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Abstract

Steel storage pallet racks are crucial for efficient industrial storage, reflected by the value of
the European racking market of €5.2 billion in 2019. Earthquakes threaten these structures, as
seen in Italy and other locations. Despite their importance, seismic loss assessments for steel
racks have received limited attention, hindering prevention and risk mitigation efforts. This
study addresses this gap by examining the seismic vulnerability of steel storage racks and em-
ploying a new practice-oriented seismic loss assessment methodology to quantify risk metrics
(expected annual losses and total losses). The methodology is applied to three case-study steel
rack prototypes, with different span lengths in the down-aisle direction, assumed to be located
in an Italian location with moderate seismic hazard level. The results include collapse fragility
curves and risk metrics, as well as the contribution of each component type (e.g., structural
components, contents) to total losses. The adopted practice-oriented seismic loss assessment
methodology proved useful to support industrial stakeholders in understanding and quantifying
the seismic risk associated with rack systems, facilitating risk management.
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1 INTRODUCTION

Steel storage racks are used globally, providing versatile and efficient storage solutions in var-
ious sectors such as warehousing, logistics, retail, and manufacturing. Their adaptability and
capacity to hold a wide range of goods make them important for several business activities. In
logistics and supply chains, they facilitate systematic product arrangement for easy retrieval
and transportation. In retail, they improve merchandise display and space organisation. Manu-
facturing facilities use steel racks to organise materials, reducing downtime and optimising pro-
duction. The European market for racking and storage equipment was approximately €5.2
billion in 2019. These structures are essential to the supply chain, especially during pandemics
or disasters, as they need to function without interruption. Earthquakes have demonstrated their
high seismic vulnerability, impacting delivery and supply continuity, as evidenced by the 2012
Emilia-Romagna and 2016 Central Italy earthquakes [1].

Design-wise, steel storage racks aim to maximise space utilisation and display goods effec-
tively. Initially, their design focused on gravity loads, while seismic considerations were inte-
grated in the 1990s. Studies have since examined the seismic behaviour of racks, including
connector stiffness and base isolation systems. European research projects have improved
standards for static and seismic design, addressing issues like pallet-rack sliding and the stabil-
ity of unbraced and braced racks.

Further studies on beam-to-column and base-plate connections have shown that cyclic be-
haviour and pinching effects reduce energy dissipation, affecting seismic performance [2-4].
Research on transverse stability has identified initial failure mechanisms, such as diagonal in-
stability. Advanced numerical simulations consider warping effects on thin-walled cross-sec-
tions, revealing that ignoring these effects can overestimate rack capacity [5]. Assessing seismic
vulnerability has led to fragility curves and high vulnerability indicators, prompting new design
strategies and performance improvements, like base isolation and tuned-mass dampers. How-
ever, less attention was paid in the past to conceive comprehensive methodologies for the seis-
mic loss assessment of steel racks. While advanced methods, such as the PEER-PBEE
framework [6], exist, they require detailed component-based fragility models, which are lacking
for rack components. Recently, a practice-oriented methodology for seismic loss assessment of
steel was proposed by [7], to estimate the seismic risk metrics, such as expected annual losses,
total losses or repair time.

This study investigates the seismic performance of three case-study steel rack prototypes,
with different span lengths in the down-aisle direction, assumed to be located in an Italian lo-
cation with moderate hazard level. Collapse fragility curves are derived and seismic risk metrics
are quantified by employing the above-mentioned methodology.

2 LOSS ASSESSMENT METHODOLOGY

Most of the available methods for buildings and infrastructure require damage estimation
phases, which involve fragility curves for structural components and contents. However, steel
racks lack such component-based consequence models, presenting challenges in damage as-
sessment and fragility curve derivation due to limited data, variability in design, and limited
understanding of failure modes. At the same time, a comprehensive risk management frame-
work, including simplified methodologies, is essential for identifying potential vulnerabilities
and planning retrofitting interventions and investments. Insurance companies also require such
assessments for underwriting purposes and setting premiums, driven by new government direc-
tives mandating insurance against catastrophic risks.

This study employs a recently proposed [7] loss assessment methodology for steel storage
racks (Figure 1), which consists of six main steps:
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1. Numerical Model: Assess the lateral response performance of racks based on geometry
and load configuration. Uprights and beams can be modelled as elastic elements, but
connections must be accurately modelled with nonlinear springs. P-delta formulations
are necessary for second-order effects. Damage states are assessed by monitoring rota-
tions and resistance and stability checks.

2. Seismic Hazard: Characterise seismic hazard at the site and define the hazard curve.
Perform probabilistic seismic hazard analysis and select an appropriate intensity meas-
ure (IM), e.g. the average spectral acceleration (AvgSa) for its suitability to the struc-
tural typology of racks.

3. Physical Damage: Assess damage extent and severity based on ground motions and
rack response. Identify damage types and quantify severity using a standardised damage
scale. Two damage states are defined: DS1 (repairable component damage) and DS2
(failure of the component).

4. Structural Analysis: Conduct multiple stripe analysis (MSA) for different IM levels to
quantify engineering demand parameters (EDPs) like peak floor acceleration and inter-
storey drift ratio.

5. Repair/Replacement Time and Costs: Integrate repair/replacement time and costs
with exposure and vulnerability models for realistic loss estimation. This includes direct
costs (materials, labour) and indirect costs (business interruption).

6. Loss Assessment: Use structural analysis results, damage identification, and repair/re-
placement costs for each IM level. Instead of querying the components’ damage fragility
curves (FEMA P-58 [8]), the achievement of each damage state is controlled by the
structural model itself, querying the backbone curves of the rack components and as-
suming a pre-defined damage threshold (Step 3) to check the achievement of the damage

states.
Step 5
(" Identification of damage )
Step 3 state thresholds Repair/Replacement
(structural components, Cost and Time
global collapse, contents)
v Step 4 ‘ Step 6 ¢
PSHA, NLTH analysis and
Step 2 Disaggregation and seismic performance —>»| Loss assessment
Records selection assessment
\ A
Step 1 Numerical modelling

Figure 1: Main steps of the loss assessment methodology for steel storage racks [].

The loss assessment methodology focuses on repairing steel storage racks to their pre-earth-
quake condition, involving different assumptions. While Steps 1, 2, and 4 of Figure 1 are
straightforward, further explanation is needed for Steps 3, 5, and 6. In Step 3, the main assump-
tion is that replacing components is preferred over repairing them. This approach defines two
damage states (DSs): DS1, which involves the replacement of single/multiple components of
the rack, whose damage cannot compromise the rack's structural integrity, and DS2, where sig-
nificant damage leads to collapse.

The lack of consequence models for steel racks renders the loss estimation for non-collapse
cases more challenging. Instead of using damage fragility curves, the methodology uses back-
bone curves of components to determine damage states during nonlinear time history (NLTH)
analysis. The damage thresholds consist in: yielding (DS1) and ultimate (DS2) rotation for
beam-to-upright connections; yielding (DS1), ultimate (DS2) rotation, tensile and shear failure
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(DS2) for base-plate connections; yielding (DS1) and ultimate (DS2) chord rotation, Von Mises
criterion for one point of the section (DS1) or 25% of the section (DS2) for the uprights; Von
Mises criterion for one point of the section (DS1) or the 25% of the section (DS2) for the beams;
yielding (DS1) and plastic (DS2) tensile resistance and 85% (DS1) and 100% (DS2) of the
buckling resistance for the braces; and peak floor acceleration for triggering overturning and
sliding (DS2) for the pallets.

If a decision-maker considers demolition, they need to define a demolition fragility curve
and query it by using structural analysis results. The damage to contents, which are often more
valuable than the racks themselves, is assumed to be reached when the peak floor acceleration
exceeds a pre-defined threshold. Although detailed methods could be used to explicitly model
the contents [9], simplified approaches are preferred when used by practitioners.

In Step 5, repair/replacement costs and time are quantified. Both constant and piece-wise
consequence functions might be employed within the methodology; in this study, constant re-
pair/replacement costs are used for the three case studies. For the uprights, the minimum quan-
tity for replacement and the minimum cost are one and €240, respectively. For beams are two
and €41, for braces are one and €203, for beam-to-upright connections are two and €41 (con-
sidered welded to the beam), and for base-plate connections are two and €32, respectively. More
details on the damage thresholds for different structural components and the methodology are
provided in [7].

3 STEEL RACK PROTOTYPES

The material and geometrical properties of the selected case-study steel rack are based on a
past project SEISRACKS2 [10], which experimentally assessed the seismic performance of
steel racks. Three steel rack configurations were generated (Figure 2) by varying the span length
of the one experimentally tested in SEISRACKS2 [10]; in particular, the different span lengths
considered in the down-aisle direction are 2.0, 2.5 and 3.0 m, and the corresponding rack typol-
ogies are named as [IPB2, IPB2.5 and IPB3, respectively. The prototypes share the same con-
figuration, namely four bays in the down-aisle direction, one bay (span length of 1.1m) in the
cross-aisle direction and four loading levels. Each loading level is 2m high, and each beam is
loaded with 4.3kN/m. The numerical models were developed in OpenSeesPy [11]; each mem-
ber was modelled with elastic beam-column elements with a P-delta formulation for the geo-
metrical nonlinearities. Further details on the numerical modelling can be found in [7].
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Figure 2: Geometrical properties of the three steel storage racks.
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3.1 Hazard characterisation and record selection

To conduct MSA, different sets of records were selected for each IM level. Probabilistic
seismic hazard analysis (PSHA) was carried out, using OpenQuake [12], to define the hazard
curve for the investigated location, Finale Emilia, characterised by moderate seismic hazard.
Soil type C was assumed, following the Eurocode 8 [13] and NTC18 [14] classifications. The
target spectrum was the conditional spectrum (CS), based on average spectral acceleration
(AvgSA), defined in the period range of 0.2T; to 1.5T; [15] (T is the fundamental period of
the structure). The resulting period range is 0.5s to 4.0s, while ten return periods (Tr) were
considered, with 20 records selected for each Tr.

Hazard Curve T, =475 years

—— et e e i 10!

=]

(=)

102 F ed ian SM
— =— — 1 and 4 percentild
i ngle p ectra

robability of Exceedance in 50 years
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Figure 3: (a) Hazard curve for the selected location and (b) example of selected spectra for Tr= 475 years, with
grey area representing the period range adopted for the AvgSA record selection approach.

3.2 Peak floor accelerations and interstorey drift ratios

Following the MSA, the median profile and the 16™ and 84™ percentiles of the peak floor
accelerations (PFAs) and interstorey drift ratios (IDRs) of the different racks and directions
were analysed, for the different return periods (Tr). Figures 4 and Figure 5 illustrate the PFA
profiles for the down- and cross-aisle direction, respectively, of the racks for six Tr. In the
down-aisle direction (Figure 4) and for the lower Tr, the acceleration remains quite constant
along the height, regardless of the rack typology. The dispersion for the three racks is almost
similar, as seen from the 16" and 84" percentile profiles. For higher Tr, the differences in terms
of medians and percentiles become more evident. Specifically, for Tr = 975 years and Tr =
2475 years, the acceleration profiles show a reduction with increasing height, with a slight in-
crease at the top floor. Regarding the cross-aisle direction (Figure 5), the profiles show how the
racks are more rigid, and the higher modes generally have less influence on the structural re-
sponse. This is easily seen from all the represented profiles that show a nearly linear increase
in accelerations with height. Regardless of the direction and Tr, IPB2 shows higher PFA values
compared to IPB2.5 and IPD3, clearly due to the higher stiffness of IPB2, which has a smaller
span length.

Figures 6 and Figure 7 illustrate IDR profiles for the down- and cross-aisle directions, re-
spectively. In the down-aisle direction (Figure 6), for the first two Trs, a nearly constant IDR
can be observed along the height of the racks, with dispersion levels that are not significant; the
dispersion levels strongly increase for higher Tr. As regards the cross-aisle direction (Figure
7), similar considerations can be made. The IDR values and their dispersions are quite low for
low return periods (Tr = 63 years and Tr = 98 years), while they strongly increase for higher
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return periods. Regarding the differences between rack typologies, IPD3 shows higher IDR
values in both directions and almost for all the investigated Trs, while all the rack types show
a soft storey mechanism at the third storey for higher Trs.
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Figure 5: Acceleration profiles in the cross-aisle direction of the three rack typologies, as a function of the Tr.

3037



G. Mucedero, G. Gabbianelli and R. Monteiro
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Figure 6: IDR profiles in the down-aisle direction for the three rack typologies, as a function of the Tk.
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Figure 7: IDR profiles in cross-aisle direction for the three rack typologies, as a function of the Tr.
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3.3 Collapse fragility

The collapse fragility functions were derived for each of the three rack typologies, and the
collapse was defined once 25% of the structural components reached failure. The lognormal
distribution was used to fit the collapse probability data points, defining thus a median collapse
intensity, 0, and a logarithmic standard deviation, BrTr, associated with the record-to-record
variability. Although a comprehensive consideration of the uncertainty would require including
both the epistemic uncertainty (Bmpr) and damage level definition uncertainty (Bps) [16], the
dispersion of the fragility curves provided in Figure 8 was not inflated considering such uncer-
tainties. This choice was motivated by the lack of research studies proposing epistemic disper-
sion sets and uncertainty on the definition of damage levels for steel storage racks. As expected,
IPB2 shows the lower probability of collapse, for the same IM level, compared to the other two
rack typologies. The observed 0 values were 0.17, 0.14 and 0.12 for IPB2, IPB2.5 and IPB3,
respectively. With increasing span length, 6 reduces of about [14.3-17.6] %, with the lower
Brtr (0.52) found for IPB3, while itis 0.66 and 0.62 for IPB2 and IPB2.5, respectively.
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Figure 8: Collapse fragility curves, as a function of the rack typology.

4 LOSS ASSESSMENT RESULTS

The loss assessment, carried out employing the practice-oriented methodology proposed by
Mucedero et al. [7], assumed the cost of contents as € 50,000.00 for each storey of the rack,
whereas the structural components cost (€ 16,708.00) was estimated by a European company
of the sector. The total reconstruction cost (€ 218,378.80) was obtained by inflating the total
cost (€ 216,708.00) of 10% to account for the demolition costs. The peak floor acceleration
capacity in the cross-aisle direction (PFAasovt) Was assumed to be 0.3 g, which is slightly lower
than the median intensity of collapse experimentally obtained by Filiatrault and Bachman [17].

The relative contribution to losses with decreasing mean annual frequency of exceedance (A
= 1/Tr) 1s presented in Figure 9. The loss curves are distinguished into: (i) collapse, represent-
ing the losses in the case of collapse (E[Lc | IM]) and (ii) non-collapse, E[Lr | NC | IM], dis-
aggregated into losses given the repairing (replacement) costs of the structural components and
contents losses. For lower return periods (TRr), the higher contribution to the losses is due to the
contents falling from the rack, while for increasing Tr, the higher contribution to the total losses
is given by the collapse cases. Regardless of the rack typology, the contribution to the total
losses of the repairing (replacement) costs of the structural components is negligible.
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Figure 9: Relative contribution to losses with increasing return period.

A further comparison in terms of content losses and total losses for different rack typologies
was carried out and is presented in Figure 10. Even at lower return periods (Tr = 98 years), the
content losses (Figure 10a) for the three racks are quite different, highlighting the impact of
span length on the expected losses; the content losses of IPB2 are almost 1.2 and 1.7 times
higher than those of IPB2.5 and IPB3, respectively. Increasing Tr, the content losses are even
more sensitive to the span length. As an example, for Tr = 475 years, the content losses for the
IPB2 rack are 2.4 and 5.9 times higher than those of IPB2.5 and IPB3, respectively. This is
justified by the lower probability of collapse at Tr =475 years for the IPB2, resulting in a higher
contribution of the non-collapse cases to the overall losses, as well as by higher PFA values.
The maximum content losses are obtained between Tr = 224 years and Tr = 475 years. As for
the total losses (Figure 10b), for Tr = 50 years, changing the rack typology leads to a variation
of the total losses in the range of about 17% to 50%. For higher return periods (higher than 475
years), changes in the rack typologies have a limited effect (< 1%) on the total losses.

The obtained EAL, in percentage of the reconstruction cost, per rack typology, are depicted
in Figure 11a, which shows an overall EAL variation in the range of [1.03 - 0.76] %, considered
important according to the literature. The higher EAL is observed for the IPB2 rack, while the
lowest is obtained for the IPB3. Hence, for this case study, changing the span length from 2 to
3m led to an EAL reduction of 26%.

For a better understanding of the relative contribution of structural components, contents and
collapse losses to the EAL, a disaggregation was carried out (Figure 11b), per rack typology.
Figure 11b further clarifies that the structural components’ repair (replacement) costs have a
limited effect on the overall EAL, with a higher relative contribution of 1.62% for the IPB3
rack. Conversely, the largest contribution to the EAL is provided by the losses of contents,
which contribute to the total EAL in the range of [57 — 77.5] %, with the higher value being
obtained for the IPB2 rack. This is due to the better seismic performance of this rack typology
at lower return periods (lower probability of collapse at TR =475 years) and higher PFA values.
As for the relative contribution of the collapse cases to the EAL, it is in the range of [21.5 —
41.4] %, with the higher value obtained for the IPB3 rack. Comparing the different rack typol-
ogies, while the structural losses are of the same magnitude, by increasing the span length, the
relative contribution of the collapse cases to the EAL increases of almost 93%, whereas that of
the contents decreases by almost 26%.
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5 CONCLUSIONS

Research studies on steel racks have primarily focused on their design and structural perfor-
mance evaluation, with limited attention being paid to the estimation of their seismic losses.
This study bridged this gap by employing a recently proposed practice-oriented loss assessment
methodology, providing a more holistic understanding of the seismic risk associated with steel
rack systems. The methodology was applied to three different steel rack prototypes, which share
the same material and geometrical properties, except for the span length. The results showed
that, for lower return periods, the primary contribution to losses is due to contents falling from
the racks, while, as the return period increases, the major contribution to total losses shifts to
the collapse cases. The expected annual losses (EAL), as a percentage of the reconstruction cost,
range from 0.76% to 1.03%, with the largest contribution coming from content losses. The
impact of structural component replacement costs is minimal, whereas collapse cases contribute
up to 41.4% of the EAL. For higher return periods (> 475 years), changes in the rack typology
(i.e. the span length) have a limited effect on total losses but a relevant impact on the relative
contribution of the collapse cases and content losses to the EAL.

Future analyses should include a portfolio of steel racks with various structural and geomet-
rical configurations, reflecting different total construction costs, to draw more general conclu-
sions. Furthermore, repair time and business interruption should be quantified from a functional
recovery perspective, which is valuable for stakeholders and (re)insurance companies. A more
comprehensive quantification of risk metrics for steel storage racks should also account for
epistemic uncertainty and uncertainty in defining damage levels.
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