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The influence of pallets on the behaviour and design of drive-in steel storage
racks - Part |I: Behaviour

Abstract

Drive-in steel storage racks represent a popular alternative to the more common selective racks when
available space is restricted or when storing the same good. In drive-in racks, the forklift truck drives into
the rack and stores the pallets on beam rails on the "first-in last-out" principle. Recent experimental
studies have shown that by acting as horizontal ties between uprights, pallets significantly influence the
structural behaviour of the rack. However, due to the uncertainty in the degree of friction between the rail
beams and the pallets, current industry design practice does not consider this effect. This paper
quantifies the influence of the pallets on the bending moment distribution in the uprights using a 3D finite
element model calibrated against experimental results on a full scale drive-in rack. Additionally, as 3D
models may be computationally intensive when a large number of analyses are required, this paper
presents an improved version of the 2D model of drive-in racks introduced by Godley. In the improved 2D
model, all possible loading scenarios and the influence of pallets on the structural behaviour of the rack
are considered. When compared to advanced 3D finite element analyses, the model is able to accurately
reproduce the bending moment distribution in the upright, with and without the presence of pallets.
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ABSTRACT: Drive-in steel storage racks represent a popular alive to the more common selective ra
when available space is restricted or when stahegsame good. In drive-in racks, the forklift kurives in-
to the rack and stores the pallets on beam raith@frifirst-in last-out” principle. Recent experintal studies
have shown that by acting as horizontal ties betwgeights, pallets significantly influence theustiural be-
haviour of the rack. However, due to the uncenjaintthe degree of friction between the rail beand the
pallets, current industry design practice doescoaosider this effect. This paper quantifies théuigrice of the
pallets on the bending moment distribution in tpeights using a 3D finite element model calibraagainst
experimental results on a full scale drive-in ragkditionally, as 3D models may be computationatiyen-
sive when a large number of analyses are requinesipaper presents an improved version of the 2ideh
of drive-in racks introduced by Godley. In the imyped 2D model, all possible loading scenarios &edir-
fluence of pallets on the structural behaviourh® tack are considered. When compared to advariadd 3
nite element analyses, the model is able to acyregproduce the bending moment distribution i tip-
right, with and without the presence of pallets.

1 INTRODUCTION Similarly, earlier research by Salmon et al. (1973)
who numerically investigated the buckling behaviour
Worldwide, steel storage racks are extensively usedf symmetrically loaded drive-in racks by alteriyate
in the manufacturing, wholesale and retail industryconsidering and ignoring the pallet bracing reatsai
to store goods. They are mostly freestanding strudn the analysis, showed that pallet bracing restsai
tures and are often assembled from cold-formed stebad significant influence on the non-sway buckling
profiles. Two main types of racks prevail, referted mode, although they had less influence on the sway
as “selective racks” and “drive-in racks”. In drire  buckling mode.
racks, pallets are stored on rail beams one diter t
other, and the forklift truck drives into the ratk
store the pallets on the “first-in last-out” pripld.
The rail beams are offset from the centreline ef th
uprights so that the pallets apply both bending mo-
ments and axial compressive forces to the uprights.
To allow the forklift truck passage, the rack idyon
braced horizontally at the top (plan bracing) aed v
tically at the back (spine bracing) in the downlais
direction. Due to their floor space efficiency,vdr
in racks are usually preferred to selective racks i
storing the same goods with quick turnover, or in
expensive storage spaces such as industrial feeezer
Figure 1 shows an example of a drive-in rack.
Experimental tests performed by Gilbert and
Rasmussen (2009a, 2012) have shown that pallets
act as horizontal braces between adjacent uprightﬁ,i
significantly influence the structural behaviour ofd
drive-in racks and must be considered in ordercto a
curately capture the 3D behaviour of drive-in racks

— —
= —

_ Fi@re 1: Example of a driv'e-in-rigcT(ﬂ

However, due to the uncertainty concerning the
ction between the pallet bases and the rail I®eam
rive-in racks are currently designed without cdnsi
ering the bracing effects.



Hua and Rasmussen (2010) measured the friction Kb, ~ K; Kb, =\ K
coefficient between wood pallets and rail beams and ’@W‘E ! @NW“E

found that the average static friction coefficidet w w
tween the rail beams and the pallet bases to be as \ 20W _ LKz £ 3 st beam
. . . . > elevation

high as 0.576, with a recommended a design static ¢

friction coefficient of 0.439. This friction coetfient w w

suggests that significant horizontal forces caretiev T Yoo T _W il

op between the pallets and the rail beams befiate sl g

ing occurs, allowing the pallets to play a struatur w w K.,

role in the behaviour of drive-in racks. It is nite %20 g 1t il beam

however, that this design static friction coeffitie <~ Upright < Upright

does not take into account grease or ice (in tke ca 1 DK Y K.

of industrial freezers) that may accumulate on ralil ’@ @

beams. Figure 2: Drive-in rack single Figure 3: Single upright mod-
The current paper evaluates the influence of theupright model from Godley el with rail beam restraints for

horizontal bracing effect of pallets on the bending (2002) a 4 stories drive-in rack

moment distribution of the upright in the down-aisl
direction only, as due to the upright frames, pslle
are not believed to influence the behaviour of ehiv
in racks in the cross-aisle direction. 2.2.1 Rail beam restraints

The 2D analysis model for drive-in racks pro-rynicaily the out-of-plumb in drive-in racks is gho
posed by Godley (2002) is improved herein by intro-eﬁgd byy’horizontal fgrces at the rail beam support

ducing the horizontal restraints provided by bdta t o+ 5re linearly proportional to the gravity loaafs

rail beams and the pallet bracing restraints. AB-p ha najlets. For a fully loaded rail beam, the frand
sible loading scenarios are also able to be cordputgne hack uprights are less loaded than the inner up
in the improved model. This model is checkedights resulting in smaller out-of-plumb forcesrize
against the 3D model developed by Gilbert and,yjieq to the front and back uprights. Thereforé a
Rasmussen (2009b, 2012) that is calibrated aga|n§ﬁ10e rail beams link the uprights together, they r
laboratory test results. strain the deflection of the inner uprights wheb-su
jected to the out-of-plumb forces.

Consequently, these restraints provided by the rail
2 SINGLE UPRIGHT MODEL beams are introduced into the single upright model

2.1 Single upright model proposed by Godley by adding a horizontal translational stiffndss at

: . . ach rail beam elevation as shown in Figure 3.
In order to reduce the computation time associateihjie such an addition to the single upright model
with large models, Godley (2002) developed a "sin,yer.represents the restraints since it implieg tha
gle upright model” to analyse fully loaded drive-inhare are no deflections of the front and back up-
racks in the down-aisle direction. The uprightas r

X - . : rights, it has been found to lead to more accuete
strained at its base by a spring support havirga@ r g jjts than the neglect of same (Gilbert et al. 3201

tional stiffnessK,, and at its top by another having a T stifness, ; is derived in Gilbert et al. (2013)
rotational stiffnesK, and a translational stiffness, o the critical upright (second from the front) af
as shown in Figure X represents the restraint pro- grive.in rack with two upright frames and uniform
vided by the base plate to the floor connectiéf, gpacing between uprights. For simplicity, the re-
the restraint provided by the portal beams in deublg;ints provided by all rail beams to an uprigre a

curvature (sway mode) having semi-rigid connecygg med to be independent of each otkgris then
tions to the upright, an&; the combined restraint expressed as '

from the plan bracing (spanning the entire rack),

2.2 Improved single upright model

spine bracing (spaning one bay) and upright frames, 11K, . —4K

Pallet loads and out-of-plumb loads are applied 0% = g3, 1)
the upright as shown in Figure 2. Detailed calcula- uh 415

tions for K., K, and K;, can be found in Godley 6El,

(2002).

whereKyn i andKyn m are the down-aisle stiffness of
the front and back uprights and inner uprights, re-
spectively (Gilbert et al., 2013), is the distance be-
tween two uprights in the cross-aisle directigns

the Young's modulus of steel amdis twice the se-
|_cond moment of area of the rail beam, as two rail
beams are typically connected to the uprights.

Despite its attractiveness, this model has limita
tions as it (i) ignores the restraint provided be t
rail beams, (ii) does not take into account the-hor
zontal bracing restraint provided by pallets, aiiyl (
does not consider all possible upright loading acen
ios. The previous limitations are addressed in fo
lowing sections.



2.2.2 Pallet bracing restraints iiA” bays fully loaded but on each side ]

of the studied upright

The bracing effect provided by the pallets is no/ — ‘ ' — 1
considered for any loading scenario of a studied s ]

gle upright. Bays not directly in the vicinity dis R, Studied 4
upright are assumed to be fully loaded, as it wot
maximise the down-aisle displaceménof the rack
and therefore the R-effects in the upright. Specifi-
cally, two loading scenarios are considered fose¢he
bays, believed to represent the two design envsiop

| 0

N

ol

+ Bay loading scenario A: all bays not directly cor "~ % erioue keving conigursiians focal
nected to the studied upright are fully loaded, ... on each side of the studied upriaht
shown in Figure 4 (a). end

» Bay loading scenario B: the two bays on each si S W

of the two bays directed connected to the studi
upright are empty, while remaining bays are full
loaded, as shown in Figure 4 (b). This loadir
scenario aims to limit the influence of the pallei
on the bending moment distribution in the studie
upright, as contrary to the previous bay loadir
scenario A, the pallets only link the studied uj
right and its two neighbours.

upright L
~ ] B4

[ S [y
P q

u
ik

:
B
.

S N . L
2221 |mpr0ved model for Bay |oading scenario A Full_y?oaded Various loading co+nfigura_tions (local) Fully !t)aded
remaining bays on each side of the studied upright remaining bays
In a fully loaded rack, the influence of the pallen (b)
the deformed shape of the uprights would be mini- Figure 4: Studied upright for (a) Bay loading saéma and
mal, as all internal uprights in a row of uprigfis (b) Bay loading scenario B

the down-aisle direction would identically deform
Therefore, the overall deformation of the rackhet t
critical row of uprights can be found using thelyful

loaded improved single upright model introduced

Section 2.2.1, i.e. not considering pallets, assill

trated in Figure 5. Moreover, if the number of bay
of the rack is large enough, as frequently encot
tered in drive-in racks (see Figure 1), removing p¢
lets from each side of the studied upright wouldeha
negligible influence on the overall deformation c
the rack, and the deformation of this upright wouldFigure 5: Deformed shape of the single upright rhéte ful-
be a function of both its immediate loading configu ly loaded rack

ration and the overall deformation of the rack im-

Imposed displacement at the third rail

posed to the upl’lght by the portal beams and the [ beam el calculated from the overall Imposed displacement at the top, calcu-
Iet braCing restraintS. rack deformation (1 pallet connected) Kp 4, lated from the overall rack deformation
Therefore, the bracing restraint provided by tt
pallets for a given loading scenario of the singpe
right is introduced into the model in the following

manner, as illustrated in Figure 6:

Step 1: The overall down-aisle displacements ef t
rack at each rail beam elevation and at tl o displacement imposed \,n;posed disbladement at the firt ail
top of the rack are determined using the fu' * fe st eenecan ™ tpam ol cicupind o the cral
ly loaded single upright model with out-of-
plumb forces, as shown in Figure 5. The
base plate to floor rotational stiffness,
and rail beam stiffneds;; are calculated for
the fully loaded configuration.

Step 2: The single upright model is loaded wigh it
studied loading scenario, with the corre-
sponding base plate to floor rotational stiff-
nessK. and rail beam stiffneds; ;.

Figure 6: Improved single [Jpright model for Baydoay sce-
nario A



Step 3: The overall down-aisle displacement at th8 INFLUENCE OF THE PALLET RESTRAINT

top of the rack (portal beam elevation) ON THE BENDING MOMENT

found in Step 1 is imposed at the top of the DISTRIBUTION AND VALIDATION OF THE

single upright model created in Step 2. SINGLE UPRIGHT MODEL
Step 4. For each rail beam elevation of the model

Step 2, if there is at least one pallet at theThe 3D advanced Finite Element model for drive-in

elevation, then the overall down-aisle dis-racks developed by Gilbert and Rasmussen Gilbert

placement at that elevation found in Step land Rasmussen (2009b, 2012) is used herein to (i)

is imposed on the upright. analyse the influence of the pallet restraint oa th
bending moment distribution in the upright and (ii)
validate the improved single upright model intro-
As with previous Bay loading scenario A, the overal duced in Section 2.2. The 3D model has been cali-
displacement imposed by the rack at the top of thbrated against experimental test results and cerssid
critical upright in Figure 4 (b) and its two adjate joint eccentricities, nonlinear portal beam-to-gpti
uprights can be determined from the fully loadedconnections, nonlinear base-plate connections, and

2.2.2.2 Improved model for Bay loading scenario B

single upright model shown in Figure 5. pallet bracing restraints, see Gilbert and Rasnmusse
A (2009b, 2012) for more details. In the present 8D s
e o A comanita & e tAp. coict- cond-order analysis, the FE software Abaqus Abaqus

(2010) is used, while the FE software Strand7 (2010
is used to run the 2D second-order analysis of the
improved single upright model.

A rack with similar characteristics to the one test
ed by Gilbert and Rasmussen (2012) is used as a
case study. Specifically, the rack is 12 bays witle,
pallets and 2 upright frames deep, and 4 storgis hi
(i.e. featuring 3 rail beam levels). It has 3 spinac-
ing modules, each spanning one-bay, and 4 plan
. < . bracing modules, each spanning three bays. Each

Figure 7: Improved single upright model for Baydow sce-  pallet is 2 tonnes. The rack is loaded as in Bagdo
nario B ing scenario A, described in Section 2.2.2. Theshe
_ _ .. stiffness of the pallets is taken as 7.2 N/mm, Wwhic

In order to determine the bending moment distrijs within the range experimentally found by Hua and
bution in the studied upright for a given loadin@s Rasmussen (2010). The pallets are considered to be
nario of the upright, three single upright modeis a fastened to the rail beams as the static frictiosfc
used and linked together by pinned rigid elementgcient is assumed to be sufficiently high to pretve
(ties) representing the pallet bracing restraiftse sliding. Two loading scenarios are studied, with a
following steps are carried out as illustrated ig-F out-of-plumb of 0.0044 rad and other design pa-
ure 7. rameters given in Gilbert et al. (2013). Furtheri-ve

Step 1: The overall do_wn-aisle _displacgment at th@cation of the improved single upright model can b
top of the rack is determined using the fully found in Gilbert et al. (2013).

loaded single upright model with out-of-
plumb forces, as shown in Figure 5. The _ _ _ _ .
base plate to floor rotational stiffnegs, 3.1 Firstloading scenario — Maximum combined

and rail beam stiffned¢;; are calculated for ~ axial compression and bending

the fully loaded configuration. The load case involving the loading scenario shown

Step 2: Three single upright models are created any, elevation in Figure 8 generally represents the g
loaded with the studied loading scenario,eming load case for combined axial compression and
with the corresponding base plate to floorpenging of the adjacent upright to the unloaded
rotational stiffnes. and rail beam stift-  compartment and to the aisle upright (critical up-
nessKy.. S right) (FEM 10.2.07, 2010).

Step 3: The overall down-aisle displacement at the” The down-aisle bending moment distribution of
top of the rack (portal beam elevation) the critical upright from the 3D model accounting
found in Step 1 is imposed at the top of thefo pallet bracing restraints is plotted in Fig@@),
three uprights created in Step 2. _and that obtained from the 3D model ignoring same

Step 4: Pallet bracing restraints are modelledgusin;, Figure 9(b). Figure 9 shows that the pallet ingc
horizontal ties between rail beams, asyegtraints significantly affect the bending moment
shown in Figure 7. distribution of the critical upright, but have ondy

relatively minor impact on the design bending mo-




ment. This observation appears to be general fer thupright is able to accurately reproduce the bending
moment distribution of the critical upright, withr o
without the pallet bracing restraints. The differen

type of loading scenario.

(T 1)

) o

0

S RISRIE

Most severe combination of axial force and bending moment
for the studied upright, second from the front

Figure 8: Loading scenario believed to generallyem

the design
=S S S
55 kNmm 391 KNmm
-4k 53 kmm L Pa—
Pallets
) J: 475 kKNmm LJJH kN.mm
~ 387 KNmm [285 KNmm
~1540 kNrnm / -1630 kNrnm
P
-678 KNmm 277 kKNmm
(@) (b)

Figure 9: Bending moment distribution in the caticipright
under vertical and out-of-plumb loads for the |loagdscenario
shown in Figure 8 and 3D advanced analysis fop#égts

considered and (b) pallets ignored

c
>

~

%:@ >

24 KNmm 373 KNmm

_ Jﬂjﬁ_k_Nmm -61 kNmm J

Pallets
\ 441 KNmm L j-756 kNmm
LA 1417 kvmm 1275 kNrm
-1452 KNmm / -1594 kKNrmm
-620 kNmm 347 KNmm
(@) (b)

Figure 10: Bending moment distribution in the catiupright
under vertical and out-of-plumb loads for the |loagdscenario

shown in Figure 8 and 2D analyses for (a)
and (b) pallets ignored

palletsiered

in the design bending moment between the 3D and
the single upright models is less than 6%.

3.2 Second loading scenario — Maximum bending

The load case involving the loading scenario shown
in Figure 11 typically incurs the largest desigmdbe

ing moment

in the critical upright.

]
1
]

N

i

N

]

T TT ym}

fms TT ym}
T IT ym}

Studied upright, second from the front, in maximum bending
Figure 11: Loading scenario inducing maximum begdiro-

ment in a row of uprights

= 863 KNmm
S S > >
-112 KNmm
~1080 kNmm -2270 kKNmm
1840 kNmm 639 KNmm
Pallets
2068 kNmm -112 kNrmm L
-858 kNrmm / -3036 kNmry
- 1159 kNmm | 1753 kmm
-1770 kNmm / -1153 kNmm /
-538 KNmm 607 KNmm
(a) (b)

Figure 12: Bending moment distribution in the catiupright
under vertical and out-of-plumb loads for the loadscenario
shown in Figure 11 and 3D advanced analysis fop&#ts

considered and (b) pallets ignored

The down-aisle bending moment distribution ¢

the critical obtained from the single upright mode
accounting for pallet bracing restraints described
Section 2.2.2.1 is plotted in Figure 10 (a), anak th
obtained from the single upright model ignoring
same (i.e. ignoring Step 4 in Section 2.2.2.1)ig F
ure 10 (b). It can be seen from the comparison be-

-125 kKNmm = 7
-1148 kNrmm \ -2343 kNrmm
_—— 1722 kNrnm 526 kNmm
2223 KNmm / -184 kKNmm
-646 kNmm / -3054 kNmm
g 980 kNmm / 1758 kKNmm
-1889 kNmm / -1112 kNmm /
~44] kNmm 616 KNmm
(a) (b)

tween Figure 9 and Figure 10 that the single model

and (b) pallets ignored

Figure 13: Bending moment distribution in the catiupright
under vertical and out-of-plumb loads for the logdscenario
shown in Figure 12 and 2D analyses for (a) patletsidered



The down-aisle bending moment distribution of
the critical upright under the second load case ob-

mechanismsASCE Journal of Structural Engineerint38
135-147.

tained from the 3D model accounting for pallet brac GILBERT, B. P., TEH, L. H., BADET, R. X &

ing restraints is plotted in Figure 12 (a), and thia
tained from the 3D model ignoring same in Figure
12 (b). Figure 12 shows that not only the palleicbr
ing restraints significantly affect the bending mo-
ment distribution of the critical upright, but alse
duces the design bending moment by almost one
third under the second load case.

The down-aisle bending moment distribution of
the critical upright obtained from the single upiig

RASMUSSEN, K. J. R. 2013. Determination of the
influence of the pallets on the design of drivesteel
storage racks. Research Report CIEM/2013/R04. Edoitr
Infrastructure Engineering and Management, Griffith
University, Australia.

GODLEY, M. H. R. The behaviour of drive-in storage

structures.In: Laboule, R.A. & Yu, W.W., eds. 16th
International Specialty Conference on Cold-FormeeelS
Structures, October, 17-18 2002 Orlando, Florids5. A,
340-352.

model accounting for pallet bracing restraintslag-p HUA, V. & RASMUSSEN, K. J. R. 2010. Static friction

ted in Figure 13 (a), and that obtained from time si
gle upright model ignoring same in Figure 13 (b).
Consistent with the results for the previous logdin

scenario, the comparison between Figure 12 ane®

Figure 13 shows that the single model upright Is ab
to accurately reproduce the bending moment distri-
bution of the critical upright, with or without thpal-

coefficient between pallets and beam rails andepahear
stiffness tests. Research Report 914. School ofil Civ
Engineering, The University of Sydney, Australia.

LMON, M. A, WELCH, R. E. & LONGINOW, A.
Analysis of drive-in and drive-thru storage racks. Yu,
W.W., ed. 2nd Specialty Conference on Cold-FormIS
Structures, October, 22-24 1973 St Louis, Missduirg.A.,
617-639.

let br_acing restraints. The difference in the_ desig STRAND7 2010.Using Strand7 - User manual - Release
bending moment between the 3D and the single up- 2 4 4 sydney, Australia, G+D Computing Pty Ltd.

right models is less than 7%.

4 CONCLUSION

This paper analyses the influence of horizontat-bra
ing restraints provided by the pallets on the behav
iour of steel drive-in racks. The pallets are shdwn
significantly influence the bending moment distribu
tion in the uprights. The single upright model pre-
sented by Godley is improved by including the re-
straints provided by the rail beams and the pallets
Comparison with advanced 3D Finite Element Anal-
yses shows that the improved model is able to accu-
rately reproduce the bending moment distribution in
the upright in the down-aisle direction under gravi
and out-of plumb loads and can be used to avoid
large computational time associated with 3D models.
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