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Abstract

This paper analyses the influence of the horizontal restraints provided by pallets on the ultimate capacity
of drive-in racks. The paper is based on the assumption that one can accurately determine the coefficient
of friction between the rail beams and the pallets or can design a device that restrains the pallets from
sliding on the rail beams. Thirty-six drive-in racks representing the global sale of an Australian
manufacturer over three years are analysed for all possible loading scenarios. For the sake of
computational efficiency, the simple 2D model introduced in the companion paper is used for the study.
The load case(s) governing the structural design is(are) also clarified and the friction coefficient or
strength of a restraining device required to prevent the pallets from sliding is determined.
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ABSTRACT: This paper analyses the influence of the horizamestraiits provided by pallets on the imate
capacity of drive-in racks. The paper is basedhenalssumption that one can accurately determinecikidi-
cient of friction between the rail beams and thikepmor can design a device that restrains thkefgalrom
sliding on the rail beams. Thirty-six drive-in rackepresenting the global sale of an Australianufaaturer
over three years are analysed for all possibleihgascenarios. For the sake of computational eifficy, the
simple 2D model introduced in the companion papeunsed for the study. The load case(s) governiag th
structural design is(are) also clarified and thetitrn coefficient or strength of a restraining aevrequired to
prevent the pallets from sliding is determined.

1 INTRODUCTION are then analysed using the improved 2D single
model introduced in the companion paper (Gilbert et
This paper analyses the influence of the horizontadl., 2013a) under all possible loading scenaribs, a
restraints provided by pallets on the ultimate capa ternately considering and ignoring the pallet brgci
ty of drive-in racks. As introduced in the companio restraints. This paper evaluates the influenceabf p
paper (Gilbert et al., 2013a), by acting as horiabn let bracing restraints on the ultimate capacitgtetl
braces between adjacent uprights, pallets significa drive-in racks in the down-aisle direction, cladi
ly influence the structural behaviour of drive-in the loading scenario(s) governing the design and de
racks and must be considered in order to accuratetgrmines the friction coefficient or the strengthao
capture the 3D behaviour of this type of structure. restraining device required to prevent the pallets
However, due to the uncertainty concerning thdrom sliding.
friction between the pallet bases and the rail l'gam
drive-in racks are currently designed without cdnsi
ering this bracing effects. If a device can prewast 2 PARAMETRIC STUDIES
pallets from sliding on the rail beams or if theezo
ficient of friction between the pallet bases and th Thirty-six rack configurations, representing the
rail beams can be reliably determined, the horalont global sale of an Australian manufacturer overghre
bracing effect provided by the pallets could beyful years and designed using industry practice (Demmnatic
exploited in the design. 2006), are analysed using the improved single up-
The current paper analyses the influence of theght models introduced in the companion paper
horizontal bracing effect of pallets on the design (Gilbert et al., 2013a). The racks are consideced t
steel drive-in racks in the down-aisle directiodyon be 4 pallets deep, with rail beams equally spaced
As mentioned in the companion paper (Gilbert et al.apart along the rack height. The uprights are reder
2013a), due to the upright frames, pallets arebret to as “SD” for standard uprights and “RF” for rear
lieved to influence the behaviour of the racksha t flanged uprights, their widths range from 70 mm to
cross-aisle direction. It should also be noted that 150 mm and their thicknesses from 1.2 mm to 2.4
friction between pallet bases and the rail beamsim. Table 1 summarises the rack configurations in-
would prevent the pallets from dropping through orcluding the rack height, design pallet load, number
account of the upright bowing deformations. Asof stories and upright type. More details can be
such, the serviceability check against upright Imgwi found in (Gilbert, 2010, Gilbert et al., 2013b).
deformations is not considered in this paper.
Thirty six drive-in racks representing the global
sale of an Australian manufacturer over three years



Step 4 in Section 2.2.2.1 of the companion paper

Table 1: Rack configurations (Gilbert et al., 2013a).
Upright

Rack| Height  Nb %Zfl'gt“ ype Width thk. 2.1 Design parameters

| (mm)  stories -4 (kg) (mm) —(mm) 5 1.1 Baseplateto floor connection stiffness

; 2 ggg gg ;8 ié Base plates are generally bolted to the floor, thied

3 | 3775 3 1210 RE 90 12 strength and initial rptational stiffness of _the_sba

4 7 690 RE 90 1, Dblate to floor connection depend on the QX|aI_ Il_md

5 , 950 SD 90 12 the_uprlght (Godley et al., 1998)_. Numerlcal_lnvest

6 1210 ) 90 12  gations on the non-linear behaviour of a typicat-st

7 690 RF 90 12 age rack base plate assembly (Gilbert and
8 | coos 3 950 RF 90 1.2 Rasmuss_en, 2011_) showed that _(i) the conn_ection
9 1210 RF 90 1.5  strength is proportional to the upright width, (im)

10 950 SD 110 1.5  the presence of axial load in the upright, theiahit

11 4 1210 RF 110 1.5 rotational stiffness of the base plate to floor roec

12 1470 RF 125 1.5 tion is proportional to the cube of the upright thid

13 2 1470 RF 90 1.2 and (iii) when no axial load is applied to the gpti

14 950 RF 90 1.5 the initial rotational stiffness is independenttbé

16 1470 RE_ 110 15 The rules described above, combined with the test
17 430 SD 9 15 regults in (Gilbert and Rasmussen, 2011) and applie
ig 6275 4 1925100 ‘;2 ﬁg 13 to a 125 mm Wide base plate assemblyz are us_ed in
20 1470 RF 175 15 the following sections to determine the |n|t|atffst|_

1 = 950 RE 110 19 ness an_d strength of base p_Iate to roo_r connextion
20 690 RE 110 15 @as fu_nctlons of base _plate widths. Detailed moment-
23 6 950 RE 125 15 rotation curves used in the present work are ginen
24 3 1210 sSD 110 15 Gilbert et al. (2013b)

25 1470 RF 110 15 2 1.2 Out-of-plumb

26 | 7525 4 430 RF 90 1.2 o . . o

27 950 RF 110 1.9 The main international racking specifications (AS
28 5 950 SD 125 1.9 4084, 2012, EN 15512, 2009, RMI, 2008) consider
29 3 1210 Sb 125 1.5 the initial looseness in the member connections as
30 430 RF 90 1.7 well as the initial out-of-plumb as frame imperfec-
31 4 950 SD 125 19  tions, which are generally accounted for in the de-
32 | g7uc 1210 RE_ 125 19 = sign by means of horizontal forc&%cof-pum ap-

33 950 SD 150 19  plied at each rail beam elevation as,

34 5 1210 RF 150 1.9

35 1470 RF 150 24 Foyuof—pum =AW (1)

36 6 950 RF 150 1.9

wherea is the out-of-plumb angle and is the ver-
Specifically, three different single upright modelstical load applied to the upright by the palletdre

are considered and their member action-to-capacitigil beam elevation. The out-of-plumb angteis
ratios are used as a measure to quantify the mflie typically a function of the number of interconnette

of

the pallet restraints on the design of drive-inbays and the looseness in the portal beam to uprigh

racks: connections. A out-of-plumb angle of 0.0044 rad

Model A considers the pallet bracing restraints@about 1/250) is used in the present work. See
and represents the Bay loading scenario A. Th&ilbert et al. (2013b) for more details.

model is described in the companion pape

(Gilbert et al., 2013a) in its Section 2.2.2.1 @dnd 2.1.3 Other 9arameters _

lustrated in its Figure 6. cher design parameters us.ed in the present work,
Model B considers the pallet bracing restraintgvhich correspond to some drive-in rack configura-
and represents the Bay loading scenario B. Thtons currently commercialised in Australia, are-gi
model is described in the companion papeg€n in Gilbert et al. (2013b). The height of thekrbd
(Gilbert et al., 2013a) in Section 2.2.2.2 andsillu the number of pallet leveN; and the cross-sectional
trated in its Figure 7. area of the uprighf\, depend on the studied rack
Model C is based on the current industry practic€haracteristics and are given in Table 1 and Gilber
of neglecting the pallet bracing restraints. Theet al. (2013b).

model is similar to Model A at the exception of



2.2 Upright load cases The Direct Strength Method (Schafer, 200_6) in
According to the draft FEM specification for the-de Section 7 of the AS/NZS 4600 (2005) is used in the

sign of drive-in racks (FEM 10.2.07, 2010), thedoa Présent work to calculate the nominal capacies
case involving the loading scenario depicted in FigandeX of the upright. Specifically, the axial capaci-

ure 5 in the companion paper (Gilbert et al., 2()13aty in compressiol; is defined as the lesser of the

and a fully loaded upright are usually “sufficient ?X|all\| gl?\lbal, Ié)lslal and dli_toriuonal nominal capaci
consider the pattern load effects” for the Ultimate''€S Veer Vel @NGNca, FTESPECUVETY, aS,

Limit State (ULS) design in the down-aisle direc- N_ :min(N NcI’ch) 4
tion. However, it is currently unclear if a differte
load case may govern the design. Moreover, in lighand the nominal bending moment capabity about

of the horizontal bracing effect offered by the-pal the x-axis of bending is defined as the lesseihef t
lets, the load case involving the loading scendeéio  global, local and distortional nominal moment ca-
picted in in Figure 5 in the companion paper (Gilbe pacitiesMpye, Mixi, Mbxa, respectively, as,

et al., 2013a) and a fully loaded upright may ret a .

ways be sufficient for the ULS design of the uptigh M, = m'n(bee’ My, bel) (5)

Consequently, every possible load case is investi- gpecifically, the global nominal capachye is a

gated in the present work for the 36 drive-in rack§ynction of the bending moment distribution in the
given in Table 1. Second-order geometric analysegpright through the elastic buckling momé#y,
are carried out using the general purpose FE soft-

ware Strand7 (2010). The number of load cases anad =C Ar. ./f f 6
lysed per rack is a function of the number railrhsa o =G AT o e ©)

and is equal to "™, whereN; is the number of rail whereC; is a coefficient depending on moment dis-
beam elevations. tribution in the unbraced segment of the upridht,

is the gross cross-sectional aregjs the polar radi-

us of gyration about the shear centre &pdindf,,

are the elastic buckling stresses for flexural lingk
For each of the three rack models and each upriglabout the y-axes (perpendicular to the symmetry ax-
load case, the Australasian cold-formed steel strugs) and torsional buckling, respectively.

tures standard AS/NZS 4600 (2005) is used to calcu- Detailled rules to determinBlee, N, Ncd, Mbxe,

late the member action-to-capacity ratios of th#-cr Mpy, Mpxq are given in AS/NZS 4600 (2005).

cal upright. When second order-geometric analyse. . .
are used, members subjected to combined axig'?"1 Effective buckling lengths

compression and bending must satisfy the ULS de- The Australian Standard AS 4084 (2012) recom-

ce’

2.3 Ultimate capacity

sign check in Eq. (2), mends effective lengtHg, andle;, for buckling about
. . . the y- (down-aisle) and z- (torsional) axes eqaodl t
N M, M, and 0.7 time#, respectively, wherh represents the
+ + <1 (2 . ) : o=
aN. @M, @M, upright frame bracing pitch, as shown in Figure 1.

These values are adopted in the present work.
whereN* is the design axial compression load, and
M,* andMy* are the design bending moments about — Upright frames —
the x- (cross-aisle) and y- (down-aisle) axes, gesp M M M M
tively, N¢ is the nominal axial compression member
capacity,Mp andMp, are the nominal member bend- Rail i)eam

ing moment capacities about the x- and y- axes, re- e
spectively, @ and g are reduction capacity factors o T
for members in compression and bending, taken as 3 'Eé
0.85 and 0.90, respectively. As the present work is |2 g o 0
concerned with the design of drive-in racks in the P I %g’
down-aisle direction, the bending moment about the |3 88
down-aisle axis is considered negligible and fa th _V_§‘°
2D single upright model, Eq. (2) becomes, a
N, M 3)
%Nc %be

Figure 1: Frame bracing pitch h, unbraced segment

A load factor of 1.4 is used for the pallets to de- _ _
termine the design load$* and bending moments ~ For each member of the simple upright model, the
M,*. The self-weight of the rack is ignored. effective lengthle for buckling about the x-axis (in



the down-aisle plane) is calculated as (Teh andending moment of the upright under the critical

Gilbert, 2013), load case. Figure 3 shows the bending moment dis-
tribution in the upright for Models A and C, ancth

| = |Elx (7)  coefficientCy in Eq. (6), under the critical load case

& N, of Rack 25. It can be seen that ignoring the padlet

straints leads to a design bending moment that is

wherely is the second moment of area aboutxhe 12% less than when considering same, but with

axis, andNgy, is the elastic buckling load of the up- similar C, coefficient.

right determined from a rational frame buckling

analysis (Teh and Gilbert, 2013).

-144 KNmm
Pallets

Ratio

3 RESULTS
) —466 KNmm
3.1 Effectsof pallet restraint =S
In this study, two values for the frame bracingipit 2| 4
h, being 1,500 mm and 2,000 mm, are considered. 1502 KNmm gl
ol &
3.1.1 Framebracing pitch h= 1,500 mm -1339 kNrmm —o
: . . £l
Figure 2 plots the ratios of the maximum member o) 4
action-to-capacity ratio of Model C (current indyst 692 KNImm
practice) to that of Model A, and to that of Modsl ' @)
for the 36 racks given in Table 1 having a frame A7 N
bracing pitchh of 1500 mm. Detailed results can be A
found in Gilbert et al. (2013b). A ratio greateanh
1.0 in Figure 2 indicates that the current industry !J
practice results in uneconomical designs. -191 KNmm
I
1.10 E (E\ul
. o A 1326 KNmm [
T e sbar C s Yt a488 1515 kNhim EE
TR ® x £ %
1.00 - Lol A_A_A .......... Mmoo mm Mocimimimm XXX o 8
P ey MMk Xx 7188 kNrmm
095 { *x X X% x A XX (b)
Figure 3: Bending moment distribution for the cdtiload case
. for rack 25 for (a) Model A and (b) Model C
0.90 ~ X Max member action-to-capacity ratio of Model C (current industry practice) to
Ach:f((rjriel\:lnobdeerlfction-to-capacity ratio of Model C (current industry practice) to Table 2 SummarISGS the avel’age maXImum mem'
0.85 — ‘ ; ber action-to-capacity ratios given in Figure 2.
0 5 10 15 20 25 30 35

Racks Number
Figure 2: Influence of the horizontal pallet restt@an the ac-
tion-to-capacity ratio for h = 1,500 mm

Table 2: Ratio of the maximum member action-to-cé#paati-
os of Model C(current industry practice) to the MitsdA and B

Figure 2 shows that for 12 racks out of 36, incor-

Model C (current prac
tice)/ Model A

Model C(current prac-
tice) / Model B

porating the horizontal restraining effect providsd h (mm) A‘:gtri%ge CoV A‘:ztri%ge CoV
the pallets would provide more economical designs7=557m 0.99 0029 103 0034
than the current industry practice, with a decréase 5000 mm!| 099 0.026 104 0016

the member action-to-capacity ratio of up to 6% _ _
(Rack 1). On average for the 12 racks, the decreasel.2 Framebracing pitch h= 2,000 mm

is 2%. o o Figure 4 plots the ratios of the maximum member
For the remaining 24 racks, ignoring the pallet rexction-to-capacity ratio of Model C (current indyst

straints would lead to less conservative desigith, w practice) to that of Model A, and to that of Model

a increase in the member action-to-capacity ra"tlo_ofor the 36 racks given in Table 1 having a frame

up to 7% (Rack 30). On average for the 24 racks, igyracing pitchh of 2000 mm. Detailed results can be

noring the pallet restraints increases the des&@n Cfound in Gilbert et al. (2013Db).

pacity by 3%. This counterintuitive result is mainl  gimjlar conclusions to those in Section 3.1.1 can

due to the effect of the pallet restraints on tesigh  pe grawn. Results show that for 11 racks out of 36,



considering the horizontal restraining effect pdad

by the pallets would provide more economical de-
signs than the current industry practice, with a de
crease in the member action-to- capacity ratiopf u >
to 5% (Rack 1) and an average decrease of 2%. For

the remaining 25 racks, ignoring the pallet restsi ¢ ¢ ( L

T\
A"

N~

A\ "

would lead to less conservative designs, with a-max
imum increase in the member action-to-capacity ra- L
tio of 5% (Rack 25) and an average increase of 3%.
Table 2 summarises the average maximum member
action-to-capacity ratios given in Figure 4.

PR P — -
r—r—r—
PR P P S -

1.10
AA A ]l — J — —
105 { % LA AA " ADD
A A A AA A A A
. N Ahg A X . ADA )
A A
1.00 g 5 £ o £ e P e ey o e e e e ey g s s X ________ A _____ X .......... Xxx_
. U TR TR (a) (b) © (@)
& Xy RX2 X X Figure 5: Specific load cases governing the design

XX X X

0.95 X X %
In view of the above results, for ULS design ig-
0.90 - xMhax rr;embderlaction-to-capacityratio of Model C (current industry practice) to norlng pa”et braClng eﬁects, ||m|t|ng the anaglm)
that of Model A . . . .
£ Max member action-to-capacity ratio of Model C (current industry practice) to the Ioad Case InVOIVIng the |Oad|ng Scenarlo ShOWﬂ
0 that of Model B in Figure 5 in the companion paper (Gilbert et al.,
T 5 10 15 20 » 20 ;s 2013a) and a fully loaded rack, would only induce a
Racks Number limited error in the action-to-capacity ratio anéym
Figure 4: Influence of the horizontal pallet resttan the ac-  be considered to be “sufficient for considering the
tion-to-capacity ratio for h = 2,000 mm pattern load effects”.

3.1.3 Critical load cases

When the pallet restraints are considered in tlag-an 3-2 Friction coefficient analysis

ysis (Models A and B), the load case involving the The minimum friction coefficient: needed to
loading scenario shown in Figure 5 in the companioprevent the pallets from sliding on the rail bedams
paper (Gilbert et al., 2013a), which corresponda to investigated herein for Model A. The friction fosce
fully loaded rack except for one compartment at thes, developed between the pallets and the rail beams
first rail beam elevation, is found to govern the d are extracted from the horizontal reactions at each
sign in general. However, for the 4-storey drive-injoaded rail beam elevation of the single upright
racks number 26 and 30, the load case shown in Fignodel. The friction coefficient is then calculated
ure 5 (a) is found to provide an action-to-capa@ty as,

tio up to 13% higher than the load case involvimg t

loading scenario shown in Figure 5 in the companion :i (8)
paper (Gilbert et al., 2013a). Despite a lower laxia™ W

load incurred in the critical upright, the loadisce-
nario induces a buckling lengtl about twice that c}he upright at the rail beam elevation,

for the loading scenario shown in Figure 13, an Figure 6 shows the minimum friction coefficient
therefore leads to a reduced axial capacity. geeded to prevent sliding of the pallets founddibr

whereW is the axial load applied by the pallets to

When the pallet restraints are ignored in the ana : AL .
ysis, the load case involving the loading scenari¢®@ding cases and for the 36 drive-in racks in &abl
shown in Figure 5 in the companion paper (Gilbert ex- All values in Figure 6 are less than the desigir
al., 2013a) is also found to generally govern tae d 'C friction coefficient of 0.439 recommended by Hua
sign. However, the load cases shown in Figure 5 (fjnd Rasmussen (2010) (see companion paper), indi-
ating that, under normal operating conditiong]-sli

for the 4-storey drive-in rack number 4, Figurec - .
for the 5-store¥ rack number 21 and Figurg 5 (215) (folng is unlikely to occur between the pallets ané th

the 6-storey drive-in racks number 21, 22 and 3gail beams, and that pallet bracing restraints ol

govern the design with an action-to-capacity raticconsidered in the design of drive-in racks. Morepve

2%, 3% and 4.5% higher that the loading scenari{ﬂe minimum friction coefficieni: is dependent on

P— : : - e number of stories (or rail beam elevations), as
Z?O\évgllgal):lgggigclt?vter}; companion paper (Gilbert eseen in Figure 6. The more the stories, the mkee li

ly the pallets are to slide. Results show that, &or
given number of stories, the minimum coefficient of



friction required to avoid sliding of the pallete-d EN 15512 2009. Steel static storage systems - fatjles pallet
creases somewhat linearly with the height of the racking systems - Principles for structural deslgacopean

rack. Committee for Standardization (CEN), Brussels, Reig
FEM 10.2.07 2010. Version 0.12 - Draft - The Desigh
05 - 3 story 12 'Drive-in' and 'Drive-through’ pallet racking. Fedon
0:45 | Reommended destan static lction P —— Europeenne de la Manutention, Brussels, Belgium.
"""""""""""""""""""""""""""" +4storyrack | GILBERT, B. P. 2010The behaviour of steel drive-in racks
il 5 zzszmyr“ts under static and forklift truck impact forces. PhD PhD,
0.35 story racks

School of Civil Engineering, The University of Syxn

& g

)

££ 03+ o o GILBERT, B. P. & RASMUSSEN, K. J. R. 201l.

:}:’_»,SOZS i d o Determination of the base plate stiffness and gthemf

"gﬁ ng - " © steel storage racksJournal of Constructional Seel

5 + Research, 67, 1031-1041.

500 ¥ GILBERT, B. P, TEH, L. H., BADET, R. X. &

Eg 014 A N RASMUSSEN, K. J. R. The influence of pallets on the

£ %005 - 4 A behaviour and design of drive-in steel storagesacRart |

- 0 X ‘ ‘ Behaviour. Fifth International Conference on Stnal
3775 4775 5775 6775 7775 8775 Engineering, Mechanics and Computation, 2013a Cape

Rack height (mm) Town, South Africa.
Figure 6: Minimum friction coefficient needed to prevent pal- GILBERT, B. P., TEH, L. H., BADET, R. X. &
lets from sliding RASMUSSEN, K. J. R. 2013b. Determination of the

influence of the pallets on the design of drivesteel
storage racks. Research Report CIEM/2013/R04. Edoitr
4 CONCLUSIONS Infrastructure Engineering and Management, Griffith
University, Australia.
This paper analyses the influence of horizontat-bra GOPDLEY, M. H. R., BEALE, R. G. & FENG, X. Rotatioha
ing restraints provided by the pallets on the desig stiffness of semi-rigid b:_;\seplatea: Yu, W.W. & Laboule,
steel drive-in racks. Using the improved single up- R.A., eds. 14th International Specialty ConfereoneCo]d-
right model presented in the companion paper, anal- Formed Steel Structures, October, 15-16 1998 Stsl.ou

f 36 dri . K f fi Missouri, U.S.A., 323-335.
yses were run for rve-in rack configurations.,;ya v, & RASMUSSEN, K. J. R. 2010. Static friction

All possible loading cases were analysed. Results qefficient between pallets and beam rails andepathear

showed that ignoring the pallet bracing effectelen stiffness tests. Research Report 914. School ofil Civ
sign, as in the current industry practice, usuaiys Engineering, The University of Sydney, Australia.

to a less conservative design with an action-torMI 2008. Specification for the design, testing aiization
capacity ratio for the critical upright being reedc of industrial steel storage racks. Rack Manufacture
in the order of 4%. Institute, Charlotte, U.S.A.

The load case involving a fully loaded rack ex-SCHAFER, B. W. Designing cold-formed steel using tlirect
Cept for one Compartment at the first ra” beam@le strength_ method.n:.LabouIe, R.A. & Yu, W.W., eds. 18th
tion was found to govern the Ultimate Limit State 'S”ttemta“ong'gszgegat'tyb Cozrgggegcle Od“ C,:?ld-_gorz]:;es

; H H ructures - ctoper rlanao, Floriga- .
_de5|g_n of most r_acks. However, loading scenario TRAND7 2010.Usng Srand? - User manual - Release
inducing the maximum b_endlng moment.s were als 2.4.4, Sydney, Australia, G+D Computing Pty Ltd.
found to govern the design of some drive-in racksg * '\ g GILBERT, B. P. 2013. Second-order dias
having 4 to 6 storeys, with acthn-to-capamtycratl analysis based design of drive-in racRSCE Journal of
up to 5% greater than the previous load case when gyyctural Engineering (in preparation).
pallets are ignored.

Results show that under normal operating condi-
tions, the friction coefficient between the pallatsd
the rail beams is sufficient to prevent slidingtioé
pallets, and therefore pallets could be considered
the design of drive-in racks.
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