previous study). A cloud-based analysis approach, coupled with re-
fined non-linear 3D FE modelling, was adopted to simulate the rack seismic response. Each 
rack model was subjected to time-history analyses using 268 bidirectional ground motion rec-
ords on amplifying soils representative of Italian seismicity. To support the large-scale para-
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metric investigation, a dedicated routine was developed within the OpenSees environment. 
Fragility curves were derived for multiple engineering demand parameters (EDPs)—namely, 
total upright strain, inter-level drift, and rotations at beam-to-column and base connections—
conditioned on two intensity measures (IMs): spectral acceleration (Sa) and peak ground ac-
celeration (PGA). 

2 PARAMETRIC ANALYSIS FRAMEWORK  

2.1 Stock of analysed racks 

The structural stock examined in this study comprises 27 unbraced, standard adjustable 
steel pallet racks, designed solely for gravity loads and representative of commonly adopted 
storage systems in Italy. Specifically, nine geometric configurations (Figure 1) combined with 
three upright types (U1, U2, U3) were analysed.  

All racks share the plan configuration shown in Figure 2a, consisting of seven longitudinal 
spans of 2700 mm and two transverse frames, each 1000 mm wide and spaced 300 mm apart. 
The rack variants differ in terms of upright cross-section type (U1, U2, U3), load-level height 
(h1 = 1.0 m, h2 = 1.5 m, h3 = 2.0 m), and total height (H1 = 6 m, H2 = 9 m, H3 = 12 m), with 
each configuration defined by a unique combination of these parameters. Each of the three 
total heights is associated with a distinct transverse frame type, as shown in Figure 2b. 

The pallet load was defined according to the load-bearing capacity of the transverse frame, 
which depends on the upright type, load-level height, and frame width. As a result, for each 
upright profile, the applied load is governed solely by the values of h and the number of load 
levels. This approach ensures that all rack configurations develop comparable compressive 
stresses at the base of the uprights, allowing for a consistent assessment of seismic fragility 
across a uniform set of structures. Among the three load configurations recommended by EN 
16681 [10] for seismic verification, the full-load condition was adopted in this study, as it rep-
resents the most demanding scenario for a comprehensive fragility evaluation. 

The rack profiles feature open and thin cross-sections, which typically fall into Class 3 or 4 
according to EN 1993 [18]. For Class 3 sections, the full material strength can still be used; 
whereas, Class 4 sections require the use of effective properties due to their susceptibility to 
buckling phenomena. As illustrated in Figure 2c, the cross-sections considered in this study 
include Class 3 profiles for the pallet beams, while uprights and bracing members belong to 
Class 4. Therefore, the stiffness-related properties of the latter were reduced in accordance 
with EN 15512 [19] to account for local and distortional buckling effects, which were not ex-
plicitly simulated. Conversely, global buckling of the uprights was directly evaluated into the 
numerical modelling approach (see Section 2.2). 

In order to accurately simulate the structural behaviour of the racks, the cross-sectional 
properties of the diagonal elements were reduced, in accordance with the recommendations of 
EN 15512 [19]. This adjustment reflects the effective stiffness of the frame, which is dimin-
ished due to the inherent clearances in the connections of bracing elements. Furthermore, to 
incorporate the interaction between axial and bending stresses in a model that treats the vari-
ous section responses independently (see Section 2.2), a reduction in the flexural capacity of 
the uprights was implemented. This reduction, which is related to the axial compression ratio 
(i.e., the vertical load relative to the axial capacity of the cross-section), and thus varies with h, 
was set at 40%, 35%, and 30% for h values of 1.0 m, 1.5 m, and 2.0 m, respectively. As an 
example, Figure 3 shows a view of the 3D FE model for three case study racks. 
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Figure 1: Geometric configurations of case study racks analysed for each upright type (U1, U2, U3). 

a) 

b) c) 
Figure 2: a) plan layout of all racks; b) three frame types (H1, H2, H3); cross-sections analysed. 
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Figure 3: View of the 3D FE model for three case study racks. 

2.2 Non-linear rack modelling approach 
A customised procedure was developed within the OpenSees framework [20] to effectively 

assess the fragility of these structures. This procedure automates the generation of 3D non-
linear FE rack models, which are then subjected to TH analysis. 

The material non-linearities are modelled in distinct ways for each element of the rack sys-
tem. For the uprights, axial and flexural responses are represented using spread plasticity, 
whereas for the base and btc connections, concentrated plasticity is adopted. In contrast, pallet 
beams and spacers are modelled as linear elastic components. The pallet loads are placed atop 
a dummy pyramidal substructure, which allows the correct positioning of the centre of gravity 
of the pallets in the analysis. Moreover, a friction contact element is employed beneath the 
pallets to simulate potential sliding along the cross-aisle direction once the friction force (Ffric-

tion) is surpassed. This friction force is calculated as the product of the pallet weight and the 
friction coefficient μₛ (0.37 for wood-to-steel contact, as specified in EN 16681 [10]). 

Table 1 provides a summary of the OpenSees objects used in the modelling of the racks, 
along with brief descriptions of the section behaviours and material laws applied. The main 
material laws are then shown in Figure 2. Further details on the structural models of the pallet 
racks can be found in Donà et al. [17]. 

Rack elements OpenSees objects and material laws 
Uprights Force-Based Beam-Column Elements 

Hysteretic asymmetrical axial behaviour via “uniaxialMaterial Pinching4” (Figure 4a), ac-
counting for buckling. Elasto-plastic flexural behaviour. Five integration points per element. 

Frame bracing 
elements 

Beam With Hinges Elements  
Linear elastic beams with equivalent stiffnesses and end hinges to simulate truss-like behaviour. 

Pallet beams/ 
Spacers 

Elastic Beam Column Elements 
Linear elastic beams with equivalent stiffnesses. 

Btc and base 
connections 

Zero-Length Elements 
-Btc: hysteretic rotational behaviour around Y via “uniaxialMaterial Hysteretic” (Figure 4b); 
linear elastic rotational behaviour around Z; rotation around X equal to that of the beam. 
-Base: hysteretic rotational behaviour around Y via “uniaxialMaterial Hysteretic” (Figure 4c); 
released rotational stiffness around X; rotation around Z equal to that of the upright. 

Mass 
substructures 

Elastic Beam Column Elements 
Linear elastic beams simulating truss behaviour, without affecting modal results. 

Pallet-beam 
contact 

Zero-Length Element 
Equivalent friction model (Figure 4d) with penalty stiffness and perfectly plastic behaviour. 

Table 1: OpenSees objects employed in pallet rack modelling 
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(a) (b) 

  
(c) (d) 

 

Figure 4: Main constitutive laws for (a) uprights, (b) btc joints, (c) base joints, and (d) pallet-beam contact. 
 

3 SEISMIC FRAGILITY APPROACH 

To derive the seismic fragility functions from the TH results, a cloud analysis approach 
was adopted. A dataset of 134 unscaled bidirectional ground motion records, representative of 
Italian seismicity with amplifying soils, was used ([21, 22]). The peak ground acceleration 
(PGA) values for the two horizontal components (Hc1 and Hc2) of each ground motion are il-
lustrated in Figure 5a. For each seismic event, two analyses were conducted—first applying 
the Hc1 component in the down-aisle (X) direction and then in the cross-aisle (Y) direction—
resulting in a total of 268 simulations per rack configuration, amounting to 7,236 analyses 
overall. Figure 5b presents the spectral acceleration (Sa) values corresponding to the funda-
mental periods of the racks in both main directions (T1,X, T2,Y). 

To evaluate the damage level in a structural system, it is essential to establish appropriate 
damage or performance indicators—commonly referred to as Engineering Demand Parame-
ters (EDPs)—along with their corresponding threshold values that delineate various damage 
states (DSs) of increasing severity. In this study, four EDPs were adopted: a global strain pa-
rameter for the uprights (ε*), the peak load-level drift in the down-aisle direction (θX), and the 
maximum rotation experienced by the beam-to-column (φbtc) and base (φbase) connections 
about the Y-axis. As defined in Equation (1), ε* is computed as the sum of three ratios: the ac-
tual axial strain (εp) over the reduced yield axial strain (εp,y·χP)—where χP is the buckling fac-
tor—and the actual curvatures around the local Y and Z axes (χY, χZ) over their respective 
yield curvatures (χY,y, χZ,y). 
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Each EDP was associated with three distinct damage states, labelled DS1, DS2, and DS3. 
DS1 corresponds to the initiation of damage, where the rack system maintains an overall elas-
tic behaviour. DS2 reflects the onset of yielding, a condition in which user safety is still en-
sured—comparable to the Life Safety limit state. DS3 indicates a critical damage condition 
where user safety can no longer be guaranteed, and there is a significant risk of progressive 
failure leading to partial or complete collapse of the rack. The threshold values defining these 
damage states for each EDP are provided in Table 2 

The median (μDS,i) and logarithmic standard deviation (βDS,i) of the assumed lognormal 
cumulative density function were derived using the method of moments, following the ap-
proach described by Saler et al. [23]. To ensure an accurate estimation of rack failure proba-
bility, analyses that did not converge were also taken into account, as recommended by 
Jalayer et al. [24]. In this context, structural collapse was considered to occur under two inde-
pendent scenarios: (i) numerical convergence (Conv) is achieved, and ε* reaches or exceeds its 
DS3 threshold; or (ii) the analysis fails to converge (NoC), suggesting potential collapse. Ac-
cordingly, the collapse probability was computed using the total probability theorem, as 
shown in Equation (2). It was conservatively assumed that the probability of reaching DS3 
given a non-convergent analysis (P(D ≥ DS3 | IM, NoC)) equals 1, while the likelihood of 
non-convergence given an intensity measure (P(NoC | IM)) was estimated through a logistic 
regression model, described in Equation (3). 
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EDP DS1 DS2 DS3 
ε* [ 0.8, 1.0 [ [ 1.0, 1.5 [ [ 1.5, +∞ [ 
θX / θX,y [ 0.8, 1.0 [ [ 1.0, 1.5 [ [ 1.5, +∞ [ 
φbtc / φbtc,y [ 0.8, 1.0 [ [ 1.0, 4.0 [ [ 4.0*, +∞ [ 
φbase / φbase,y [ 0.8, 1.0 [ [ 1.0, 6.5 [ [ 6.5*, +∞ [ 
“parameter,y” = yield value of specific parameter;  “*” = peak value of specific EDP 

Table 2. Definition of DSs for the selected EDPs. 

(a) (b) 

Figure 3: Information on selected bidirectional records: (a) PGA values; (b) Sa values. 
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4 SEISMIC FRAGILITY MODELS 

Given the use of bidirectional ground motion records, careful consideration was required 
when evaluating the correlation between EDPs and IMs. The parameters θX, φbtc, and φbase 
represent deformations occurring along the down-aisle (X) direction and were therefore corre-
lated with IM values in that same direction. On the other hand, ε*, being a strain parameter 
influenced by axial force and biaxial bending, does not have an obvious directional associa-
tion with a specific IM. However, due to the significantly greater stiffness of the analysed un-
braced racks in the cross-aisle direction compared to the down-aisle direction—resulting in 
higher seismic accelerations and inertial forces along the Y axis—ε* was associated with IM 
values in the Y direction. 

Figures 4 and 5 present the developed fragility models for the entire rack stock with re-
spect to the selected EDPs, using PGA and Sa as conditioning IMs, respectively. In addition to 
DS1, DS2, and DS3, the fragility curves representing the probabilities of non-convergence 
(NoC) and actual collapse (Collapse) are also displayed in the fragility model based on ε*. For 
comparison, the Collapse curve—obtained by analysing ε*—is also included in the fragility 
plots of the other EDPs. 

The key insights from Figure 4 are summarised below. 
• The fragility expressed in terms of ε* exhibits relatively low median PGA values (μP-

GA), highlighting the significant seismic vulnerability of these rack systems. The small
difference in μPGA between DS2 (0.088g) and Collapse (0.097g) indicates limited
structural redundancy and ductility. Furthermore, the proximity of the fragility curves
for DS3 (collapse with convergence) and NoC (non-convergence) suggests that non-
convergence is likely triggered by excessive deformation in the uprights.

• The Collapse curve associated with ε* consistently precedes the DS3 curves of the
other EDPs (θX, φbtc, and φbase), suggesting that ε* is the primary performance parame-
ter driving rack failure. Among the remaining EDPs, θX is the first to reach the DS3
threshold, making it the most representative indicator of global rack deformation along
the down-aisle direction.

• The median PGA values of the Collapse curve for ε* and the DS2 curve for θX are very
similar, indicating comparable probabilities of upright failure and yielding in the
down-aisle direction. When comparing φbtc and θX, φbtc exhibits lower median PGA
values for DS1 and DS2, but higher values at DS3. This behaviour highlights a rapid
reduction in inter-storey stiffness in the X direction following the yielding of the btc
connections. The base joints (φbase) display the lowest fragility: DS1 is reached only
after DS2 has been reached for both θX and φbtc, and DS3 is never attained. This sug-
gests a hierarchy in the resistance capacities of the various structural components of
these racking systems.

As shown in Figure 5, while the significant acceleration ranges for fragility in terms of 
PGA and Sa remain comparable for ε*, these ranges are significantly reduced for the other 
EDPs when transitioning from PGA to Sa. For example, for the Collapse curve, μSa is 0.111g, 
which is comparable with the relevant μPGA value (0.097g). Instead, for the DS2 curves of φbtc, 
θX, and φbase, the values of μPGA vs. μSa are respectively 0.083g vs. 0.035g, 0.104g vs. 0.043g, 
and 0.143g vs. 0.060g. This reduction is attributed to the long vibration periods characterising 
these racks in the down-aisle direction. In this context, since the Collapse curve is defined us-
ing Sa values in the Y direction—i.e., derived from the main vibration period of racks in the 
cross-aisle direction—it is no longer directly comparable to the fragility curves of θX, φbtc, and 
φbase, although it can still serve as a useful reference. 
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Figure 4: Seismic fragility models conditional on PGA for: ε*, θX, φbtc, and φbase. 

Figure 5: Seismic fragility models conditional on Sa for: ε*, θX, φbtc, and φbase. 
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5 CONCLUSIONS 

This study focused on assessing the seismic fragility of 27 unbraced steel pallet racks de-
signed mainly for gravity loads. The rack configurations varied in upright section type (U), 
load-level height (h), and total system height (H), while maintaining comparable stress levels 
at the base of the uprights. Specifically, three upright section profiles were considered, com-
bined with three different load-level heights (h = 1, 1.5, and 2 m) and three total rack heights 
(H = 6, 9, and 12 m). 

A dedicated three-dimensional non-linear modelling strategy was developed for these spe-
cific storage systems. Beam-to-column (btc) and base joints were represented using lumped 
plasticity models, while the uprights were modelled with distributed plasticity, also account-
ing for buckling effects. Pallet beams and frame bracing elements were modelled as linear 
elastic elements. To accurately simulate the reduced stiffness of frames in the cross-aisle di-
rection—due to joint clearances—a reduced equivalent stiffness was applied. A friction-based 
model was also introduced under each pallet load to account for possible sliding, and the 
analysis was performed assuming fully loaded conditions. 

The fragility assessment was conducted using the Cloud analysis method. A total of 268 
unscaled bidirectional ground motion records, representative of Italian seismic conditions on 
soft or amplifying soils, were employed, leading to 7,236 non-linear time-history (TH) simu-
lations in the OpenSees platform. 

Fragility models were developed with respect to two main conventional IMs, i.e., PGA and 
Sa, considering the following EDPs: a global upright strain measure (ε*), the load-level drift in 
the down-aisle direction (θX), and the rotational demand at the btc (φbtc) and base (φbase) joints 
about the Y-axis. Three damage states (DS1, DS2, and DS3) were defined for each EDP, cor-
responding to damage onset, yielding, and incipient collapse, respectively. Non-convergent 
analyses were also incorporated to estimate the actual collapse probability (Collapse). 

The key findings of the study are summarised below. 
• Unbraced pallet racks exhibit significant vulnerability under seismic loading, as in-

dicated by low median values of Collapse fragility curves in both PGA and Sa (ap-
proximately 0.1 g).

• Furthermore, the fragility results obtained for ε* show that these storage systems
have a limited redundancy and ductility capacity, evidenced by the proximity of the
fragility curves DS2 (upright yield) and Collapse.

• The parameter ε* emerges as the most representative EDP, as it predominantly gov-
erns the collapse mechanism. The θX parameter effectively captures the global
down-aisle deformation of the rack. The fragility expressed in terms of φbtc indi-
cates that beam-to-column (btc) joints are the initial elements to yield, although
their failure generally follows that of the uprights. Conversely, the fragility ob-
tained for φbase reveals that base joints are the most resistant to failure.

• While fragility curves based on PGA provide more general insights into the damage
and collapse mechanisms of the racks (as they allow the comparison of EDPs asso-
ciated with different principal directions of seismic action), those based on Sa offer
a more direct and specific assessment of the strength and performance of the rack
components.

Future research will aim to assess the seismic fragility of additional racking configurations 
(e.g., pallet racks with spine or vertical bracing), as well as the potential reduction in fragility 
resulting from seismic retrofit interventions—both conventional and innovative solutions, 
such as the use of isolation devices. 
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