
Assessment of the seismic behaviour of braced steel storage racking systems by 
means of full scale push over tests
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Pallet racking systems, made of thin-walled cold formed steel profiles, are commonly used to store va-luable goods and products in the
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d in order to understand and quantify the global performance of the braced storage racks, and improve 

 of the Europe's largest full-scale push-over testing program that has been carried out on racking systems. 
es of 6 fully-loaded pallet racking specimens with spine bracings, provided by 5 different international 

 key factors influencing the racks’ response, as well as the failure mechanisms of the different rack 
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walled elements, and pallet beams (horizontal members), made of
built-up closed sections linking adjacent frames, lying in the hor-
izontal direction parallel to the operating aisle. Diagonal elements
(bracings) connect the uprights to each other in the cross-aisle
(transversal) direction to form the upright frames, whereas the
connections between the uprights and the pallet beam (beam-to-
column joints) in down-aisle (longitudinal) direction are usually
made of proprietary hook-in connectors welded to the pallet beam
possible to save on steel material costs. D
ends, and engaged into perforated holes in the uprights. Uprights
 very high unit loads (in 
are usually connected to the industrial floor by L shaped compo-

.0 l
average 8–10 kN per pallet), by far higher than their self-weight, 
contrary to what happens in usual civil engineering structures.

Classical types of storage racks are well described by Pekoz 
et al. [1]. Structural system of pallet-racks (Fig. 1) [2] is mainly 
composed of uprights (vertical members) made of perforated thin
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nents that are connected on the upright base on one leg, and on
the floor on the other.

Stability of upright frames in cross-aisle direction is always
provided by diagonal elements. On the other hand, in down-aisle
direction, rack designers usually prefer avoiding bracings to make
the shelves accessible on both sides from two aisles, allowing an
efficient loading and unloading of goods in service. However, in
high seismic regions, this configuration is usually not adequate to
resist strong horizontal loads because of insufficient flexural
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Fig. 1. Typical braced pallet rack configuration [2].

Fig. 2. Spine bracing layout [3].
stiffness of the racks’ demountable beam-upright column con-
nections. When high-seismicity is a concern, spine bracings are
often used in down-aisle direction. The complex structural con-
figuration of storage racks braced only in one side, in contrast to
civil engineering structures in which bracings are placed regularly
in all sides, result in a poorly understood seismic behaviour, and
should be investigated carefully. In the literature, experimental
tests which can reasonably estimate the seismic behaviour of this
type of racks are not yet available. For this reason, under the co-
ordination of the authors, a large research group including experts
both from academy and rack industry has implemented a research
project funded by Research Fund for Coal and Steel (RFCS), where
full scale push-over tests have been performed on fully-loaded
pallet racking specimens having spine bracings. This paper



Fig. 3. Global torsional behaviour in case of eccentric rear spine bracing [4]. a. Redistribution of longitudinal actions in a braced racking system. b. Longitudinal (1) and 
transversal (2) actions.

Fig. 4. Rack collapses after Emilia-Romagna Earthquake 2012, Italy a. Cheese storage in Porto Mantovano; b. Self-supporting ceramic storage warehouse in Sant’Agostino; c.
Warehouse in Medolla.
presents results of these tests, and two extra tests performed after
the conclusion of research project.

Typical spine bracing configuration for racking systems is
usually made of three components: vertical uprights, beams 
(mainly in compression) and diagonal members working mainly in 
tension (Fig. 2).



Fig. 5. Specimen IPA2: test layout (a), specimen dimensions (b) and detail of spine bracing connection (c).
Spine bracings are placed in the rear plane of the rack, which 
makes it stiffer than the front plane. For an efficient distribution of 
the lateral seismic forces, horizontal bracings are also used to 
connect upright columns, transferring the seismic actions from the 
unbraced vertical plane of upright to the braced vertical plane (Fig. 
3). In this way, torsional effects caused by the global eccen-tricity 
are minimized [3].

The design of storage racks is not a straight-forward task be-
cause of their peculiar structural forms, and difficulties predicting 
their structural behaviour (both at global and local levels), and 
becomes even more complicated when storage racks are exposed 
to horizontal forces in seismic areas. Collapse of racks, during a 
seismic event, not only endanger the life of the employees and
consumers (in case of “open to public” storage areas in shopping 
centers), but also result in a significant economic loss, much larger 
than the cost of the rack structure. Some examples observed after 
recent Emilia-Romagna Earthquake (2012) are shown in Fig. 4 [5]. 
Picture a. shows the situation in a cheese factory where the racks 
were toppled down due to the absence of floor-connections. This 
was a very common type of collapse causing a significant eco-
nomic loss in the area. In general, it is estimated that 633,700 
wheels of Parmigiano Reggiano and Grana Padano cheese were 
damaged by falling off factory racks, with an estimated cost of the 
damage about €150 million. In picture b., the collapse of the clad 
rack ceramic storage warehouse in Sant’Agostino can be seen [6]. 
Picture c shows the global collapse of a longitudinally-braced rack



Fig. 6. Specimen IPB2: test layout (a), specimen dimensions (b) and detail of bracing connection to the ground (c).
under the same earthquake. To avoid these social and economic 
consequences, significant attention should be paid in the design 
and construction of storage racks located in seismic areas.

Seismic design of steel storage pallet racks is performed with an 
approach based upon the design philosophy of EN 1998-1 [7]. 
Seismic action is described by a design spectrum derived from the 
elastic spectrum by scaling it down with the behaviour factor q, 
which accounts for the ductility and damping of the racking 
structure. The reference values of behaviour factor q for racks are 
given in accordance with their structural type, i.e. unbraced or 
braced racks. In unbraced racks (moment-resisting type), hor-
izontal seismic forces are resisted by the flexural behaviour of 
members and connections. Dissipative zones are mainly located in 
beam-to-upright connections and in column bases, and the 
earthquake energy is dissipated by means of cyclic bending. On the 
other hand, in braced racks, horizontal seismic forces are
resisted by the members subject to axial forces. In this case, dis-
sipative zones are mainly located in the tension diagonals. Esti-
mation of behaviour factors for racking systems may not be pos-
sible applying the same procedures of common civil engineering 
structures (e.g. steel, or reinforced concrete buildings), and usually 
requires experimental studies both at local and global levels.

Most of the experimental studies performed on this topic are 
mainly limited to characterization of the cold formed rack com-
ponents and joints at local level (e.g beam-column and base plate 
connections, compression and tension tests on structural ele-
ments) [8–14]. Conclusions of these component-based studies in-
dicate that the response of storage rack systems in their down-aisle 
direction is significantly influenced by the perforations in the 
upright profiles, and nonlinear rotational behaviour of beam-to-
upright and floor connections. However, the combinations of these 
various ductility resources have not been evaluated well, and the
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Fig. 7. Specimen IPC2: test layout (a), specimen dimensions (b), detail of bracing connection to the ground (c) and to the spine bracing upright (d).
number of full scale tests with spine bracings in the literature is far
from being sufficient to characterize these commonly used racking
typologies. This paper provides a significant insight to this aspect
presenting the global behaviour of real-scale braced storage racks
under horizontal loading, and quantifying global ductility capa-
cities of very commonly adopted racks with several bracing
configurations.

Full scale experiments performed previously only gave limited
indications, for a small number of rack configurations, mostly
unbraced. The first available results of full scale testing, and ana-
lytical investigations on the seismic response of storage racks were
published in the mid-1970s by John A. Blume & Associates [15]
Between 1979 and 1981, cantilever tests, portal tests, quasi-static
tests of storage rack systems, dynamic tests (Krawinkler et al. [16])
shake-table tests, and merchandise tests (Chen et al. [17]) were
performed. Filiatrault [18] tested five different back-to-back palle
racks loaded with real merchandise on a uniaxial shake-table under
a single component, scaled at various amplitudes, under the
ground motion recorded at Canoga Park during the 1994 North-
ridge earthquake. Three of the tests were performed in the cross-
aisle direction, while the two other tests were performed in the 
down-aisle direction. The tests performed by Filiatrault et al. [19] 
on a shake-table indicated that the rotational stiffness of beam-to-
upright connections is the major factor influencing the down-aisle 
response of pallet racks under seismic actions. Gilbert et al. [20] 
performed full scale tests on a complete drive-in rack system, in 
loaded and empty conditions. They presented the load transfer 
mechanism in the rack, and its relative stiffness under various 
horizontal loading conditions.

At European level, shake-table tests on full-scale steel storage 
pallet racks (both braced and unbraced configurations) loaded by 
concrete blocks simulating merchandise have been performed 
within the EC-sponsored ECOLEADER program [21], limited only to 
two manufacturers’ rack typologies. SEISRACKS1 project [21–24] 
mainly contributed to the definition of coefficients accounting for 
sliding and energy dissipation in the stored merchandizes,



Fig. 8. Specimen IPD2: Test layout (a), Specimen dimensions (b), details of rack to spine bracing connection (c) and spine bracing connection (d).
methods of analysis and ways to account for second order effects, 
and description of non-dissipative and dissipative design philo-
sophy with associated values of behaviour factors. Despite the 
satisfactory results achieved from a series of tests on the static and 
dynamic properties of unbraced steel storage racking systems, 
many questions remained open regarding ductility and energy 
dissipation capacity (and consequent q-factors) of several rack 
configurations widely adopted in practice.

In order to increase the knowledge on the global structural 
behaviour and ductility of storage racks, a full scale testing pro-
gram has been carried out within the research project “Seismic 
Behaviour of Steel Storage Pallet Racking Systems 2” (SEISRACKS2)
[24–27], thanks to a financial support of EU Research Fund for Coal 
and Steel (RFCS). Tests have been performed on braced and un-
braced pallet racks provided by different industrial partners of the 
project. Results of the tests performed on unbraced racks have been 
presented in a companion paper [28].
     This paper presents the results of tests performed on specimens 
designed with different bracing configurations and design
approaches, in terms of global capacity curve, and discusses the
key factors affecting the global horizontal response of braced
racks. Moreover, authors quantify the global ductility of speci-
mens, providing their behaviour factors (q), in comparison with
the design values. Finally, the paper highlights the vulnerability of
braced racks to connection failures, and provides design indica-
tions for a more ductile rack design with spine bracings.
2. Experimental setup and test specimens

To assess global seismic response of the braced racks in down 
aisle direction, six full scale test specimens have been designed 
with different cold formed profiles, and identified as IPA2, IPB2, 
IPC2, IPD2, IPE2 and IPF2. Different bracing configurations have 
been designed varying element types, connection details and de-
sign approach. Each test specimen with its own global dimensions, 
cross-section geometry of its principal elements and spine bracing 
connection details is shown from Fig. 5 to Fig. 11.



Fig. 9. Specimen IPE2: test layout (a), specimen dimensions (b), detail of spine bracing connection (c).
The cross section characteristics of the upright and beam pro-
files are presented in Tables 1 and 2 in terms of the ratio between 
the second moments of area (Iy/Iz), the section moduli (Wy/Wz)

and radii of gyration (ρy/ρz), as well as, in case of upright section, 
the ratio y0/d, i.e. the distance between the shear center and the 
centroid (y0) over the distance between the centroid and the web 
(d). Moreover, the yielding load (A*fy) and the first yielding (elastic) 
moment (Wy*fy) of the gross cross-section are reported in
the same table. Non-dimensional α, β, γ, Ω, and Δ parameters have 
been indicated in Fig. 11.

The geometrical characteristics of the specimens have been 
defined considering the common rack configurations on the 
market, and meeting the dimensional limits of the testing facility, 
which corresponded to the real practice in terms of the number 
and position of beam levels, weight and dimensions of the unit 
loads. Therefore, all test specimens are composed of four loaded 
levels of 2 m height, one braced upright frame of 1.1 m width, and 
two bays of 2.7 m length. One of the two bays is braced both 
vertically and horizontally. Slight differences in the precise frame 
dimensions shown in Table 3 are due to the proprietary
component arrangements of each rack producer, which are small 
enough to be disregarded. Vertical bay loading of the specimens is 
provided by concrete blocks of 8kN loaded on wooden pallets, 
which is an average value for the merchandise used commonly in 
practice [29,30,34]. Three loaded pallets are placed on each bay of 
the rack specimens to simulate the fully-loaded service condition.

The specimens have been designed by the 5 industrial rack 
producers according to their daily practice using the design 
parameters recommended by European Federation of Materials 
Handling (FEM) standards [3,31–33], and EN 15512 [35]. The de-
sign parameters are summarized in Table 4.

Three different approaches have been used in the design of 
spine bracings of various specimens:

i) Minimizing the eccentricities and applying basic rules of ca-
pacity design for the hierarchy of the resistances (IPA2, IPE2, 
IPF2), so that the capability of parts of the structure to resist 
earthquake actions through inelastic behaviour is taken into 
account. Dissipative zones are located in the spine bracing 
elements, and the rest of the structure has been provided



Fig. 10. Specimen IPF2: test layout (a), specimen dimensions (b) and detail of spine bracing connection (c).

a. Upright cross-sections geometry b. Pallet beam cross-section geometry

Fig. 11. Cross section and shape parameters of the rack specimens. a. Upright cross-
sections geometry. b. Pallet beam cross-section geometry.

Table 1
Key geometric parameters of the upright cross-section.

IPA2 IPB2 IPC2 IPD2 IPE2 IPF2

α 60 50 40 48 40 40
β 35.5 25.5 24.4 20.2 12.4 12.4
γ 30 38.75 40 37 42 42
A*fy [kN] 283 190 275 348 325 325
Wy*fy [kNm] 9.42 5.08 8.51 11.26 8.88 8.88
Iy/Iz 5.15 2.66 1.37 1.89 1.10 1.10
ρy/ρz 2.27 1.60 1.17 1.36 1.05 1.05
Wy/Wz, left 2.02 1.04 1.11 1.24 0.97 0.97
Wy/Wz, right 3.13 2.56 1.64 1.67 1.34 1.34
y0/d 1.82 2.30 2.22 2.12 2.07 2.07

A.



sufficient over-strength to remain elastic under horizontal
loading

ii) Without special attention to the detailing, using the design
rules for the strength of the connections (IPB2, IPD2);

iii) Imposing spine bracings an over-strength (IPC2).

Since the case studies represent racks for common storage
applications in standard warehouse conditions, a design life of 30
years is considered. Importance factor is taken as γI¼0.85, which 
corresponds to the second importance class. Behaviour factors
(q) equal to 1.5 has been used in the design.

In Table 5, bracing configuration of each specimen in elevation 
and plan has been shown. Two types of spine bracing schemes have 
been identified. The first one is composed of X bracings with extra 
uprights and extra horizontal elements; diagonals either working 
only in tension made of steel plates or rounded bars (IPA2), or 
working both in tension and compression made of tubes (IPB2, 
IPD2) or channels (IPE2, IPF2). The second bracing scheme is made 
by cables with turnbuckle and post element (IPC2).

Horizontal bracing systems have been diversified in order to 
find the best configuration to reduce global torsion of specimens. 
As shown in Fig. 12, four configurations have been adopted in plan:

a. Connection of the spine bracing to the rack is provided by a
rigid frame, made of a U-shaped welded profile (IPD2);

b. Extra transversal elements are installed, connecting the up-
rights in the direction of the upright frame. Connection of the
Table 2
Key geometric parameters of the pallet beam cross-section.

IPA2 IPB2 IPC2 IPD2 IPE2 IPF2

Ω 30 26.67 33.33 28.57 40 40
Δ 80 73.33 73.33 74.29 96 96
A*fy [kN] 228 165 229 192 215 215
Wy*fy [kNm] 7.99 5.25 7.72 7.35 7.35 7.35
Iy/Iz 6.22 8.83 4.73 6.20 6.77 6.77
ρy/ρz 2.49 2.97 2.17 2.50 2.15 2.15
Wy/Wz 2.33 4.45 2.13 2.38 1.61 1.61

Table 3
Geometrical characteristics of rack specimens.

IPA2 IPB2

Down-aisle configuration X-bracing X-bracing
Cross-aisle configuration X-bracing D-bracing
Frame depth (mm) 1100 1100
Bay length (net span) (mm) 2706 2700
Rack height (mm) 7979 8015
First load level (mm) 2051 2015
Upper floor heights (mm) 1976 2000

Table 4
Parameters used in the design of tests specimens.

IPA2 IPB2 IPC
Design Earthquake Intensity High seismicity Moderate seismicity Hi

Pallet mass 800 kg
Soil Type C
Importance Class II
Design Life 30 years-γ1¼0.84 (normal use of the racks)
ED3 0.67
q-design 1.5
spine bracing to the rack is provided by a rigid frame (IPA2,
IPE2, IPF2);

c. Connection of the horizontal bracing to the spine bracing is
made by two transversal elements (angle shape) fixed under
the pallet beams (IPC2);

d. Connection of the spine bracing to the rack is made by spacers
and the horizontal stiffness is provided by tension only bra-
cing. (IPB2).

Proprietary semi-rigid beam-end and base plate joints have
been used by each partner in the structural design, whose re-
sponse properties were characterized by experimental assessment 
according to the EN15512 [35]. Experimental stiffness curves of the 
floor and upright-beam connections, normalized, respectively, by 
design moment resistance (Md) of upright and pallet beam, are 
shown in Fig. 13.

Major horizontal stability of the racks is provided by the spine 
bracings connected to their rear plane. This is the only possible 
bracing location for storage racks, which allows pallet loading from 
one of the two aisles. The torsional effects created by this 
asymmetric configuration is tried to be minimized by horizontal 
bracings, which transfer the horizontal actions from one plane to 
the other.

In order to characterize the global behaviour in down-aisle 
direction, horizontal push-over static loading has been applied 
within the relevant longitudinal natural mode of the test speci-
mens, which follows, in terms of the size of mass participation, the 
natural modes in down-aisle direction (Table 6). An inverted
IPC2 IPD2 IPE2 IPF2

V-bracing X-bracing X-bracing X-bracing
X-bracing X-bracing D-bracing D-bracing
1100 1100 1100 1100
2700 2700 2700 2700
7996 8011 8065 8065
1996 2011 1990 1990
2000 2000 2025 2025

2 IPD2 IPE2 IPF2
gh seismicity Moderate seismicity High seismicity High seismicity

Table 5
Spine and horizontal bracing configurations.

Horizontal bracing
configuration

Cables X Bracings

Tension only Tension/Compression

(a) IPD2
(b) IPA2, IPF2 IPE2
(c) IPC2
(d) IPB2



Fig. 12. Horizontal bracing schemes.

Fig. 13. Flexural stiffness curves of floor connections (a) and beam-to-upright connectors (b).
triangular pattern has been applied (Fig. 14) so that the level loads 
are proportional to the dynamic inertia of each level, which is a 
typical force-controlled loading condition [36,37].

To investigate the three dimensional behaviour of the racks, the 
displacements of relevant nodes are monitored and recorded. For 
this purpose, twelve potentiometric displacement transducers 
were used. Eight transducers were placed, two for each level of the 
rack, in order to monitor the longitudinal backside and front side 
down-aisle direction displacements, while 4 transducers were 
placed backside at the second and fourth floor on the left and right 
side of the rack, to measure the displacements in cross aisle di-
rection. The general test layout is shown in Fig. 15. Plan view of the 
transducers are shown in Fig. 16.

During tests, photographic surveys were carried out with the
purpose both to have a photographic documentation of the work 
and to have a back-up information of the deformed shapes of the 
structure by means of photogrammetric re-analysis [38] (Fig. 17).
3. Test results

The test results are presented as global capacity curves, plotted 
in terms of top displacement values versus total base shear 
(Fig. 18). After a careful analysis of the different approaches pro-
posed in the literature [39–44] authors proposed the following 
procedure, in order to evaluate the global yield base shear (Fy), and 
corresponding global yield displacement (dy) values, making re-
ference to ECCS45 [39]:



Table 6
Numerical modal analysis results of the specimens.

Mode Period [s] Mass Part. [%] Degree of freedom

IPA2 1 0.90 42 Downaisle
2 0.65 28 Crossaisle
3 0.60 63 Torsional
4 0.40 30 Downaisle

IPB2 1 0.91 34 Downaisle
2 0.63 56 Crossaisle
3 0.60 43 Torsional
4 0.40 39 Downaisle

IPC2 1 0.77 56 Downaisle
2 0.69 67 Crossaisle
3 0.54 39 Torsional
4 0.50 19 Downaisle

IPD2 1 0.87 22 Downaisle
2 0.67 49 Crossaisle
3 0.66 40 Torsional
4 0.32 41 Downaisle

IPE2 1 0.80 36 Downaisle
2 0.59 29 Torsional
3 0.55 42 Crossaisle
4 0.32 36 Downaisle

IPF2 1 0.82 40 Downaisle
2 0.60 30 Torsional
3 0.56 42 Crossaisle
4 0.36 34 Downaisle

Fig. 14. Loading scheme.
i. Initial stiffness of the curves are approximated by the tangent 
slope obtained at their origin (Fig. 19);

ii. The global yield base shear Fy and the corresponding yield 
displacement dy are deduced by locating the 1/10 of the initial 
stiffness slope on the global force-deformation curves. The in-
tersection of the two tangents defines the level of Fy, and the 
displacement corresponding to the intersection is defined as dy;

iii. Base shear forces (F*) have been normalized on the global yield 
shear force (Fy):
F
= F*
Fy
iv. Displacements (d*) have been normalized on the yield dis-
placement of the frame (dy):

= *d
d

d
y

IPA2, IPE2 and IPF2 showed a global ductile performance,
provided by their significant deformation capacity, thanks to the 
exploitation of the inelastic resources of the spine bracings, 
without a sudden local failure in their elements. IPB2 and IPD2 both 
had local failures before taking advantage of the inelastic resources 
of the spine bracings. Specimen IPC2 was more resistant than the 
maximum capacity of testing jack, therefore a failure until the end 
of the test cannot be observed. However, its pushover curve 
remained almost linear until the end of test, which means the 
deformations of rack members mainly were elastic.

From the measurements obtained by the transducers placed in 
both uprights of the (upright) frame, it is seen that the specimens 
had a moderate global torsional behaviour, due to the asymmetry 
of their structural configuration, although it was limited thanks to 
the horizontal bracings used at each level (Fig. 20). It has been 
noted that the global torsion was minimum in the case of hor-
izontal bracing configuration (c), where the loads were distributed 
among both uprights and the spine bracing plane (Table 7). The 
highest torsion values have been observed in case of horizontal 
bracing configuration (a), where only the uprights on one side have 
been connected to the spine bracing plane (Fig. 12).

Although capacity design approach traditionally developed for 
standard hot rolled steel elements and connections cannot be di-
rectly applied to the non-standard and proprietary elements of 
storage racks, test results confirm that a significant overstrength 
should be guaranteed for their connections in order to avoid a 
brittle failure mechanism, such as the shear/ bending of the bolts, 
and to obtain a global ductile behaviour in the storage racks with 
spine bracings.

Fig. 5a shows the connection configuration of specimen IPA2, 
which had a sufficient overstrength, and lead the bracing elements 
to have large inelastic deformation, finally resulting in a good



Fig. 16. Plan view of transducers layout.

Fig. 15. General test layout.
global ductility of the specimen (Fig. 21). In this case, the test has 
been stopped when flexural-torsional and distortional buckling of 
the upright of the spine bracing occurred (Fig. 22).

Similar comments can be made also for the specimens 
IPC2 (Fig. 7e and f), IPE2 (Fig. 9e), and IPF2 (Fig. 10d), where the
Fig. 17. Photogrammetric monitoring. (a) Targe
over-strength of connections are guaranteed with simple connection 
detailing and tension-only bracing elements (Fig. 23).

On the other hand, connection configurations of specimen IPB2 
(Fig. 6e) and IPD2 (Fig. 8e and f) do not let the rack specimen 
exploiting their inelastic capacity, causing sudden connection 
failures. In particular, specimen IPB2 had a bolt shear failure at the 
connection of the ground level spine bracing to its base plate (Fig. 
24), while specimen IPD2 had a connection failure of the spine 
bracing at the first level due to high bending deformations 
concentrated in the bolt and the connecting plates (Fig. 25). 
Therefore, spine bracings of the storage racks should be designed to 
impose an over-strength to connections either using relatively 
weak tensile bracings or by means of robust connections. The 
eccentricity between the bracing system and the rack should also 
be minimized in order to avoid intensive torsional effects and non-
uniform distribution of forces.
4. Assessment of behaviour factor (Q)

The resistance and energy-dissipation capacity of a structure
are related to the extent to which its nonlinear response is
ts disposition. (b) Target bonded to a joint.



a. IPA2 b. IPB2

c. IPC2 d. IPD2

e. IPE2 f. IPF2
Fig. 18. Global force-displacement diagrams of tests.
exploited. In operational terms, such balance between resistance
and energy-dissipation capacity is characterized by the values of
the behaviour factor q. The q-factor is defined as the product of the
over-strength and the ductility ratio as shown in the following
equations:

Ω Ω= =
′

= ∙
F
F

q
d
d

q q; ;u

y

u
0 0
where:

– Ω is the over-strength factor
– q0 is the ductility ratio
– Fy is the global yield base shear
– Fu is the ultimate load before collapse
– du is the displacement associated to Fu
– d’ is the displacement associated to the intersection between the



Fig. 19. Definition of yield force by ECCS45 [39].

Table 7
Torsional behaviour of the different
specimens.

Specimen dB/dA

IPA2 - Configuration (b) 0.82
IPB2 - Configuration (d) 0.81
IPC2 - Configuration (c) 0.89
IPD2 - Configuration (a) 0.72
IPE2 - Configuration (b) 0.76
IPF2 - Configuration (b) 0.69

Fig. 20. Torsional behaviour of braced storage rack.
tangent slope and Fu

The values of these parameters are shown for each specimen in 
Fig. 18. Table 8 presents the q values estimated for each test spe-
cimen. For specimens IPE2 and IPF2, tests were stopped before the 
collapse for safety reasons, therefore the q values of these speci-
mens should be considered as lower bound values.

Global ductility of specimens IPA2, IPE2, IPF2 resulted in
moderate q values, showing an appropriate capacity of these racks
to dissipate earthquake forces. On the contrary, IPB2 had lower q
values as a result of their global brittle behaviour. For specimen
IPC2, the test was stopped because of jack's capacity (100 kN), yet
design elastic limit of the structure was reached at the end of the
test. Although a local failure was not observed during the test of
this specimen, at the end of the test, deformations of the structure
remained mainly in the elastic phase, therefore q value of this
specimen could not have been determined. It should be also noted
that the q values obtained by experimental tests of the latter
specimens are lower than the assumed ones in design phase.

It should be also noted that the q values obtained by experi-
mental tests of the latter specimens are lower than the assumed
ones in design phase.

Among three design approaches that have been used in the
design of spine bracings of various specimens, typology (i) was the
only one resulting in a relatively high ductility, with a behaviour
factor larger than 2, thus demonstrating that q¼2 can be reliably
assumed provided that inelastic deformations can develop in di-
agonals before connection failure. The typology (ii) on the contrary
has shown over-strength but very low ductility because of the
failure of the connections of the spine bracing diagonals, due to
the insufficient strength of the connections. The typology (iii) re-
fers to the rack with cable bracings that has exhibited a very high
strength, and the test had to be stopped before failure due to the
jack capacity.
5. Conclusions

This study presents the results of real scale push-over tests 
performed on fully-loaded braced steel storage rack specimens. 
From the capacity curves, global ductility of six commonly adopted 
storage rack typologies is quantified in terms of behaviour factor 
(q) values. The q values of the racks that showed a global ductile 
behaviour range from 2.5 to 2.6, thanks to the diffuse exploitation 
of plastic resources in the spine bracings, the rest of the structural 
elements (uprights, pallet beams) remaining undamaged. On the 
other hand, the q values of the racks that had a global brittle 
collapse are equal to 1.0. In the latter case, it is also seen that 
experimental values of q were lower than their design values. 
When a rack non regular in plan is designed using a behaviour 
factor larger than 2.0, an experimental assessment or a 3D nu-
merical pushover analysis validated with experimental calibration 
should be required. In these cases, refined finite element beam 
formulations would be also useful to account for the warping ef-
fects in mono-symmetric cross-section uprights. A parallel nu-
merical study has shown the importance of warping effects for 
unbraced racks [45], and another one is underway which is based 
on the results of these tests with spine bracings.

This study demonstrates that during design, sufficient over-
strength should be guaranteed for the bracing connections in or-
der to avoid a global brittle collapse caused by sudden failure of 
the spine bracing-rack connections, such as bolt shear and bolt 
bending failures. Moreover, to avoid bolt-bearing, designers 
should consider enough distance between the bolt and the edge of 
the bracing, in conjunction with the general rule for bolted con-
nections requiring the bolt's strength at least 20% larger than the 
bearing strength. The results of these tests confirmed the possi-
bility to design braced racks using relatively high behaviour factors 
of low ductility class, provided that the early connection failure is 
prevented.

Global torsion can be minimized either reducing the eccen-
tricity/distance between the vertical bracing plane and rack, and/
or using horizontal bracing configurations where both the up-
rights and the spine bracing planes are connected, assuring an



Fig. 21. Specimen IPA2: deformations of bracing elements at the end of the test.

Fig. 22. Specimen IPA2: deformed shape of spine bracing upright.

Fig. 23. Specimen IPE2: deformed shape of spine bracing at first inter-story level.



Fig. 24. Specimen IPB2: final configuration of spine bracing at failure load.

Fig. 25. Specimen IPD2: connection between upright and spine bracing.

Table 8
q-Factor values of braced racks.

IPA2 IPB2 IPC2 IPD2 IPE2 IPF2

Ω 1.13 1.00 NA 1.00 1.18 1.15
q0 2.19 1.00 NA 1.00 2.22 2.17
q 2.48 1.00 NA 1.00 2.61 2.50
q/qDESIGN 1.65 0.67 NA 0.67 1.74 1.66
efficient load transfer between these two. On the other hand,
connecting the spine bracing plane only to the uprights at one side
result in higher global torsional deformations, and should be
avoided.
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