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ABSTRACT

Steel storage pallet racks are used worldwide to efficiently store goods and products in situations where only limited space is available. Their use has
increased remarkably in recent years, owing to the growing importance of the logistics services in the context of the global economy. Despite the quite
limited costs of storage racks, essentially due to the extensive use of cold-formed members characterized by high levels of standardization, their safety is of
paramount importance. An eventual collapse could in fact result in considerable economic losses and/or loss of human life. The design rules currently
adopted, derived from those proposed for more conventional steel buildings, are unable to capture satisfactorily the overall rack response and hence need
further improvements, especially for applications in seismic zones.

The paper reports the results of a study focussed on the development of more reliable approaches for designing racks against earthquakes. In particular, a
wide range of cases of practical interest for routine design has been defined, which is comprised of racks that differ in terms of geometric layout and
component performance. For each of them, the load carrying capacity corresponding to different values of the peak ground acceleration has been evaluated
via two alternative design approaches: the well-known modal response spectrum analysis approach (MRSA) and an advanced strategy combining non-linear
time-history analyses with the assessment of the damage in joints due to the cyclic excursions in plastic range (NLTH-LCF). Based on 56 design cases,
requiring in total 1512 structural analyses, the proposed outcomes allow for a direct appraisal of the differences in load carrying capacity. At the same time,
the influence of modelling the cyclic joint behavior is highlighted, with reference also to the change in key behavioural parameters, such as flexural strength

and rotational stiffness.

1. Introduction

Thin-walled cold-formed steel components for structural applica-
tions are an important and growing area in the field of steel construc-
tion [1]. These members are frequently used to construct the skeleton
frame of systems for storing goods and products. Between them, the
most commonly used solutions [2] are drive-racks, dynamic storage,
shuttle racks, cantilever racks and adjustable pallet racks, which are the
core of the present paper. As shown in Fig. 1, pallet racks are comprised
of a regular sequence of upright frames, i.e. built-up laced members
placed in the cross-aisle (transverse) direction and connected to each
other in the down-aisle (longitudinal) direction by pairs of horizontal
beams (pallet beams). At their ends these beams have a shop welded
bracket with hooks to be accommodated into special slots regularly
pitched along the uprights in order to allow for a rapid assemblage of the
skeleton frame. The need to optimize the rack performance in terms of
number of stored units generally prevents the possibility of locating
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bracing systems (spine bracing) in the down-aisle direction and stability
is hence provided solely by the degree of flexural continuity associated
with both beam-to-column joints and base-plate connections. Moreover,
due to the large variability in the geometry of members, perforation
systems and joints, rack design is traditionally carried out by using a
hybrid procedure, that is, the so-called design-assisted-by-testing ap-
proach [3], which combines the results of component tests with the well-
established state-of-knowledge developed for more conventional steel
structures that utilise hot-rolled members. From the structural point of
view, pallet racks can be considered moment-resisting frames [4,5] in
which, because of the extensive use of thin-walled cold-formed members
(i.e. class 3 and 4 profiles [6]), plasticity can be observed only in beam-
to-column joints and base-plate connections.

Despite the relevant studies carried out on storage rack systems in
the last years on different issues of relevance for a safer design [7-13],
some aspects need further investigation, especially for applications in
seismic zones. Different methods of analysis can be adopted for the
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Fig. 1. Example of a selective pallet rack (a) and its main components (b-d).

seismic design of pallet racks, which are the same as those usually
adopted for conventional buildings [14,15], i.e.:

® lateral force method of analysis (LFMA);

® modal response spectrum analysis (MRSA);

® non-linear static pushover analysis (NLSPA);

® non-linear time history (dynamic) analysis (NLTH).

The European seismic design references are FEM 10.2.08 [16] and
the recent EN 16681 [17] provisions. With the exception of the NLTH
approach, which can be always applied, the choice of the method of
analysis, as it appears from Table 1, is governed by the value of the rack
inter-story drift sensitivity coefficient (0) defined as:

(€3]

where Pg ; and Vg ; are the total vertical load and the total shear at the
base of the i-th story, respectively, h; is its height and d,.; is the lateral
drift.

In general, manufacturing engineers prefer the LFMA approach;
however, it can rarely be applied to flexible structures such as racks. It
is in fact required that i) the fundamental (maximum) period of
vibration (T;) be lower than 1.5-2 s, depending on the seismicity of
the zone, and ii) the modal mass associated with T; be greater than
90% of the total mass. Both conditions are rarely fulfilled by racks and,
from a practical point of view, the MRSA approach is the most
frequently used. This also owes, in part, to the unwillingness of
engineers to use non-linear approaches (i.e. NLTH and NLSPA). Like
the LFMA, the MRSA is based on a design response (DS) spectrum
obtained by scaling the elastic response (ES) spectrum by means of the
well-known behavior (g-) factor [18,19]. Both spectra are shown in

Table 1
Methods for seismic analysis for steel storage pallet racks [16,17].

Gl q=s2 q>2
low dissipative behavior high dissipative behavior

Method of Second order Method of Second order
analysis effects analysis effects
0<0.1 LFMA Negligible LFMA Negligible
0<0.3 or Considered or Considered
MRSA MRSA
6<0.5 NLSPA
6>0.5 NLTH including geometrical and

material nonlinearity
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Fig. 2. Elastic (ES) and design (DS) response spectra according to EC8 [20].

Fig. 2 in terms of relationship between the peak ground acceleration
(PGA) S, normalized by the acceleration due to gravity (g) versus the
period T. The same ES spectrum recommended by EN 1998-1 (EC8)
[20] for more conventional buildings is also adopted also for designing
storage racks.

The g-factor evaluation is a critical issue that is in need of urgent
investigations because of how greatly it impacts on the assessment of the
rack performance. Very general indications are provided by the
Europeans rack provisions [16,17], with g<2 and ¢ > 2 for low and
medium dissipative structural systems, respectively. However, no
explanation is provided for how the engineer should choose whether
their rack is of the low or medium category. The Rack Manufacturing
Institute (RMI) [21] makes reference, according to the US provisions, to
the response modification factor (R), that is practically equivalent to the
European g-factor, and proposes values of 4 and 6 for the braced (cross-
aisle) and for the unbraced (down-aisle) directions, respectively. These
values are independent of the member production processes (i.e. hot-
rolling or cold-forming process) and the component performance. As far
as research is concerned, several extensive campaigns [22,23] have
recently been carried out in Europe deriving g-values directly from the
pushover curves. In particular, Castiglioni et al. [24] tested two-bay
four-story unbraced pallet racks differing in terms of their components
and increasing monotonically the lateral forces applied via an inverse
triangular pattern: the experimental g-values ranged from 1.24 to 3.85.
Adamakos et al. [25] assessed six-bay four-story racks with similar
components and obtained values between 2 and 5.71 through numer-
ical finite element pushover analyses. In addition to the inconsistent
values provided by the EU and US rack provisions, it can be concluded
that q depends not only on the performance of the rack components and
the geometric layout, as clearly demonstrated by these studies, but also
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Fig. 3. Moment-rotation curve (M-®): monotonic response and selected post-elastic cycles.

by the entity of the vertical loads simulating pallet unit effects, as
recently discussed by Bernuzzi et al. [26].

Furthermore, it is worth noting that the degradation of the
mechanical properties (rotational stiffness and flexural resistance) of the
connections, due to the loading and unloading sequences in the plastic
range induced by earthquakes, is totally neglected in both LFMA and
MRSA methods as well as in the procedure to evaluate the g-factor via a
pushover curve with lateral loads increasing monotonically. In greater
detail, highly unstable behavior of beam-to-column joints has often been
experimentally observed [27,28] when reversing moments are applied,
as always occurs during earthquakes. Reference can be made to Fig. 3,
where the typical moment-rotation (M-®) joint response (dashed lines)
under monotonic loading, plotted for both sagging (positive) and
hogging (negative) moments, appears qualitatively similar to the
response associated with more conventional steel frame joints [29]. In
the same figure, two typical cycles in the post-elastic range are plotted,
differing in terms of the maximum rotation. In the first, the moment
reversal is in the initial part of the post-elastic range, in the second, the
moment reverses in the softening branch. Unlike joints for conventional
steel buildings, these cycles are characterized by a remarkably
progressive and regular stiffness and strength degrada-tion, mainly due
to the increasing size of the zone influenced by yielding of the outermost
hooks in a progressive sequence towards the neutral axis of the pallet
beam. The envelope of the cyclic joint response is nearly coincident with
the monotonic curve, but slippage, pinching and reduction of both
stiffness and strength, characterize the hysteresis loops.

In the framework of a more general research project, with the goal of
improeving the design rules for industrial storage systems, this paper
summarizes the first results of a study aimed at assessing the load
carrying capacity of medium-rise pallet racks in seismic zones. In
particular, two approaches, differing in terms of degree of refinement,
have been considered: the first is the traditional MRSA method and the
second combines NLTH analysis with low-cycle fatigue (LCF) damage
assessment. Both can be applied to rack design, being the storage racks
able to guarantee only a low dissipative behavior (Table 1). A wide
range of cases of practical interest for routine design has been
considered, allowing for a direct evaluation of the differences in terms of
rack performance and highlighting the importance of adequate
modelling of the cyclic joint response.

2. Structural component verification checks

Routine design of racks, such as per conventional framed structures,
is usually carried out following two separate and subsequent steps:

® structural analysis of the overall frame, aimed at evaluating the set of
generalized displacements and forces;

® component safety checks, strictly depending on suitable criteria
regarding deformability, resistance and stability.

Different alternatives are permitted by the European and American
provisions, as discussed by Bernuzzi [30]. A promising European
approach, which is described in the general part of EC3 [6], is the so-
called General Method (GEM) [31,32]. It could be immediately sub-
stituted for the method currently proposed in the EU standard rack
provisions for static design [33,34], which is often unsafe because of the
use of the system length as the effective length of the uprights. In
particular, in the case of racks that are unbraced in the down-aisle
direction, which is the most common situation, this assumption leads
frequently to a significant over-estimation of the load carrying capacity.
Furthermore, GEM is able to provide results that are fully consistent
with those obtained via the US design procedures and this proves, once
again, its adequacy for rack design. In particular, reference can be made
to the safety index (SI), which is a coefficient of utilization of the
structural components ranging from 0 to 1 (failure). Rack safety is
guaranteed when:

SI=—" <
Xopault,k (2)

where @, « is the minimum load multiplier based on the resistance of
components (members and joints), ¥ is the buckling reduction factor
of the overall structural system and y,, is the material safety coefficient.
In particular, in the case of members subjected to axial force Nggq
and bending moments along the principal direction M,, zg and M, gq,
which are typically the uprights but may also include the pallet beams,
the ultimate load multiplier for member resistance, .k, is the
minimum of all the key rack components and it is evaluated as:

I | Nu M, kq M g
Quit,k,m Adf f‘ Weff.y f‘ etz fy
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where A.g; is the effective cross-section area, ynzo is the safety
coefficient, f,, is the material yield strength and Wz, and Wz, are
the effective section moduli along the principal axes.

Furthermore, indicating with M; gq and Mj g4 the design bending
moment acting on the most highly stressed joint and its flexural
resistance, respectively, the associated joint multiplier augr,; is
expressed as:
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The term @y x has to be assumed as the minimum of @, x, m and

Quir k. j
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It is worth noting that the GEM method, like the other approaches
that can be adopted for structural verification checks, must also be able
to be used for the design of racks against earthquakes and this method
leads, in general, to the definition of the most conservative design
domain in terms of relationship between the axial force and the bending
moment, as demonstrated in refs. [35,36] where the European design
alternatives have been discussed and compared. Seismic provisions, in
fact, give the rules required to simulate the effects due to ground
motion, but the safety checks have to be carried out by using the same
verification equations adopted for static design.

According to the EU standard provisions for static rack design, and
considering the requirements for the combination of the actions
regarding the ultimate limit states, it has to be underlined that:

® as to the static performance, the weight of the rack components (G)
is amplified by a factor y=1.3 while yo=1.4 is recommended for
the weight of the pallets units (Q);

® as to the seismic performance, it is assumed that the effects of the
earthquakes (E), the weight of the rack components and the weight
of the pallets units need not be amplified when applied concur-
rently, i.e. yp=vyg=vq=1.



Fig. 4. Peak ground accelerations associated with the first three modes of vibration.
3. Rack performance via the MRSA approach

An eigenvalue analysis is required by the MRSA approach to measure
the contribution of each natural mode of vibration, by obtaining the
associated peak value acceleration S,(T) from the design spectrum (Fig.
4). As a consequence, it appears that the rack response is governed only
by the elastic branch of the monotonic M-@ joint curve and the presence
of post-elastic branches, slippage, pinching and strength and stiffness
drop (Fig. 3) are neglected. The number of the modes to include must be
sufficient to achieve at least 90% mass participation. Different rules can
be adopted to combine the effects of multiple modes of vibration in
order to assess the overall rack response [37]: in the present study, the
complete quadratic combination (CQC) rule has been adopted. The starting
point is the choice of the g-factor, which, as previously mentioned,
represents a critical issue in need of sub-stantial further research. Once
the generalized forces are obtained from the modal analysis, they are
added to the results of a static analysis, which considers directly the
effects of the vertical load (weight) of the pallets, with yo=vo=1. The
combination of these two load cases consists of an envelope in which the
contribution from the MRSA is considered with its absolute value
(subscripts MRSA) and the contribu-tion from the static analysis
(subscripts STAT) conserves its sign, as per the following equation:

IsgisM = TsTaT £ |Pvrsal ()

where rx indicates the parameter of interest belonging to the general-
ized forces.

Structural performance strictly depends on the seismic hazard of the
zones where rack will be in-service. Furthermore, the MRSA approach
can be applied by using the commercial finite element analysis
packages commonly available in engineering offices. Fig. 5 presents a
flow-chart of an iterative procedure allowing for an evaluation of the
seismic load carrying capacity (WXFS*) starting from a tentative value of
the vertical distributed load on the beam (Wgene), which simulates the
effect of the stored units. In the numerical study herein presented, the
value of the tolerance (tol) to stop the iterative procedure is taken as to
2%, i.e. tol=0.02. It can be noted that after each MRSA analysis, if
|max SI — 1| > toll, Ween, has to be updated and new iterations are
required, until convergence is achieved, guaranteeing the best perfor-
mance of the considered rack for the site of interest. It can be noted that
the static checks are always required, therefore at the end of MRSA
procedure, Wy, has to be amplify by 1.4 and the SI has to be
calculated in monotonic load condition, i.e. without earthquake effects.
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Fig. 5. Flow chart of the MRSA procedure to assess iteratively the rack load carrying
capacity.

4. Rack performance via the combined NLTH-LCF procedure

As already discussed by the authors [38], a promising strategy for
designing racks in seismic zones appears to be the combination of non-
linear time-history (NLTH) analysis with a low-cycle fatigue (LCF)
assessment. As NLTH analysis is general well understood by engineers it
is not discussed in detail here; however, some details do need to be
presented for the low-cycle fatigue assessment procedure. In particular,
reference can be made to the well-known Wholer S-N lines [39] for high-
cycle fatigue [40,41], for which the extension to low-cycle fatigue has
been already extensively validated [42]. According to a proposal by
Calado et al. [43], reference for joints is made to the rotation range A®
that is considered as the parameter characterizing low-cycle fatigue. In
the case of constant amplitude loading histories, failure (Fig. 6) occurs
when:

NA®Y = Kpey (6a)
or, equivalently, in the log-log domain when:
log (N) + 3 log (A®) = log (Kpcy) (6b)

where N represents the number of cycles necessary to reach failure at
the constant amplitude rotation range A® and Kpc is a constant that is
dependent on both joint details and material properties.
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Fig. 6. Fatigue resistance in Log(A®)-Log(N) domain.



In the case of random loading histories, such as the earthquake
excitations, instead of A® an effective rotation range, Ad.q, must be
used. It is related to an equivalent constant loading history that leads to
the same level of damage as the actual loading history. The term A®,
can be assessed from the actual M-@ joint response as:

nAd, = 3\/2 AP
i=1

where n is the number of cycles.

As to the cycle counting methods, i.e. the approaches to evaluate
Ad,, reference can be made to the well-known rainflow procedure,
which is recommended also by the European fatigue design code [44].
Furthermore, it should also be of great interest for manufacturing
engineers, especially in the case of existing racks, to measure the
damage associated with each earthquake and/or with a set of sub-
sequent seismic events occurring during the entire in-service life. The so-
called Miner's rule [45,46] can be applied also to rack joints, making
reference to the damage index D,,,. It ranges from 0 (no damage) to 1
(failure for low-cycle fatigue) and its expression, in the case of a variable
amplitude loading history composed by m cycles, is:

)
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Fig. 7 presents the flow-chart of the proposed design procedure: in
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Fig. 7. Flow-chart of the combined NLTH-LCF procedure for the i-th accelerogram.

particular, after the selection of the i-th accelerogram with a duration of
tmax, the starting point is the definition of the tentative seismic design
load W.,,. Assuming that NIS represents the total number of the
integration steps, each with a duration of At (i.e. NIS=t,,q4x/At), for
each step the sets of generalized forces and displacements are recorded.
This is so that they may be used at the end of the analysis to assess the
safety index for members (SIx) and the accumulated damage for joints
(Dy), checking that the difference between the maximum value and the
unity never exceed the tolerance (tol). If this occurs, Wi, has to be
modified and the analysis has to be repeated using the new value of
distributed load on the pallet beams.

According to the major seismic design codes, once the rack location
and the elastic spectrum are defined, it is necessary to generate a
suitable number of artificial spectrum-compatible ground motions. For
each ground motion, W/, must be evaluated iteratively and, when
convergence is achieved, the safety and damage indices as well as the
deteriorated M-® curves are recorded for each joint of the rack. The
rack performance is hence evaluated by making reference to the mean
value (WAL obtained from ten NLTH analyses.

Once WYETH has been defined, a new static analysis is required for
this load value that considers the strength and stiffness joint deteriora-
tion after the earthquake.

5. The considered racks and their static performance

A general overview of the racks considered in the present study is
provided in Fig. 8, where the cross-section geometry of uprights, pallet
beams and diagonal members (lacings) of the upright frames are
reported. Reference is made to the geometric layouts with 3 and 6 bays.
Owing to the difficulties in testing large specimens in the laboratory, the
first (NB=3) is of interest in case of experimental activities aimed at
investigating key parameters on which to base design. The second
(NB=6) is generally considered as a reference layout by manufacturing
engineers. Storage levels have a constant inter-story height of 2.02 m
(for a total height of the rack, measured to the top storage level, of 8.08
m) and the bay length of 2.7 m allows for the storage of three pallets per
bay. The width of the upright frame, with the typical V-panel, is 1.10 m.
Furthermore, despite the relevant influence on the structural behavior of
the asymmetry of the masses [11] as well as of the geometry and
restraints [47], the only condition of fully loaded rack has been
considered in this initial phase of the study and pallet unit load has been
simulated via a uniform distributed load on each beam.

As already mentioned, only racks comprised of members with two
cross-sectional axes of symmetry are herein considered. However, the
proposed outcomes are independent of the geometry of the components
and hence also valid in cases of single-symmetric members. All the
components have a rectangular or square hollow cross-section and
belong to class 3 according to the EC3 classification criteria [6], owing
to the presence of intermediate stiffeners, which significantly reduce the
influence of local buckling. Effective cross-section parameters to be used
in checks according to Eq. (3) are therefore the gross cross-section
parameters.

In order to provide concluding remarks that have general validity, all
the possible configurations of interest for designers have been
considered. In particular, for each rack layout, three different cases have
been defined, each depending on the weakest component govern-ing
design, i.e. pallet beams (B), uprights (U) or joints (J). For each of them,
two further sub-cases have been analysed, distinguished on the basis of
the strongest element. The 6 cases associated with each longitudinal
layout are identified by a label XYZ where X and Z identify the weakest
and the strongest components, respectively. In addition, the OPT case
has been considered, which represents the optimal design solution,
corresponding to the achievement of unity for the safety index of the
three components for the same pallet load (i.e. SIz=SI;=SI;=1). In
total 14 racks have been considered.
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Fig. 8. Detail of the considered racks (dimensions in millimeters).

Table 2
Main geometrical data related to the rack components.

Uprights (U)

Pallet beams (PB) Beam-to-column joint

Cross-section (steel grade) Ny,ra [kN] My ra [KN m] Cross-section (steel grade) Mg ra [KN m] I Mj ra . M; Rd

! MpRa "= My ra
BJU 88 x88x2.0 (S355) 244.2 6.8 130x39x1.2 (S355) 4.4 0.68 0.27
BUJ 70x70x1.3 (S355) 126.8 2.8 130 x 39 x 1.2 (S400) 5.1 0.78 0.24
UJB 70x70x1.3 (5235) 83.9 1.9 150 x 49 x 1.5 (S400) 8.6 0.35 0.14
UBJ 70x70x1.3 (S235) 83.9 1.9 150x49x 1.5 (S235) 5.1 0.80 0.24
JBU 88 x 88 2.0 (S355) 244.2 6.8 150 x 49 x 1.5 (S400) 8.6 0.33 0.14
JUB 70x70%1.3 (S355) 126.8 2.8 150 x 49 x 1.5 (S400) 8.6 0.33 0.14
OPT 88 x88x 2.0 (5235) 161.7 4.5 150 x 49 x 1.5 (S355) 7.6 0.59 0.16

In the Table 2 the main geometric data related to the cross-section of
the uprights and pallet beams are presented in terms of upright squash
load (Ny,rq) and bending resistance for uprights (Mg, rq) and pallet
beams (Mg, rq). Steel grades are specified in the table between brackets,
according to the EN 10025 provisions [48]. Steel grade S355 is used for
all lacings of the upright frames.

All analyses have been carried out by means of a commercial non-
linear FEA package (SAP2000 [49]) and the members have been assumed
to behave in elastic range. As to the beam-to-column joints, which have
been modeled via a rotational spring, in the table the ratio (m;) of joint
resistance (M) to pallet beam resistance (Mg rq) is presented for
hogging and sagging moments, with m; and m; ranging from 0.33 to 0.8
and from 0.14 and 0.27, respectively. The complete monotonic moment-
rotation (M-®) law, comprised of the softening branch, is presented in
Fig. 9: a different response has been considered for sagging and hogging
bending moments according to experimental studies [50].

The elastic stiffness for hogging moment, S;” has been assumed equal
to 2.5 times the flexural stiffness of the pallet beams and this value
corresponds to 5 times the bound between the flexible and semi-rigid
joint domains, according to the EC3 1-8 [51] classification criteria, i.e.:

E-Ip
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where E is the Young's modulus and Lp and Ip are the length and the
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Fig. 9. The considered joint moment-rotation (M-®) relationship.

second moment of area, respectively, of the pallet beams.

In order to reduce the number of variables affecting research
outcomes, only fixed base plate connections have been considered.

Table 3 presents the key results associated with the evaluation of the
static rack performance, which have been obtained via the application
of the GEM method through an iterative procedure. In particular, for
each of the considered racks, the values of the safety index of the most
highly stressed upright (U), pallet beam (B) and beam-to-column joints



Table

3

Key data related to the static performance of the considered racks.

NB=3 (three bays)

NB=6 (six bays)

Rack Sy STy STy LL/DL Nyr [kN] Qler Ty [s] STy STy SIy LL/DL Nyr [kN] Qer Ty [s]
BJU 1 0.57 0.90 50.27 88.57 2.86 3.99 1 0.58 0.90 54.00 87.65 2.76 3.95
BUJ 1 0.92 0.86 65.30 80.21 1.94 4.58 1 0.93 0.87 67.63 78.20 1.86 4.51
UJB 0.63 1 0.85 50.79 75.50 2.72 3.89 0.64 1 0.86 51.76 73.21 2.60 3.69
UBJ 0.87 1 0.71 50.79 75.50 2.72 3.89 0.86 1 0.71 51.76 73.21 2.60 3.69
JBU 0.63 0.51 1 49.14 99.28 3.82 3.58 0.63 0.52 1 52.03 97.90 3.69 3.38
JUB 0.70 0.83 1 56.53 84.03 2.46 4.58 0.71 0.84 1 57.47 81.29 2.35 4.75
OPT 1 1 1 71.79 145.03 2.67 4.56 1 1 1 75.52 142.10 2.58 4.33
12 :
Sovg o Tiguila eahiate rack  bays o design method
1.0 Category: E
Topography: T4 BJU NLTH EPK
BUJ 0.1 ACP
uUJB 3 0'3
UBJ )
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Fig. 10. Elastic spectrum of the considered earthquakes. q_3 O
q=4.0
(J) are reported, together with the live load (LL) over dead load (DL) q=5 0
ratio (i.e. LL/DL). This ratio is of great interest for commercial reasons :

because expressing directly the rack efficiency, being the costs propor-
tional to the rack weight. Furthermore, in the same table, the values of
the load carrying capacity of the upright frame (Nyg), the critical
buckling, the values of the critical buckling load multiplier (a.,) and the
fundamental period of vibration (T;) are reported, too.

Increasing the number of bays, the rack performance in term of LL/
DL ratio, increases too, with a mean value of 1.04 and up to 1.08 for the
BJU case, despite the moderate reduction of a., and Nyg, owing to the
reduced action of the external upright frames in stabilizing the internal
ones. The ratio LL/DL ranges between 49.1 and 75.5, confirming, once
again, the great convenience of these structural systems. The most

Fig. 12. Synopsis of the considered cases.

favorable condition is represented by the one with the highest value of
the safety index for uprights and pallet beams, that are the elements
mainly governing the weight, and, hence, the price, of the storage
solution. In particular, the best solutions are the OPT and BUJ ones,
while the worst is associated with the JBU cases. Moreover, it can be
noted that in the cases in which the joint is the strongest element (i.e.
BUJ and UBJ) pallet beams result mainly stressed at the mid-span for
sagging moments.

The term ., ranges from 1.86 to 3.82 while T; is between 3.38 s

Fig. 11. Cyclic M-® response according to the type EPK (a) and ACP (b) joint model.



Table 4
Values of the WYRS4/w,,,, ratio according to the MRSA approach.

NB =3 (three bays)

NB=6 (six bays)

ag q= 1 1.5 2 2.5 3 4 5 1 1.5 2 2.5 3 4 5
0.1 BJU 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
BUJ 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
UJB 0.71 0.88 0.98 1.00 1.00 1.00 1.00 0.69 0.87 0.97 1.00 1.00 1.00 1.00
UBJ 0.71 0.88 0.98 1.00 1.00 1.00 1.00 0.69 0.87 0.97 1.00 1.00 1.00 1.00
JBU 0.85 1.00 1.00 1.00 1.00 1.00 1.00 0.84 0.99 1.00 1.00 1.00 1.00 1.00
JUB 0.92 1.00 1.00 1.00 1.00 1.00 1.00 0.91 1.00 1.00 1.00 1.00 1.00 1.00
OPT 0.78 0.94 1.00 1.00 1.00 1.00 1.00 0.74 0.89 0.99 1.00 1.00 1.00 1.00
0.3 BJU 0.25 0.78 0.92 1.00 1.00 1.00 1.00 0.24 0.75 0.91 1.00 1.00 1.00 1.00
BUJ 0.27 0.66 0.84 0.99 1.00 1.00 1.00 0.26 0.62 0.81 0.96 1.00 1.00 1.00
UJB 0.14 0.36 0.52 0.63 0.71 0.83 0.92 0.13 0.34 0.51 0.60 0.69 0.82 0.91
UBJ 0.14 0.40 0.52 0.62 0.71 0.83 0.92 0.14 0.36 0.51 0.60 0.69 0.82 0.91
JBU 0.12 0.39 0.67 0.78 0.85 0.96 1.00 0.11 0.39 0.65 0.76 0.83 0.94 1.00
JUB 0.14 0.45 0.76 0.85 0.92 1.00 1.00 0.13 0.45 0.72 0.83 0.91 1.00 1.00
OPT 0.08 0.29 0.59 0.70 0.78 0.90 0.98 0.08 0.24 0.57 0.66 0.74 0.85 0.92
0.5 BJU 0.09 0.27 0.68 0.80 0.87 1.00 1.00 0.08 0.26 0.63 0.74 0.83 0.98 1.00
BUJ 0.09 0.22 0.44 0.65 0.76 0.96 0.92 0.08 0.21 0.39 0.62 0.73 1.00 0.89
UJB 0.05 0.11 0.21 0.36 0.48 0.61 0.71 0.04 0.10 0.22 0.36 0.43 0.59 0.69
UBJ 0.05 0.11 0.24 0.36 0.48 0.61 0.71 0.05 0.10 0.25 0.34 0.46 0.59 0.69
JBU 0.05 0.09 0.21 0.41 0.61 0.78 0.85 0.04 0.08 0.19 0.41 0.58 0.75 0.84
JUB 0.05 0.12 0.26 0.50 0.82 0.84 0.92 0.05 0.10 0.23 0.44 0.81 0.82 0.91
OPT 0.03 0.06 0.14 0.29 0.55 0.68 0.78 0.03 0.06 0.13 0.24 0.45 0.65 0.74
1.0 BJU 0.02 0.04 0.09 0.16 0.27 0.66 0.77 0.02 0.04 0.08 0.15 0.26 0.64 0.74
BUJ 0.02 0.04 0.09 0.15 0.23 0.46 0.65 0.02 0.04 0.08 0.14 0.21 0.46 0.62
UJB 0.01 0.03 0.04 0.07 0.11 0.21 0.36 0.01 0.03 0.04 0.07 0.10 0.22 0.37
UBJ 0.01 0.03 0.04 0.07 0.11 0.21 0.36 0.01 0.02 0.04 0.07 0.10 0.22 0.37
JBU 0.01 0.03 0.04 0.06 0.10 0.20 0.41 0.01 0.03 0.04 0.06 0.09 0.19 0.36
JUB 0.01 0.03 0.05 0.07 0.13 0.24 0.47 0.01 0.03 0.05 0.07 0.11 0.22 0.44
OPT 0.01 0.02 0.03 0.04 0.06 0.14 0.29 0.01 0.02 0.03 0.04 0.06 0.13 0.24
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Fig. 13. Relationship between WYF$4/W;,, and the behavior factor q for the OPT cases.

and 4.75 s. It is worth noting that both parameters assume numerical
values that are significantly different from those associated with the
more conventional moment-resisting frames for civil and industrial
buildings, confirming, once again, the need of specific rules for
designing pallet racks.

6. Assessment of the seismic performance

As the location for the seismic input the city of L'Aquila in central
Italy has been chosen. In May 2009 a severe earthquake hit L'Aquila and
lead to a great number of dead and significant economic loses [52]. The
elastic spectrum (ground type E, topography class T4 and PGA equal to
0.48 g) has been defined according to the Italian code for structural
building design [53]. From this elastic spectrum, four different spectra
(Fig. 10) have been scaled via the a; multiplier assuming the values of
0.1 (reduction to 90%), 0.3, 0.5 and 1 (no reduction). For each of them,
ten synthetic ground motion spectrum-compatible earthquakes (dura-
tion, tnax=20 s) have been generated and used as inputs for the NLTH
analysis. Seismic action was always considered along the down-aisle

direction and the well-known program SIMQKE [54] was used to
generate groups of stationary artificial records fitting the target
spectrum. According to the MRSA approach, only the initial stiffness of
the monotonic joint curve is considered in the eigenvalue analysis and g
values ranging from 1 to 5 have been herein considered. Unity could be
conservatively assumed because uprights and pallet beams (class 3 or 4
members) are not able to dissipate energy through hysteretic behavior.
This value is also justified by the presence of slender elements resisting
both compression and tension forces, such as the lacings of the upright
frames, for which no reduction of the elastic spectrum is allowed [55].
The values of 1.5 and 2 are fully consistent with the European standard
requirements: ¢=1.5, which is the upper limit for low dissipative
behavior according to EC8 [20], appears reasonable for racks because
design strengths are based on the characteristic material properties to be
used in combination with component test results [3] and material
strength reduction factors. Similarly, q=2 could also be adopted
because, as already mentioned, it is the upper limit permitted by the
European rack provisions for low dissipative behavior, despite the fact
that the presence of regular perforation systems is totally ignored by the
code. Furthermore, the higher values (i.e. 2.5, 3, 4 and 5) have been
considered because they are closer to the values recently determined via
static pushover analyses on similar unbraced pallet racks [22-26].

As to the NLTH-LCF approach, reference has been made to two cyclic
joint models. These models differ in terms of the deterioration of the
rotational stiffness and are characterized by the possibility to account for
the reduction of the flexural strength due to the presence of the softening
branches in the M- curve. In particular:

® the first model, which is identified as the EPK model, reproduces an
elastic-plastic joint behavior with kinematic strain-hardening. As
show in Fig. 11a, unloading and reloading phases are governed by
the monotonic response and hence the form of the hysteresis is
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Fig. 14. Relationship between WYRS4/w;,,, and the behavior factor q.

stable. If the joint response is in the softening phase, the associated
value of the bending moment immediately before unloading repre-
sents the new limit for the joint resistance in the subsequent cycles.
This cyclic response can be obtained, from the practical point of
view, by adding mechanical fasteners (bolts or rivets) connecting
the brackets of the pallet beam to the upright [56], but this is an
additional cost that may not always be accepted by rack manufac-
tures and owners;

® the second model, which in the following is identified as ACP model,
is the typical Pivot-model [57], already used in a previous numerical
study on racks [38], which is able to reproduce the typical response
of boltless rack beam-to-column joints taking into account the
stiffness reduction in the loading phase. In addition to the knowl-
edge of the monotonic M-@ joint curve, the values of a™ and a are
required, both herein assumed equal to 1.5. As shown in Fig. 11b, the
intersections between the horizontal lines at a ¥ M; * and a"M; with
the initial stiffness S; identify the points P* and P", respec-tively,
which are the points defining the slope of the unloading branches.
After the first hemi-cycle for hogging moments (OAB), the unloading
phase is represented by the BC line, defined by points B and P* until
zero bending moment (point C) is achieved, followed then by the
horizontal CO branch. Similarly, in the case of sagging moments,
initially the elastic (OD) and post-elastic (DE) loading branches are
based on the monotonic response. Unloading (branch

EF) is along the EP" line until zero moment (point F), followed by
slippage to the origin (branch FO).

As to the fatigue resistance, a value of Kzcy;=10°rad® has been
assumed to characterize the cyclic performance of all the considered
types of beam-to-column joints. It is worth noting that this value is
based on the Authors’ expertise and is considered acceptable given that
the aim of the present section is to show the general procedure. It
should not be used as a reference value for everyday practice.

In total 1512 iterative analyses have been executed according to the
layout presented in Fig. 12. Research outcomes are proposed in the
following sub-sections mainly with reference to the reduction of the
load carrying capacity with respect to the static load carrying capacity
(i.e. to the WMRSA;w,... or WYETH|w,. ratios), which represents a
parameter of significant interest for rack designers, owing to its
importance from the commercial point of view.

Due to the great amount of time require in preparing/updating each
model, the OAPI (Open Application Programming Interface) tools [49] of
SAP2000 has been used.

6.1. Rack performance according to the MRSA approach

As far as the MRSA outcomes are concerned, the WYS4/w, . ratio is
presented in Table 4 for the analyses associated with a behavior factor
(q) ranging from 1 to 5.



Table 5
Performance of the racks in terms of VK@’,%TH /Wya ratio, according to the NLTH-LCF
design approach.

NB=3 (three bays) NB=6 (six bays)

Qg case EPK ACP EPK/ACP EPK ACP EPK/ACP
0.1 BJU 1.00 1.00 1.00 1.00 1.00 1.00
BUJ 1.00 1.00 1.00 1.00 1.00 1.00
UJB 0.93 0.93 1.00 0.93 0.88 1.06
UBJ 0.93 0.85 1.10 0.91 0.91 1.00
JBU 1.00 1.00 1.00 1.00 1.00 1.00
JUB 1.00 1.00 1.00 1.00 1.00 1.00
OPT 0.97 0.97 1.00 0.99 1.00 0.99
0.3 BJU 1.00 0.72 1.39 1.00 0.80 1.25
BUJ 0.63 0.61 1.04 0.60 0.58 1.04
UJB 0.30 0.29 1.01 0.31 0.28 1.10
UBJ 0.28 0.27 1.03 0.28 0.27 1.04
JBU 1.00 0.99 1.01 1.00 1.00 1.00
JUB 0.52 0.50 1.04 0.54 0.52 1.05
OPT 0.38 0.39 0.98 0.38 0.36 1.04
/ BJU 0.69 0.62 1.11 0.68 0.60 1.13
0.5 BUJ 0.31 0.29 1.06 0.29 0.28 1.06
UJB 0.14 0.14 1.02 0.14 0.14 1.03
UBJ 0.14 0.14 1.03 0.14 0.14 1.00
JBU 0.78 0.72 1.08 0.74 0.61 1.22
JUB 0.29 0.26 1.12 0.27 0.29 0.93
OPT 0.18 0.18 1.00 0.19 0.18 1.04
1 BJU 0.29 0.24 1.19 0.26 0.21 1.25
BUJ 0.11 0.11 1.02 0.10 0.10 1.01
UJB 0.03 0.03 1.12 0.03 0.03 1.12
UBJ 0.03 0.03 1.06 0.03 0.03 0.92
JBU 0.33 0.27 1.23 0.32 0.28 1.16
JUB 0.12 0.10 1.25 0.11 0.11 1.04
OPT 0.07 0.06 1.17 0.07 0.06 1.12

relative frequency
0.40

0.35
0.30
0.25 i
0.20 i
0.15 7

0.10 | ‘

0.05 I ‘ i | 1 { "

i
0.00 4 NN NN NS

090 095 1.00 1.05 1.10 1.15 1.20 1.25 130 135

cumulated frcquenizyo

Fig. 15. Frequency and cumulative relative frequency of the ratio WJXX,LJEHPKIWJC%%F

On the basis of 392 iterative analyses it can first be noted that the
number of bays impacts significantly on the rack performance. In
particular, making reference to the ratio Wikag_s/ Wity _, it appears
that these values, quite independently of the component governing
design, are in many cases different from unity. Independently of q, the
ratio WS, IWHRS ¢, that is only in few cases lower than unity,
ranges generally between 0.93 and 1.2 with a mean value of 1.03.
Furthermore, it can be seen that the strong influence of the g-factor on
the load carrying capacity of the rack increases with the increase of ag.
As an example, reference can be made to Fig. 13, which plots the
WMRSA W, Tatio versus q for the OPT cases: solid and dashed lines are
related to racks having three and six bays, respectively.

A graphical summary of all the data reported in Table 4 is provided
in Fig. 14 where the W/*/W,,, ratio is plotted versus q for each ag
value. As expected, the data are comprised of regions whose amplitude
and distance from unity increase with the increase of a,. In general, the

greatest reductions are associated with the OPT cases and with racks

having the uprights as the weakest elements for static design (UJB and
UBJ cases) for lower and higher values of ag, respectively. The best
performance is associated with the BJU and BUJ racks, i.e. when static
performance is governed by the pallet beams. Furthermore, the highest
value of g allows for the use of racks also in case of severe earthquakes,
as it appears by considering the non-negligible amount of data over the
horizontal lines in correspondence of a load carrying capacity of 1/3 and
2/3 of the static one (Fig. 14). As an example, for ag,=1, the load
carrying capacity has to be reduced to approximately 95% of the static
value if g=2 is adopted, this means that these racks cannot be
conveniently employed in seismic zones. Otherwise, for the same racks,
when ¢g=5 is adopted, the minimum load carrying capacities corre-
sponds at least to 46% of the static one, which could be of great interest
for manufacturing designers and owners.

Finally, as to European choice, reference can be made to the
performance assessed using q=2 instead of ¢=1.5 and this choice
leads to appraise significantly different load carrying capacity. In
particular, focusing attention on the cases associate with az=0.3 and
ag=0.5, the WiRSL ) /WakSL | ; ratio ranges between 1.19 and 2.5, with a
mean value of 1.86. These differences increase remarkably if the
WHRSA | SIWMRSA | ratio is considered: it falls between 1.83 and 3.63,

with a mean value of 2.64.

6.2. Rack performance according to the NLTH-LCF approach

As to the NLTH-LCF approach, the considered cases have required in
total 1120 iterative analyses. Results are summarized in Table 5 where
the WXL /W, ratio is presented, distinguished on the basis of joint
models and geometric layouts. Furthermore, the influence of the joint
modelling on the seismic rack performance can be directly appraised as
the ratio between the EPK and ACP load carrying capacity (EPK/ACP
ratio).

Like for MRSA, at first attention has been paid to the influence on
the number of bays on the rack performance. Making reference to the
ratio WALTh /WAL, ¢, it is observed that in the case of the EPK model,
it ranges between 0.87 (case JUB with a,=0.3) and 1.11 (UBJ with
ag=1), while for the ACP model it is between 0.72 (BJU with az=0.3)
and 1.26 (UJB with az=0.3). These data, independently of the adopted
cyclic joint model, confirm once again the importance of the geometric
layout for an adequate design.

As to the reduction of the load carrying capacity with reference to
the static capacity, neglecting the cases where reduction is nil (mainly
with ag=0.1 for the cases in which pallet beams or joints are the
weakest elements), it can be noted that the best performance is always
provided by JBU cases, which is slightly greater than the BJU ones. The
worst is associated with the UJB and UBJ cases. It is expected that
increasing ay, the use of pallet racks should result not convenient from
the economical point of view, owing to the non-negligible reduction of
the structural performance, i.e. to the reduction of the weight of the
pallet units that can be sustained by racks in zones with high seismicity.
Nevertheless, it can be noted that in case of ag=1 the load carrying
capacity for BJU and JBU cases is between 1/4 and 1/3 of the
corresponding static ones, confirming the relevant benefits associated
with the use of advanced design strategies.

Finally, from the EPK/ACP ratio it appears that the influence of the
joint model is non negligible, as confirmed from the frequency and the
cumulative relative frequency of the ratio Wie b /WAL, plotted in
Fig. 15 for all the cases together. It has been noted that the strength drop
has been observed in a very limited number of cases and never
contributed to a noticeable reduction in the load appraised via time-
history analyses. Only in four cases related to the OPT racks with NB=3
and ag=0.3 and NB=6 and ag=0.1, JBU with NB=6 and a;=0.5 and
UBJ with NB=6 and ag=1.0 the rack performance appraised via ACP
model is always more generous than the one evaluated via the EPK
model. In general, the performance appraised via the EPK model is
slightly more favorable with respect to the ACP one, increasing with the
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Fig. 16. Damage index distribution (in percentage) for racks with 3bays and EPK model.

increase of ag. The mean values for the whole set of racks under the
same value of ag are to 1.01 (ag=0.1), 1.07 (ag=0.3), 1.06 (ag=0.5)
and 1.12 (ag=1). The greatest increments are in general observed when
joints govern design and the maximum values of this ratio are due to
the reduction of the joint stiffness making the rack too flexible to resist
to the seismic load. In these cases, the live load after the non-linear time
history analyses has to be significantly reduced because the structural
checks associated with the static design provisions were not fulfilled,
owing to the amplification (40%) required for the pallet unit loads.

A key feature of this combined NLTH-LCF approach is the possibility
of evaluating the damage in joints, which should be of great interest for
commercial reasons. The map of the residual fatigue life in each joint
should be in fact of great interest for re-using racks after each earth-
quake as well as to define the commercial value of racks for selling/
buying. For each rack case, the rotation ranges of each joint have been
monitored during the analysis and the associated data re-elaboration,
according to the described LCF procedure, has allowed for the devel-
opment of a map related to the damage distribution in terms of mean
value of each considered accelerograms. From the analysis of this great

amount of data, it can be stated that the difference in the damage
observed in joints located in the front plane and in the corresponding
one on the rear plane, are in general negligible (differences always
lower than 2%). As a consequence, in the following, reference is always
made to their mean value. As an example of the damage distribution in
the racks, reference can be made to Fig. 16 (EPK model) and Fig. 17 (A
CP model), which present the distribution of damage for the cases with
3 bays and ag=1. For each ag multiplier, the damage in percentage
terms for the joints of each couple of pallet beams is presented. It can be
noted that, independently of the approach used to model the cyclic joint
response:

® joints to external uprights are always more damaged than the joints
of internal uprights;

® the damage indices of joints are quite similar within a given storage
level;

® for each internal pallet beam, the damage indices at the joints have
significant differences due to the presence of hogging moments
associated with gravity loads.
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Fig. 17. Damage index distribution (in percentage) for racks with 3bays and ACP model.

As a summary of data related to the accumulated damage in the
joints of the considered racks, reference can be made to Tables 6 and 7,
which present for the three and six bays, respectively, the mean values
of the damage (in percentage) in each storage level together with the
mean (mean) and the maximum damage (Max) in all the racks.

Data related to the a; =0.1 and a,=0.3 cases have been omitted
because the accumulated damage (never greater than 0.03) is rather
limited and not of interest from an engineering point of view. It appears
that:

® the number of bays moderately influences the damage values;

® the maximum damage is in general concentrated in the first or in the
second storage level and this is independent of the approach
adopted to model the cyclic joint response;

® the damage at the top storage level is always negligible for design
purposes;

® the minimum damages are always associated with the UJB and UBJ
cases;

® the maximum damages are associated with the BJU and JUB cases.

6.3. Comparison between the MRSA and NLTH-LCF seismic performance

Tables 8 and 9, which are related to the 3-bay and 6-bay racks,
respectively, present the direct comparison between the two considered

seis,q
WNLTH

design approaches in terms of ratio. With the exception of the

BJU and BUJ cases with ag=0.1’w,”for which the seismic performance
coincides with the static performance, this ratio is always different from
unity and, as expected, it increases with the increasing of g, starting
from values often significantly lower than unity when g=1. This data
confirms the non-negligible influence of the post-elastic branches of the
M- joint curve, which are totally neglected in the MRSA approach. It is
expected that with both methods proposed as alternatives by rack
provisions, the associated performance should be at least comparable.

Assuming that the NLTH-LCF approach is able to allow for an
accurate prediction of rack performance, owing to its high degree of
refinement, it should be of great interest to assess the value of the
behavior factor (¢*) that leads to the same performance via the MRSA



Table 6
Mean values of the damage (in percentage) at each storage level for racks with NB=3.

EPK joint model

ACP joint model

Storage level (mean value) Rack (Max) Rack (mean) Storage level (mean value) Rack (Max) Rack (mean)
ag Case Ist 2nd 3rd 4th 1st 2nd 3rd 4th
0.5 BJU 5.3 4.7 4.4 2.1 6.5 4.1 8.4 14.3 12.1 3.3 17.4 9.5
BUJ 3.2 2.0 1.6 0.4 4.9 1.8 6.4 4.5 1.8 0.3 10.6 3.3
UJB 1.4 1.3 0.5 0.0 2.4 0.8 0.9 0.7 0.2 0.0 1.9 0.5
UBJ 1.3 1.1 0.4 0.0 2.2 0.7 0.9 0.7 0.2 0.0 2.0 0.5
JBU 3.5 4.3 3.2 0.8 6.9 3.0 6.7 6.0 3.4 0.4 8.6 4.1
JUB 2.0 1.3 0.4 0.0 3.9 0.9 7.1 2.0 1.1 0.1 14.5 2.6
OPT 2.3 2.4 1.3 0.3 3.1 1.6 3.2 3.4 1.5 0.2 4.6 2.1
1 BJU 13.0 22.1 20.3 5.7 30.5 15.3 23.3 37.3 20.9 5.7 44.6 21.8
BUJ 14.7 14.2 5.1 0.6 25.1 8.7 7.1 6.7 2.2 0.3 11.3 4.1
UJB 1.5 1.3 0.4 0.0 2.4 0.8 1.8 1.3 0.4 0.0 3.6 0.9
UBJ 1.2 1.0 0.4 0.0 1.8 0.7 7.7 5.5 1.0 0.1 14.7 3.6
JBU 11.3 25.2 13.5 1.6 36.1 12.9 28.0 51.2 10.9 1.0 60.6 22.8
JUB 6.5 4.2 1.0 0.1 13.9 3.0 19.4 13.3 1.6 0.1 37.2 8.6
OPT 5.7 7.2 2.7 0.5 9.8 4.0 10.2 14.1 4.8 0.6 18.3 7.4
Table 7
Mean values of the damage (in percentage) at each storage level for racks with NB=6.
EPK joint model ACP joint model
Storage level (mean value) Rack (Max) Rack (mean) Storage level (mean value) Rack (Max) Rack (mean)
ag Case Ist 2nd 3rd 4th 1st 2nd 3rd 4th
0.5 BJU 5.8 6.2 6.0 2.4 8.1 5.1 7.8 9.7 7.1 2.2 12.5 6.7
BUJ 3.2 2.7 1.5 0.3 55 1.9 2.3 1.4 1.1 0.3 4.6 1.3
UJB 1.7 1.5 0.7 0.1 3.0 1.0 0.9 0.7 0.2 0.0 2.2 0.4
UBJ 0.7 0.6 0.2 0.0 1.4 0.4 0.9 0.7 0.2 0.0 2.2 0.5
JBU 3.9 3.7 2.4 0.5 5.9 2.6 7.5 9.5 4.0 0.4 12.5 5.3
JUB 1.8 1.3 0.5 0.1 4.7 0.9 2.6 1.8 0.5 0.0 7.1 1.2
OPT 2.2 2.2 1.0 0.2 3.4 1.4 3.7 4.0 1.3 0.2 5.8 2.3
1 BJU 16.8 26.7 13.6 3.5 41.8 15.1 30.8 56.7 22.7 4.3 69.7 28.6
BUJ 7.4 6.6 2.6 0.3 14.2 4.2 14.0 13.2 3.3 0.3 27.0 7.7
UJB 4.4 4.0 1.4 0.1 82 2.5 2.3 1.7 0.4 0.0 5.5 1.1
UBJ 1.2 1.0 0.3 0.0 2.2 0.6 2.1 1.6 0.4 0.0 5.0 1.0
JBU 14.6 19.5 6.9 0.9 26.8 10.5 30.6 53.3 14.3 1.0 63.4 24.8
JUB 5.0 2.8 0.9 0.1 15.2 2.2 9.7 6.3 1.2 0.1 24.8 4.3
OPT 5.4 6.3 21 0.3 9.1 3.5 11.1 16.5 3.8 0.4 21.7 7.9

approach. To this end, Table 10 can be considered, where the g* values,
which have been obtained by a linear interpolation of the data presented
in Tables 8 and 9, are presented. It can be noted that the lowest q values
are in general associated with the UBJ cases and, especially for the ACP
model, in several cases, q* is significantly lower than 1.5, confirming
that the adoption of the value of 1.5 recommended by the EC8 could
result in unsafe designs. The highest values are related to the JBU cases,
for which g* ranges between 2 and 5.

Furthermore, it can be noted that in several cases the g* values
evaluated for the three-bay racks are higher than the ones correspond-
ing to six-bay racks, confirming once again the non-negligible influence
of geometry on rack performance.

Finally, the distribution of q* is plotted in Fig. 18 with reference to
the relative and cumulative distribution of the data in Table 10. The
figure is composed by four parts and in each of them the data related to
the EPK and ACP models have been grouped together. It can be noted
the really limited dispersion of the data when uprights governing the
design (UJB and UBJ, cases), with q* values ranging between 1.27 and
1.75. The greatest dispersion is associated with JBU and JUB cases with
q* values ranging from 1.5 up to 5. Only in cases of beam governing
design a great amount of data is in correspondence of unity. Focusing
attention on q = 2, which is usually adopted by rack designers (being

the upper limit permitted by the seismic rack provisions), it appears
that in many cases this assumption leads to a significant over-estima-
tion of the seismic load carrying capacity.

7. Concluding remarks

Steel storage pallet racks behave like moment-resisting frames
where inelastic behavior is located only in joints. A numerical analysis
on a collection of racks of practical interest for seismic design purposes
has been carried out using a conventional (MRSA) and an advanced
procedure (NLTH-LCF). In total, 56 design cases have been considered
to assess the load carrying capacity of 14 racks, which differ in terms of
geometric layout and component performance. In addition, four
different seismic intensities have been considered. As to the outcomes
of this research, they can be summarized as reported below:

® the non-negligible difference between the results associated with the
three- and six-bay racks, independently of the approach used for
seismic design, underlines the need of basing design always on the
actual rack layout;

® as to the MRSA approach, a relatively minor difference in q (say, 2
instead of 1.5 or 1.5 instead of 1) has a significant impact on rack



Table 8

WMRSA
Performance comparison in terms of W;:,’LYTZ ratio, for racks with NB=3.
EPK ACP
ag Case q=1 q=15 q=2 q=2.5 q=3 q=4 q=5 q=1 q=1.5 q=2 q=2.5 q=3 q=4 q=5
0.1 BJU 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
BUJ 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
UJB 0.76 0.94 1.05 1.07 1.07 1.07 1.07 0.76 0.95 1.06 1.07 1.07 1.07 1.07
UBJ 0.76 0.95 1.06 1.07 1.07 1.07 1.07 0.84 1.04 1.16 1.18 1.18 1.18 1.18
JBU 0.85 1.00 1.00 1.00 1.00 1.00 1.00 0.85 1.00 1.00 1.00 1.00 1.00 1.00
JUB 0.92 1.00 1.00 1.00 1.00 1.00 1.00 0.92 1.00 1.00 1.00 1.00 1.00 1.00
OPT 0.80 0.97 1.03 1.03 1.03 1.03 1.03 0.80 0.97 1.03 1.03 1.03 1.03 1.03
0.3 BJU 0.25 0.78 0.92 1.00 1.00 1.00 1.00 0.34 1.08 1.29 1.39 1.39 1.39 1.39
BUJ 0.44 1.05 1.33 1.57 1.59 1.59 1.59 0.45 1.09 1.38 1.63 1.65 1.65 1.65
UJB 0.47 1.21 1.78 2.12 2.39 2.82 3.12 0.47 1.22 1.80 2.14 2.42 2.85 3.16
UBJ 0.51 1.42 1.88 2.23 2.54 2.98 3.30 0.53 1.46 1.93 2.30 2.62 3.07 3.40
JBU 0.12 0.39 0.67 0.78 0.85 0.96 1.00 0.12 0.40 0.67 0.78 0.86 0.97 1.01
JUB 0.27 0.86 1.46 1.62 1.76 1.91 1.91 0.28 0.89 1.51 1.69 1.83 1.98 1.98
OPT 0.22 0.77 1.58 1.85 2.07 2.39 2.60 0.21 0.75 1.54 1.81 2.02 2.33 2.54
0.5 BJU 0.12 0.39 0.98 1.15 1.25 1.44 1.44 0.14 0.43 1.09 1.28 1.39 1.60 1.60
BUJ 0.29 0.73 1.41 2.10 2.46 3.12 2.96 0.31 0.77 1.49 2.21 2.60 3.29 3.13
UJB 0.35 0.76 1.51 2.51 3.37 4.28 5.01 0.36 0.77 1.54 2.56 3.44 4.37 5.11
UBJ 0.35 0.78 1.65 2.50 3.32 4.23 4.94 0.36 0.80 1.69 2.56 3.40 4.33 5.07
JBU 0.06 0.11 0.26 0.52 0.78 1.00 1.10 0.06 0.12 0.29 0.57 0.85 1.08 1.19
JUB 0.18 0.39 0.89 1.71 2.79 2.84 3.13 0.20 0.44 0.99 1.92 3.13 3.18 3.51
OPT 0.16 0.32 0.76 1.57 2.95 3.66 4.21 0.16 0.32 0.76 1.57 2.96 3.67 4.23
1.0 BJU 0.07 0.15 0.31 0.56 0.94 2.30 2.71 0.09 0.18 0.37 0.66 1.11 2.73 3.21
BUJ 0.16 0.39 0.80 1.35 2.13 4.20 5.92 0.16 0.40 0.82 1.38 2.18 4.30 6.06
UJB 0.30 0.75 1.24 2.05 3.24 6.43 10.89 0.33 0.84 1.40 2.30 3.63 7.21 12.21
UBJ 0.31 0.81 1.33 2.18 3.44 6.83 11.62 0.32 0.85 1.41 2.30 3.63 7.21 12.26
JBU 0.03 0.08 0.13 0.19 0.29 0.61 1.23 0.04 0.10 0.16 0.23 0.36 0.75 1.51
JUB 0.09 0.26 0.42 0.61 1.03 1.93 3.86 0.11 0.32 0.53 0.76 1.29 2.41 4.81
OPT 0.10 0.26 0.44 0.62 0.86 2.04 4.22 0.11 0.31 0.51 0.72 1.01 2.39 4.95
Table 9 MRSA
Performance comparison in terms of W‘:,’I‘T';, ratio, for racks with NB=6.
EPK ACP
Qg Case q=1 q=15 q=2 q=2.5 q=3 q=4 q=5 q=1 q=1.5 q=2 q=2.5 q=3 q=4 q=5
0.1 BJU 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
BUJ 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
UJB 0.74 0.93 1.04 1.07 1.07 1.07 1.07 0.79 0.98 1.11 1.13 1.13 1.13 1.13
UBJ 0.76 0.95 1.07 1.09 1.09 1.09 1.09 0.76 0.95 1.07 1.10 1.10 1.10 1.10
JBU 0.84 0.99 1.00 1.00 1.00 1.00 1.00 0.84 0.99 1.00 1.00 1.00 1.00 1.00
JUB 0.91 1.00 1.00 1.00 1.00 1.00 1.00 0.91 1.00 1.00 1.00 1.00 1.00 1.00
OPT 0.74 0.90 1.00 1.01 1.01 1.01 1.01 0.74 0.89 0.99 1.00 1.00 1.00 1.00
0.3 BJU 0.24 0.75 0.91 1.00 1.00 1.00 1.00 0.30 0.94 1.14 1.25 1.25 1.25 1.25
BUJ 0.44 1.03 1.34 1.58 1.66 1.66 1.66 0.45 1.07 1.39 1.64 1.72 1.72 1.72
UuJB 0.41 1.10 1.65 1.94 2.24 2.64 2.93 0.46 1.21 1.82 2.14 2.47 291 3.24
UBJ 0.48 1.28 1.79 2.13 2.44 2.88 3.20 0.50 1.33 1.86 2.21 2.54 2.99 3.32
JBU 0.11 0.39 0.65 0.76 0.83 0.94 1.00 0.11 0.39 0.65 0.76 0.83 0.94 1.00
JUB 0.23 0.82 1.33 1.53 1.66 1.84 1.84 0.24 0.86 1.39 1.61 1.75 1.93 1.93
OPT 0.20 0.65 1.51 1.76 1.97 2.26 2.44 0.21 0.67 1.57 1.83 2.04 2.34 2.53
0.5 BJU 0.12 0.38 0.93 1.09 1.23 1.45 1.47 0.14 0.42 1.04 1.23 1.38 1.63 1.66
BUJ 0.28 0.71 1.35 2.13 2.51 3.43 3.05 0.30 0.76 1.43 2.25 2.65 3.62 3.23
UJB 0.31 0.70 1.57 2.52 3.04 4.14 4.85 0.32 0.71 1.61 2.60 3.13 4.25 4.99
UBJ 0.34 0.75 1.83 2.48 3.34 4.27 5.03 0.34 0.75 1.84 2.49 3.35 4.29 5.05
JBU 0.06 0.11 0.26 0.55 0.78 1.00 1.13 0.07 0.13 0.32 0.67 0.95 1.23 1.38
JUB 0.19 0.37 0.83 1.60 2.98 3.02 3.34 0.18 0.35 0.77 1.49 2.77 2.81 3.11
OPT 0.16 0.30 0.68 1.31 2.44 3.48 3.98 0.16 0.32 0.71 1.36 2.54 3.61 4.13
1.0 BJU 0.07 0.15 0.32 0.58 0.96 2.40 2.80 0.09 0.19 0.40 0.72 1.21 3.02 3.52
BUJ 0.17 0.39 0.81 1.40 2.07 4.54 6.18 0.17 0.39 0.81 1.41 2.08 4.57 6.21
UJB 0.29 0.76 1.35 2.23 3.14 6.71 11.08 0.32 0.85 1.51 2.49 3.51 7.50 12.38
UBJ 0.36 0.86 1.46 2.43 3.69 7.90 13.07 0.34 0.79 1.34 2.24 3.40 7.28 12.05
JBU 0.03 0.08 0.14 0.19 0.27 0.58 1.13 0.03 0.10 0.16 0.22 0.32 0.68 1.31
JUB 0.09 0.27 0.48 0.67 0.99 2.04 4.06 0.09 0.28 0.50 0.69 1.03 212 4.22
OPT 0.10 0.26 0.42 0.58 0.81 1.82 3.50 0.11 0.29 0.47 0.66 0.91 2.05 3.94




Table 10
q* value leading to appraise via MRSA the same NLTH performance.

EPK model ACP model EPK model ACP model
ag Case NB=3 NB=6 NB=3 NB=6 ag case NB=3 NB=6 NB=3 NB=6
0.1 BJU 1.00 1.00 1.00 1.00 0.3 BJU 2.50 2.50 1.44 1.64
BUJ 1.00 1.00 1.00 1.00 BUJ 1.46 1.48 1.43 1.45
UJB 175 1.81 1.74 1.56 uJB 1.36 1.43 1.35 1.36
UBJ 1.74 1.72 1.40 171 UBJ 1.27 1.32 1.25 1.30
JBU 1.50 2.00 1.50 2.00 JBU 5.00 5.00 4.79 5.00
JUB 1.50 1.50 1.50 1.50 JUB 1.62 1.68 1.59 1.63
OPT 173 1.99 173 2.04 OPT 1.64 1.70 1.66 1.68
0.5 BJU 2.07 2.22 1.93 1.97 1.0 BJU 3.05 3.02 2.88 2.78
BUJ 1.70 1.72 1.66 1.68 BUJ 2.18 2.16 2.16 2.16
UJB 1.66 1.67 1.65 1.66 UJB 1.75 1.70 1.64 1.61
UBJ 1.63 1.62 1.61 1.62 UBJ 1.68 1.62 1.31 1.63
JBU 4.00 3.98 3.65 3.19 JBU 4.63 4.77 4.33 4.51
JUB 2.07 2.11 2.00 2.16 JUB 2.96 3.01 2.73 2.96
OPT 2.15 2.25 2.15 2.22 OPT 3.12 3.19 2.98 3.08
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Fig. 18. q* distribution for the a) BUJ and BJU, b) JUB and JBU, ¢) UJB and UBJ and d) OPT cases.

performance. Being this issue really important from a commercial
point of view, more refined requirements are necessary from design
standards;

® as to the NLTH-LCF approach, it has been underlined the importance
of modelling the effective cyclic joint behavior. Furthermore, the
monitoring of the damage in joints due to cyclic excursions in the
plastic range cannot be neglected for the safe use of the rack during
its total service life, especially when severe earthquakes occur;

® the direct comparison of the performances assessed via the two
considered approaches underlines, once again, the great importance
of the q value. A great dispersion of q* has been observed, that is the
value of the behavior factor to be adopted in the MRSA approach to
obtain the same performance assessed via NLTH-LCF approach.

It can be hence concluded that the proposition of a unique q value,
independently of the geometric layout and component performance,
to be used for designing storage racks appears to lead, in many cases, to
an unsafe and/or un-optimal design. The wide range of considered cases
confirms the inadequacy of the MRSA approach for designing racks. It
appears that, in absence of more accurate evaluations based of the rack
of interests (in term of geometric layout and component performance),
only q=1 should be adopted for a design always from the safe side.
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