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ABSTRACT 
 
This research report analyses the influence of horizontal bracing restraints provided by the 

friction between pallet bases and rail beams on the static behaviour and design of steel drive-in 
storage racks. The pallet bracing restraints are shown to significantly influence the structural 
behaviour of the rack, and their effect on the bending moment distribution of the uprights is studied 
in the research report. The 2D single upright model proposed by Godley is improved in this study by 
including the restraints provided by the plan flexural stiffness of the rail beams and the friction 
between the pallets and rail beams. The improved 2D model was found to accurately reproduce the 
bending moment distributions obtained using 3D advanced finite element analysis. The 2D single 
upright model is used to analyse 36 drive-in racks under various load case combinations. The 
research report evaluates the influence of the pallet bracing restraints on the ultimate capacity of 
drive-in racks, clarifies the loading pattern(s) governing the structural design and determines the 
friction coefficient, or strength of a restraining device, required to prevent the pallets from sliding. It 
is shown that while restraints from pallets could potentially be considered in design, they would not 
lead to more economic structural solutions.  
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NOTATIONS  
 

Symbol  Designation 
Af = Cross-sectional area of frame bracing member 
Ap = Cross-sectional area of plan bracing members 
As = Cross-sectional area of spine bracing members 
Au = Cross-sectional area of upright members 
Cb = Coefficient dependent on the moment distribution in the upright 
E = Steel Young’s modulus 
f = Load transferred at the top of a fully loaded upright 
 = Out-of-plumb load applied to a rail beam 
fr = Shear force in rail beams 

fu,m = Load applied in the translational stiffness Kuh,m 
fu,fb = Load applied in the translational stiffness Kuh,fb 

fox, fox, foz = 
Elastic buckling stresses in an axially loaded compression member about the x-, y- and 
z- axes, respectively 

Fc = Horizontal reaction at top of the upright 
h =  Distance between diagonal bracing members 

hrail = Rail beam elevation 
H = Height of the rack 
Ib = Second moment of area of the portal beam  
Iu = Second moment of area of the upright  
Ir = Second moment of area of two rail beams  
kb = Rotational stiffness of the portal beam to upright connection 
ku = Upright stiffness 
Kb = Top rotational stiffness of the upright for a rack is sway mode 
Kc = Base plate rotational stiffness of the base plate to floor connection 
Kr,i = Rail beam translation stiffness at rail beam elevation i 
Kt = Top translational stiffness for the single upright model 
Kuh = Horizontal translational stiffness of the upright at the point of application of load P 

Kuh,m = Horizontal translational stiffness of the middle uprights  
Kuh,fb = Horizontal translational stiffness of the front and back uprights 

lex, ley, lez = Effective buckling lengths about the x-, y- and z- axes, respectively 
L = Distance between two uprights (upright frame width) 
Lb = Portal beam length (bay width) 
Ld = Depth of the plan bracing 
N* = Design factored axial load 
Nc = Nominal axial compression capacity of the upright 
Ncd = Nominal axial compression distortional capacity of the upright 
Ncl = Nominal axial compression local capacity of the upright 
Nce = Nominal axial compression global capacity of the upright 
Ncrb = Elastic buckling load of the upright determined from an elastic buckling analysis 
Ns = Number of rail beam elevations 
Nu = Number of uprights in the down-aisle direction 
Mb = Moment applied to the upright at the base plate 

Mbx ,Mby = Nominal bending moments capacity of the upright about the x- and y-axes, respectively 
Mbxd = Nominal distortional bending moment capacity of the upright about the x-axis 
Mbxl = Nominal local bending moment capacity of the upright about the x-axis 
Mbxe = Nominal global bending moment capacity of the upright about the x-axis 
Mc = Moment applied to the upright at the top 
Mi = Moment applied to the upright 
Mo = Elastic global buckling moment 
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Mx*, My* = Design factored bending moments about the x- and y-axes, respectively 
P = Horizontal load applied to the upright 

Pb, Pc = Load 
rol = Polar radius of gyration 
s =  Friction effect 
Sf = Friction force 
W = Pallet load 
Wu = Upright width 
α = Out-of-plumb angle 
αp = Angle of inclination of plan bracing diagonal members 
αs = Angle of inclination of spine bracing diagonal members 
αf = Angle of inclination of frame bracing diagonal members 
δp = Horizontal deflection of the upright at the point of application of load P 
Δ = Total down-aisle displacement at the top of a drive-in rack 
 = Relative displacement between the front and back uprights 
Δs = Down-aisle displacement at the top of a drive-in rack due to spine bracing distortion 
Δp = Down-aisle displacement at the top of a drive-in rack due to plan bracing distortion 
ΔΦ = Down-aisle displacement at the top of a drive-in rack due to upright frames distortion 
θb = Base plate rotation angle  
θc = Top of upright rotation angle 
Φ1 = Portal beam connection looseness 
Φb = Reduction capacity factor for member in bending 
Φc = Reduction capacity factor for member in compression 
Ψ0 = Initial out-of-plumb 
ω = Pallet uniform distributed load 
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1 INTRODUCTION  
 
Worldwide, steel storage racks are extensively used in the manufacturing, wholesale and retail 

industry to store goods. They are mostly freestanding structures and are often assembled from cold-
formed steel profiles. Two main types of racks prevail, referred to as “selective racks” and “drive-in 
racks”. In drive-in racks, pallets are stored on rail beams one after the other, and the forklift truck 
drives into the rack to store the pallets on the “first-in last-out” principle. The rail beams are offset 
from the centreline of the uprights so that the pallets apply both bending moments and axial 
compressive forces to the uprights. To allow the forklift truck passage, the rack is only braced 
horizontally at the top (plan bracing) and vertically at the back (spine bracing) in the down-aisle 
direction. Due to their floor space efficiency, drive-in racks are usually preferred to selective racks 
when storing the same goods with quick turnover, or in expensive storage spaces such as industrial 
freezers. Figure 1 shows an example of a drive-in rack. 

 

  
Figure 1: Example of a drive-in rack 

 
Experimental tests performed by Gilbert and Rasmussen [1] have shown that pallets act as 

horizontal braces between adjacent uprights, significantly influence the structural behaviour of drive-
in racks and must be considered in order to accurately capture the 3D behaviour of drive-in racks. 
Similarly, earlier research by Salmon et. al. [2], who numerically investigated the buckling behaviour 
of symmetrically loaded drive-in racks by alternately considering and ignoring the pallet bracing 
restraints in the analysis, showed that pallet bracing restraints had significant influence on the non-
sway buckling mode, although they had less influence on the sway buckling mode.  

However, due to the uncertainty concerning the friction between the pallet bases and the rail 
beams, drive-in racks are currently designed without considering the bracing effects. If a device can 
prevent the pallets from sliding on the rail beams or if the coefficient of friction between the pallet 
bases and the rail beams can be reliably determined, the horizontal bracing effect provided by the 
pallets could be fully exploited in the design of a drive-in rack.  

Hua and Rasmussen [3] measured the friction coefficient between wood pallets and rail beams 
and found that the average static friction coefficient between the rail beams and the pallet bases to 
be as high as 0.576, with a recommended design static friction coefficient of 0.439. This friction 
coefficient suggests that significant horizontal forces can develop between the pallets and the rail 
beams before sliding occurs, allowing the pallets to play a structural role in the behaviour of drive-in 
racks. It is noted, however, that this design static friction coefficient does not take into account 
grease or ice (in the case of industrial freezers) that may accumulate on rail beams. 

Another aspect related to pallet bracing restraints is the in-plane shear stiffness of the pallet 
base. Hua and Rasmussen [3] experimentally found that the in-plane shear stiffness of pallet bases 
ranged from 5.1 N/mm to 31.4 N/mm, depending on the pallet condition. Characteristic design shear 
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stiffness values of 3.9 N/mm for pallets deemed in poor condition and 8.3 N/mm for pallets deemed 
in good condition were recommended. 

The current research report analyses the influence of the horizontal bracing effect of pallets on 
the static behaviour and design of steel drive-in racks in the down-aisle direction only, as due to the 
upright frames, pallets are not believed to influence the behaviour of drive-in racks in the cross-aisle 
direction. It should also be noted that the friction between pallet bases and the rail beams would 
prevent the pallets from dropping through on account of the upright bowing deformations [4, 5]. As 
such, the serviceability check against upright bowing deformations is not considered in this research 
report.  

 The 2D analysis model for drive-in racks proposed by Godley [6] is improved herein by 
introducing the horizontal restraints provided by both the rail beams and the pallet bracing 
restraints. The improved model is checked against the 3D model developed by Gilbert and 
Rasmussen [1, 7] that is calibrated against laboratory test results. The influence of the pallet 
restraints on the bending moment distribution in the uprights is also evaluated. Thirty six drive-in 
racks representing the global sale of an Australian manufacturer over three years are then analysed 
using the improved 2D model under all possible static loading scenarios, alternately considering and 
ignoring the pallet bracing restraints. This research report evaluates the influence of pallet bracing 
restraints on the ultimate capacity of steel drive-in racks in the down-aisle direction, clarifies the 
loading scenario(s) governing the design and determines the friction coefficient or the strength of a 
restraining device required to prevent the pallets from sliding.  
 

 
2 SINGLE UPRIGHT MODEL 

 
2.1 Single upright model proposed by Godley  

 
In order to reduce the computation time associated with large models, Godley [6] developed a 

“single upright model” to analyse fully loaded drive-in racks in the down-aisle direction. The upright 
is restrained at its base by a spring support having a rotational stiffness Kc, and at its top by another 
having a rotational stiffness Kb and a translational stiffness Kt, as shown in Figure 2. Kc represents 
the restraint provided by the base plate to the floor connection, Kb the restraint provided by the 
portal beams in double curvature (sway mode) having semi-rigid connections to the upright, and Kt 

the combined restraint from the plan bracing (spanning the entire rack), spine bracing (spaning one 
bay) and upright frames. Pallet loads and out-of-plumb loads are applied to the upright as shown in 
Figure 2, where the rack is assumed to be fully loaded such that loads W are applied on all rail 
beams.  

Kb is calculated as, 
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b
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  (1) 

where E, Ib and Lb are the Young’s modulus of steel, second moment of area of the portal beam and 
the span of the portal beam (bay width), respectively. kb is the rotational stiffness between the 
upright and one portal beam. In this study, the value of kb experimentally found in [8] is considered.  

The translational stiffness Kt is calculated as,  
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Kt   (2) 

where f is the horizontal reaction at the top of a fully loaded upright resulting from the down-aisle 
out-of-plumb, and  is the associated down-aisle displacement at the top of the upright.  is defined 
as, 
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where Nu is the number of columns in the cross-aisle direction, s and p are the down-aisle 
displacements due to the distortion of the spine and plan bracings, respectively, and  is the down-
aisle displacement due to the distortion of the upright frames. s is defined as, 
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where H is the height of the rack, Ns the number of pallet levels, As the cross-sectional area of the 
spine bracing members, Au the cross-sectional area of the upright and s the angle of inclination of 
the spine bracing members relative to the horizontal. p is defined as,  
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where Ld is the depth of the plan bracing, Ap the cross-sectional area of the plan bracing members 
and p the angle of inclination of the plan bracing members relative to the portal beams.  is 
defined as, 

 fffbu
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cossinEALN

fHL


 22

22
  (6) 

where Af is the cross-sectional area of the upright frame bracing members and f the angle of 
inclination of the upright frame bracing members relative to the horizontal. 

 

 
Figure 2: Drive-in rack single upright model from Godley [6] 

 
Despite its attractiveness, this model has limitations as it (i) ignores the restraint provided by the 

rail beams, (ii) does not take into account the horizontal bracing restraint provided by pallets, and 
(iii) does not consider all possible upright loading scenarios, including partially loaded racks where 
pallet loads are placed asymmetrically so as to induce bending of the upright. These limitations are 
addressed in following sections.  

 
2.2 Improved single upright model 

 
2.2.1 Rail beam restraints 

 
Typically, the out-of-plumb of drive-in racks is modelled by horizontal forces at the rail beam 

supports that are linearly proportional to the gravity loads of the pallets (see section 4.1.2). For a 
fully loaded rail beam, the front and the back uprights are less loaded than the inner uprights, 
resulting in smaller out-of-plumb forces being applied to the front and back uprights, as illustrated in 
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Figure 3 for a rack with two upright frames. Therefore and since rail beams link the uprights 
together, they restrain the deflection of the inner uprights when subjected to the out-of-plumb forces, 
as shown in Figure 3 (b), in which  is the out-of-plumb angle with vertical. 

 

 
(a) 

 
(b) 

Figure 3: (a) side view of a fully loaded rail beam and resulting axial loads in the uprights and (b) top view 
deformed shape of the rail beam and frames under out-of-plumb forces  

 
Consequently, these restraints provided by the rail beams are introduced into the single upright 

model by adding a horizontal translational stiffness Kr,i at each rail beam elevation i, as shown in 
Figure 4. An expression for Kr,i is derived in Section 2.2.1.2.  

 

 
Figure 4: Single upright model with rail beam restraints for a 4 stories (3 rail beam elevations) drive-in rack 
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2.2.1.1 Upright down-aisle stiffness Kuh 
 
Consider an upright of height H and second moment of area Iu that is subjected to a down-aisle 

force P at a distance hrail from the floor, as shown in Figure 5 (a). The upright is restrained at its 
base by the rotational stiffness Kc provided by the base plate to floor connection, and at its top by 
the rotational stiffness Kb provided by the upright to portal beam connection. The total deformation 
of the upright can be resolved into three distinct parts with various boundary conditions and applied 
loads, as illustrated in Figure 5 (b-d), and the down-aisle stiffness Kuh of the upright (Figure 5 (e) is 
derived below. 

 

 
 (a) (b) (c) (d) (e) 
Figure 5: Upright deformation, with (a) total upright deformation, (b) bottom end fixed and top end released, 

(c) bottom end released and top end fixed, (d) bottom and top ends fixed with applied force P and (e) 
equivalent stiffness Kuh 

 
The bottom and top end bending moments M1 and M2, respectively, applied to the upright in 

Figure 5 (b) are expressed in terms of the top rotation angle of the upright θb as, 

 
bukM 21   (7) 

 
bukM 42   (8) 

where ku is the upright stiffness given as,  

 H

EI
k u

u   (9) 

where Iu is the second moment of area of the upright. 
Similar, the bottom and top end bending moments M3 and M4, respectively, applied to the upright 

in Figure 5 (c) are expressed in terms of the bottom rotation angle of the upright θc as, 

 
cukM 43   (10) 

 
cukM 24   (11) 

The bottom and top end bending moments, M5 and M6, respectively, applied to the upright in 
Figure 5 (d) are expressed in terms of the load P and lengths hrail and H as, 
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Using the method of superposition, the total bottom and top end bending moments Mc and Mb, 
respectively, applied to the upright in Figure 5 (a) are expressed in terms of the base plate to floor 
connection stiffness Kc and upright to portal beam connection stiffness Kb as,  
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 ccc KMMMM  531  (14) 

 
bbb KMMMM  642  (15) 

Substituting M1 to M6 in Eqs. (14) and (15) by the expressions of M1, M2, M3, M4, M5 and M6 given 
in Eqs. (7), (8), (10), (11), (12) and (13), respectively, gives the following system in θc and θb,  
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Therefore, solving the system given in Eq. (16) leads to, 
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and  
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with forces Pc and Pb equal to,  
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On the other hand, the static equilibrium in Figure 5 (a) at the top of the upright can be expressed 
as, 

 
  0 HFhHPMM crailcb  (21) 

where Fc is the horizontal total reaction at the bottom of the upright as shown in Figure 5 (a). 
Substituting Mc and Mb in Eq. (21) by the expressions of Mc and Mb given in Eqs. (14) and (15), 
respectively, provides the following expression of Fc,  

 
  railbbccc hHPKK

H
F  1

 (22) 

In Figure 5 (a), the horizontal deflection δp of the upright at the point of application of the force P 
is given from the classical beam theory in terms of the end moment and force Mc and Fc, 
respectively, at the bottom of the upright as, 

 
railcrailccc

u

rail
railcrailcc

u

rail
p hhFK

EI

h
hhFM

EI

h  





 






 

3

1

23

1

2

22

 (23) 

or substituting the expression of Fc in Eq. (23) by the expressions of Fc given in Eq. (22) as, 
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Finally, the horizontal stiffness Kuh of the upright at the point of application of the force P is found 
by substituting c and b in Eq. (24) by the expressions of c and b given in Eqs. (17) and (18), 
respectively, as, 
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2.2.1.2 Upright down-aisle stiffness Kr,i 

 
The stiffness Kr,i  is derived herein for the critical upright (second from the front) of a drive-in rack 

with two upright frames and uniform spacing between uprights. For simplicity, the restraints provided 
by all rail beams to an upright are assumed to be independent of each other. 

Each rail beam is restrained at its supports by the upright down-aisle stiffness Kuh, derived in 
Section 2.2.1.1. Since the base plate to floor connection stiffness Kc depends on the axial load in 
the upright [9] and the front and back uprights are less loaded than the inner uprights, the upright 
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down-aisle stiffness Kuh varies accordingly. This variation is represented in Figure 6 with the rail 
beam restrained at the front and back uprights by spring supports each having the stiffness Kuh,fb 
and at the inner uprights by springs having the stiffness Kuh,m.  

 

 
Figure 6: Model of a rail beam subjected to out-of-plumb forces  

 
The stiffness Kr,I is derived below.   
The relative displacement Δ between the front and back uprights (points A and D in Figure 6 (a)) 

and the middle uprights (points B and C in Figure 6 (a)) is expressed in terms of the forces fu,fb and 
fu,m in the front/back and middle translational stiffness Kuh,fb and Kuh,m, respectively, as, 

 fb,uh
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K

f

K

f
  (26) 

Static equilibrium applied to the rail beam gives, 

 

fff m,ufb,u 2
3

  (27) 

where 3f is the total out-of-plumb force applied to the rail beam, as shown in Figure 3 (b), and 
Figure 6 (a). Using the equivalent simply supported beam shown in Figure 6 (b), the relative 
displacement  can also be expressed using the classical beam theory as,  
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where L is the distance between two uprights and Ir is twice the second moment of area of the rail 
beam, as two rail beams are typically connected to the uprights. Therefore, Eqs. (26) and (28) give, 
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Substituting the expression of fu,fb in Eq. (29) by the expression of fu,fb in Eq. (27) gives,   
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The horizontal translational stiffness Kr,i, corresponding the restraint provided by the ith rail beam 
on the single model upright, is calculated by replacing the rail beam in Figure 6 by its equivalent 
stiffness Kr,i for the critical upright (points B or C in Figure 6 (a)), as shown in Figure 7 
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Figure 7: Interaction between upright and rail beam 

 
The displacement of the two translational stiffness Kr,i and Kuh,m in Figure 7 (middle node) can be 

expressed in terms of the axial force fr in stiffness Kr,i as,  
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or using static equilibrium as,  
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therefore, Kr,i is equal to, 

 
m,uh

m,u

m,u

i,r K
f

ff
K







 

 10

11

 (33) 

Eq. (30) can be rewritten as,  
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Therefore, substituting the left hand part of Eq. (34) in Eq. (33) gives the following expression of the 
translational restraint Kr,i provided by the rail beam to the upright at the ith rail beam, 
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with the values of the upright stiffness Kuh,fb and Kuh,m of the front/back uprights and middle uprights, 
respectively, are found using Eq. (25) 

 
2.2.2 Pallet bracing restraints 

 
The bracing effect provided by the pallets is now considered for any loading scenario of a studied 

single upright. Bays not directly in the vicinity of this upright are assumed to be fully loaded, as it 
would maximise the down-aisle displacement of the rack and therefore the P- effects in the 
upright. Specifically, two loading scenarios are considered for these bays, believed to represent the 
two design envelopes: 
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 Bay loading scenario A: all bays not directly connected to the studied upright are fully loaded, 

as shown in Figure 8 (a).  
 Bay loading scenario B: the two bays on each side of the two bays directed connected to the 

studied upright are empty, while the remaining bays are fully loaded, as shown in Figure 8 (b). 
This loading scenario aims to limit the influence of the pallets on the bending moment 
distribution in the studied upright, since contrary to the previous Bay loading scenario A, the 
pallets only link the studied upright and its two neighbours. 

 

 
(a) 

 
(b) 

Figure 8: Studied upright for (a) Bay loading scenario A and (b) Bay loading scenario B 
 

2.2.2.1 Improved model for Bay loading scenario A (Model A) 
 
In a fully loaded rack, the influence of the pallets on the deformed shape of the uprights would be 

minimal, as all internal uprights in a row of uprights in the down-aisle direction would identically 
deform. Therefore, the overall deformation of the rack at the critical row of uprights can be found 
using the fully loaded improved single upright model introduced in Section 2.2.1, i.e. not considering 
pallets, as illustrated in Figure 9. Moreover, if the number of bays of the rack is large, as frequently 
encountered in drive-in racks (see Figure 1), removing pallets from each side of the studied upright 
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would have negligible influence on the overall deformation of the rack, and the deformation of this 
upright would be a function of both its immediate loading configuration and the overall deformation 
of the rack imposed to the upright by the portal beams and the pallet bracing restraints.  

Therefore, the bracing restraint provided by the pallets for a given loading scenario of the single 
upright is introduced into the model in the following manner, as illustrated in Figure 10: 
Step 1:  The overall down-aisle displacements of the rack at each rail beam elevation and at the top 

of the rack are determined using the fully loaded single upright model with out-of-plumb 
forces, as shown in Figure 9. The base plate to floor rotational stiffness Kc, and rail beam 
stiffness Kr,i are calculated for the fully loaded configuration. 

Step 2:  The single upright model is loaded with its studied loading scenario, with the corresponding 
base plate to floor rotational stiffness Kc and rail beam stiffness Kr,I, determined for the axial 
load in the studied upright. 

Step 3:  The overall down-aisle displacement at the top of the rack (portal beam elevation) found in 
Step 1 is imposed at the top of the single upright model created in Step 2.  

Step 4:  For each rail beam elevation of the model in Step 2, if there is at least one pallet at the 
elevation, then the overall down-aisle displacement at that elevation found in Step 1 is 
imposed on the upright.  

 

 
Figure 9: Deformed shape of the single upright model for a fully loaded rack 

 

 
Figure 10: Improved single upright model for Bay loading scenario A (Model A) 
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2.2.2.2 Improved model for Bay loading scenario B (Model B) 
 

In order to determine the bending moment distribution in the studied upright for a given loading 
scenario of the upright, three single upright models are used and linked together by pinned rigid 
elements (ties) representing the pallet bracing restraints. The following steps are carried out as 
illustrated in Figure 11: 
Step 1:  As with the previous Bay loading scenario A, the overall displacement imposed by the rack 

at the top of the critical upright and its two adjacent uprights (Figure 8 (b)) is determined 
using the fully loaded single upright model with out-of-plumb forces, as shown in Figure 9. 
The base plate to floor rotational stiffness Kc, and rail beam stiffness Kr,i are calculated for 
the fully loaded configuration. 

Step 2:  A three single upright model is created and loaded with the studied loading scenario. The 
base plate to floor rotational stiffness Kc and rail beam stiffness Kr,i for each of the three 
uprights is determined separately for the axial load in the upright. 

Step 3:  The overall down-aisle displacement at the top of the rack (portal beam elevation) found in 
Step 1 is imposed at the top of the three uprights created in Step 2.  

Step 4: Pallet bracing restraints are modelled using horizontal ties between rail beams, as shown in 
Figure 11.   

 

 
Figure 11: Improved single upright model for Bay loading scenario B (Model B) 

 
 
3 INFLUENCE OF THE PALLET RESTRAINT ON THE BENDING MOMENT 

DISTRIBUTION AND VALIDATION OF THE SINGLE UPRIGHT MODEL 
 
The 3D advanced Finite Element model for drive-in racks developed by Gilbert and Rasmussen 

[1, 7] is used herein to (i) analyse the influence of the pallet restraint on the bending moment 
distribution in the upright and (ii) validate the improved single upright model introduced in Section 
2.2. The 3D model has been calibrated against experimental test results and considers joint 
eccentricities, nonlinear portal beam-to-upright connections, nonlinear base-plate connections, and 
pallet bracing restraints, see [1, 7] for more details. In the present 3D second-order analysis, the FE 
software Abaqus [10] is used, while the FE software Strand7 [11] is used to run the 2D second-
order analysis of the improved single upright model. 

A rack with similar characteristics to the one tested by Gilbert and Rasmussen [1] is used as a 
case study in this validation. Specifically, the rack is 12 bays wide, 4 pallets and 2 upright frames 
deep, and 4 stories high (i.e. featuring 3 rail beam levels). It has 3 spine bracing modules, each 
spanning one bay, and 4 plan bracing modules, each spanning three bays. The overall lay-out of 
the rack is shown in Figure 12. Each pallet load is 2 tonnes. The rack is loaded as in Bay loading 
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scenario A, described in Section 2.2.2. The shear stiffness of the pallets is taken as 7.2 N/mm, 
which is within the range experimentally found by Hua and Rasmussen [3]. The pallets are 
considered to be fastened to the rail beams as the static friction coefficient is assumed to be 
sufficiently high to prevent sliding. Three loading scenarios are studied, with the out-of-plumb and 
other design parameters given in Section 4.1.  

 

   
 (a) – Side view (Down-aisle) (b) – Side view (Cross-aisle) 

 
(c) – Top view 

Figure 12: Case study rack  
 

3.1 First loading scenario – Maximum combined axial compression and bending 
 
The load case involving the loading scenario shown in elevation in Figure 13 generally 

represents the governing load case for combined axial compression and bending of the critical 
upright adjacent to the unloaded compartment and to the aisle upright [12].  
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Figure 13: Loading scenario believed to generally govern the design  

 
The down-aisle bending moment distribution of the critical upright from the 3D model accounting 

for pallet bracing restraints is plotted in Figure 14 (a), and that obtained from the 3D model ignoring 
pallet bracing restraints in Figure 14 (b). Figure 14 shows that the pallet bracing restraints 
significantly affect the bending moment distribution of the critical upright, but have only a relatively 
minor impact on the maximum design bending moment. This observation appears to be general for 
this type of loading scenario. Note, however, that depending on the rack configuration, the design 
moment in the critical section of the upright may be larger when pallet restraints are considered, and 
hence lower capacities may, in fact, result from considering pallet restraints compared to ignoring 
pallet restraints. This unexpected result is investigated further in Section 5.1.1. 

 

 
 (a) (b)   
Figure 14: Bending moment distribution in the critical upright under vertical and out-of-plumb loads for the 
loading scenario shown in Figure 13 using 3D advanced analysis for (a) pallets considered and (b) pallets 

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

accounting for pallet bracing restraints described in Section 2.2.2.1 is plotted in Figure 15(a), and 
that obtained from the single upright model ignoring pallet bracing restraints (i.e. ignoring Step 4 in 
Section 2.2.2.1) in Figure 15 (b). It can be seen from the comparison between Figure 14 and Figure 
15 that the single model upright is able to accurately reproduce the bending moment distribution of 
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the critical upright, with and without pallet bracing restraints. The difference in the design bending 
moment between the 3D and the single upright models is less than 6%.  

 

     
 (a) (b)   
Figure 15: Bending moment distribution in the critical upright under vertical and out-of-plumb loads for the 

loading scenario shown in Figure 13 using 2D analyses for (a) pallets considered and (b) pallets ignored 
 
3.2 Second loading scenario – Maximum bending 

 
The load case involving the loading scenario shown in Figure 16 typically induces the largest 

design bending moment in the critical upright. The down-aisle bending moment distribution of the 
critical upright under the second load case obtained from the 3D model accounting for pallet bracing 
restraints is plotted in Figure 17 (a), and that obtained from the 3D model ignoring pallet bracing 
restraints in Figure 17 (b). Figure 17 shows that the pallet bracing restraints not only significantly 
affect the bending moment distribution of the critical upright, but also reduce the maximum design 
bending moment by almost one third under the second load case. 

 

 
Figure 16: Loading scenario inducing maximum bending moment in a row of uprights 

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

upright model accounting for pallet bracing restraints is plotted in Figure 18 (a), and that obtained 
from the single upright model ignoring pallet bracing restraints in Figure 18 (b). Consistent with the 
results for the previous loading scenario, the comparison between Figure 17 and Figure 18 shows 
that the single model upright is able to accurately reproduce the bending moment distribution of the 
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critical upright, with and without pallet bracing restraints. The difference in the design bending 
moment between the 3D and the single upright models is less than 7%. 

 

    
 (a) (b)  
Figure 17: Bending moment distribution in the critical upright under vertical and out-of-plumb loads for the 

loading scenario shown in Figure 16 and 3D advanced analysis for (a) pallets considered and (b) pallets 
ignored 

 

 
 (a) (b)  
Figure 18: Bending moment distribution in the critical upright under vertical and out-of-plumb loads for the 

loading scenario shown in Figure 17 and 2D analyses for (a) pallets considered and (b) pallets ignored 
 

3.3 Third loading scenario – One rail beam elevation unloaded 
 
The load case involving the loading scenario shown in Figure 19 allows checking the upright 

model with one unloaded rail beam elevation, therefore free to displace horizontally when the pallets 
are considered in the analysis.  

The down-aisle bending moment distribution of the critical upright from the 3D model accounting 
for pallet bracing restraints is plotted in Figure 20 (a), and that obtained from the 3D model ignoring 
pallet bracing restraints in Figure 20 (b). Figure 20 shows that the pallet bracing restraints 
significantly affect the bending moment distribution of the critical upright. 

The down-aisle bending moment distribution of the critical upright obtained from the single 
upright model accounting for pallet bracing restraints is plotted in Figure 21 (a), and that obtained 
from the single upright model ignoring pallet bracing restraints in Figure 21 (b). Consistent with the 
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results for the previous loading scenarios, the comparison between Figure 20 and Figure 21 shows 
that the single model upright is able to accurately reproduce the bending moment distribution of the 
critical upright, with and without pallet bracing restraints. The difference in the design bending 
moment between the 3D and the single upright models is less than 7.3%. 

 

 
Figure 19: Loading case with an unloaded rail beam 

 

 
 (a) (b) 
Figure 20: Bending moment distribution in the critical upright under vertical and out-of-plumb loads for the 
loading scenario shown in Figure 19 using 3D advanced analysis for (a) pallets considered and (b) pallets 

ignored  
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 (a) (b) 
Figure 21: Bending moment distribution in the critical upright under vertical and out-of-plumb loads for the 

loading scenario shown in Figure 19 using 2D analyses for (a) pallets considered and (b) pallets ignored  
 
 

4 PARAMETRIC STUDIES 
 
Thirty-six rack configurations, representing the global sale of an Australian manufacturer over 

three years and designed using industry practice [12], are analysed using the single upright models. 
The racks are considered to be 4 pallets deep, with rail beams equally spaced along the rack 
height. The uprights are referred to as “SD” for standard uprights and “RF” for rear flanged uprights, 
their widths range from 70 mm to 150 mm and their thicknesses from 1.2 mm to 2.4 mm. Table 1 
summarises the rack configurations including the rack height, design pallet load, number of storeys 
and upright type. The detailed upright characteristics can be found in Appendix 1. More details can 
be found in [13]. 

Specifically, three different single upright models are considered and their member action-to-
capacity ratios are used to quantify the influence of pallet restraints on the design of drive-in racks:  

 Model A considers the pallet bracing restraints and represents the Bay loading scenario A. 
The model is described in Section 2.2.2.1 and illustrated in Figure 10.  

 Model B considers the pallet bracing restraints and represents the Bay loading scenario B. 
The model is described in Section 2.2.2.2 and illustrated in Figure 11. 

 Model C is based on the current industry practice of neglecting pallet bracing restraints. The 
model is similar to Model A with the exception of Step 4 in Section 2.2.2.1. 
 

4.1 Design parameters 
 

4.1.1 Base plate to floor connection stiffness 
 
Base plates are generally bolted to the floor, and the strength and initial rotational stiffness of the 

base plate to floor connection depend on the axial load in the upright [9]. Numerical investigations 
on the non-linear behaviour of a typical storage rack base plate assembly [14] showed that (i) the 
connection strength is proportional to the upright width, (ii) in the presence of axial load in the 
upright, the initial rotational stiffness of the base plate to floor connection is proportional to the cube 
of the upright width and (iii) when no axial load is applied to the upright, the initial rotational stiffness 
is independent of the upright width.  
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     Upright  

Rack no Height (mm) Nb stories Design pallet load (kg)  type width (mm)  thk. (mm) 
1 

3775 

2 950 SD 70  1.2 
2 

3 
950 SD 90  1.5 

3 1210 RF 90  1.2 
4 4 690 RF 90 1.2 
5 

5025 

2 
950 SD 90 1.2 

6 1210 SD 90 1.2 
7 

3 
690 RF 90 1.2 

8 950 RF 90 1.2 
9 1210 RF 90 1.5 
10 

4 
950 SD 110 1.5 

11 1210 RF 110 1.5 
12 1470 RF 125 1.5 
13 

6275 

2 1470 RF 90 1.2 
14 

3 
950 RF 90 1.5 

15 1210 SD 110 1.5 
16 1470 RF 110 1.5 
17 

4 

430 SD 90 1.5 
18 950 SD 110 1.2 
19 1210 RF 110 1.9 
20 1470 RF 125 1.5 
21 5 950 RF 110 1.9 
22 

6 
690 RF 110  1.5 

23 950 RF 125 1.5 
24 

7525 

3 
1210 SD 110  1.5 

25 1470 RF 110 1.5 
26 

4 
430 RF 90 1.2 

27 950 RF 110 1.9 
28 5 950 SD 125  1.9 
29 

8775 

3 1210 SD 125  1.5 
30 

4 
430 RF 90  1.7 

31 950 SD 125  1.9 
32 1210 RF 125 1.9 
33 

5 
950 SD 150 1.9 

34 1210 RF 150 1.9 
35 1470 RF 150  2.4 
36 6 950 RF 150 1.9 

Table 1: Rack configurations 
 
The rules described above, combined with the test results in [14] applicable to a 125 mm wide 

base plate assembly, are used in the following sections to determine the initial stiffness and strength 
of base plate to floor connections as functions of base plate width. The initial rotational stiffness and 
strength for the upright widths used are reported in Table 2 for axial loads of 0 kN, 33 kN and 100 
kN, and the multi-linear moment-rotation curves, used in the single upright model for the base plate 
stiffness Kc, are given in Figure 22 (See [13, 14] for more details). For a given axial load, a linear 
interpolation is performed between the axial loads given in Table 2 and Figure 22. 
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 Initial stiffness (kN.mm/rad) Strength (kN.mm) 

Upright width (mm) 0 kN 33 kN 100 kN 0 kN 33 kN 100 kN 
70 60,556 107,927 206,220 576 1,777 3,967 
90 60,556 229,383 438,293 741 2,285 5,101 
110 60,556 418,806 800,231 906 2,792 6,234 

125 (test results in [14]) 60,556 614,560 1,174,269 1,029 3,173 7,084 
150 60,556 1,061,960 2,029,137 1,235 3,808 8,501 

Table 2: Base plate to floor connection initial rotational stiffness and strength against axial load 
 

 
 (a) (b) 

 
(c) 

Figure 22: Multi-linear moment-rotation curves for different upright widths for (a) 0kN axial load, (b) 33kN 
axial load and (c) 100kN axial load 

 
4.1.2 Out-of-plumb 

 
The main international racking specifications [15-17] consider the initial looseness in the member 

connections as well as the initial out-of-plumb as frame imperfections, which are generally 
accounted for in the design by means of horizontal forces Fout-of-plumb applied at each rail beam 
elevation as, 

 
F

outof plumb
W  (36) 

where  is the out-of-plumb angle and W is the vertical load applied to the upright by the pallets at 
the rail beam elevation. The out-of-plumb angle  is typically a function of the number of 
interconnected bays and the looseness in the portal beam to upright connections. A typical out-of-
plumb angle of 0.0044 rad (about 1/250) is used in the present work. 

The value of 0.0044 rad is calculated in accordance to the former Australian Standard AS 4084 
[18] as, 

 
10

1
1

2

1  





 

n
 (37) 

where 0 is the initial out-of-plumb (deviation from vertical) equal to 0.007 rad for braced manually 
operated racks, n is the number of interconnected bays and 1 is the angular rotation caused by the 
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looseness in the portal beam to upright connection. For bolted portal beam to upright connections, 
in which the looseness in the connection is only encountered after an initial high moment-rotational 
stiffness, 1 can be taken equal to zero [18]. In the study, the plan and spine bracings are assumed 
to be repeated every 4 bays and n is therefore taken equal to 4 in Eq. (37). 
 
4.1.3 Other parameters 
 

Other design parameters used in the present work, which correspond to drive-in rack 
configurations currently commercialised in Australia, are given in Table 3. The height of the rack H, 
the number of pallet levels Ns and the cross-sectional area of the upright Au depend on the studied 
rack characteristics and are given in Table 1 and Appendix 1. 

 
Symbol Value Unit Designation 

kb 9.63×107(1) N.mm/rad Stiffness of the portal beam to upright connection 
E 210,000 MPa Steel Young’s modulus 
Ib 1.746×106 mm4 Portal beam second moment of area 
Kb 1.808×108 N.mm/rad Top rotational stiffness for the single upright model 
Nu 5   Number of uprights in the down-aisle direction 
L 1,475 mm Distance between two uprights (upright frame width) 
Ld 6,000 mm Depth of the plan bracing 
Lb 1,500 mm Portal beam length (Bay width) 
Ap 156.5 mm2 Cross-sectional area of plan bracing members 
As 156.5 mm2 Cross-sectional area of spine bracing members 
Af 135.0 mm2 Cross-sectional area of frame bracing member 
αp 0.675 rad Angle of inclination of plan bracing diagonal members 
αs 0.785 rad Angle of inclination of spine bracing diagonal members 
αf 0.896 rad Angle of inclination of frame bracing diagonal members 

(1): From tests performed in [14] 
Table 3: Rack characteristic values used in the present work 

 
The length of the cantilever bracket depends of the upright width Wu and is taken equal as,  

 2
137 uW

mm bracket Length   (38) 

 
4.2 Upright load cases 
 

According to the FEM specification for the design of drive-in racks [12], the load case involving 
the loading scenario depicted in Figure 13 and a fully loaded upright are usually “sufficient to 
consider the pattern load effects” for the Ultimate Limit State (ULS) design in the down-aisle 
direction. However, it is currently unclear if a different load case may govern the design. Moreover, 
in light of the horizontal bracing effect offered by the pallets, the load case involving the loading 
scenario depicted in Figure 13 and a fully loaded upright may not always be sufficient for the ULS 
design of the upright.  

Consequently, every possible load case is investigated in the present work for the 36 drive-in 
racks given in Table 1. Similar to Section 3, second-order geometric analyses are carried out using 
the general purpose FE software Strand7 [11]. The number of load cases analysed per rack is a 
function of the number of rail beams and is equal to 4Ns, where Ns is the number of rail beam 
elevations.  

 
4.3 Ultimate capacity 

 
For each of the three rack models (A, B, C) and each upright load case, the Australasian/New 

Zealand cold-formed steel structures standard AS/NZS 4600 [19] is used to calculate the member 
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action-to-capacity ratios of the critical upright. When second order-geometric analyses are used, 
members subjected to combined axial compression and bending must satisfy the ULS design check 
in Eq. (39), 
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 (39) 

where N* is the design axial compression load, and Mx* and My* are the design bending moments 
about the x- (cross-aisle) and y- (down-aisle) axes (see Figure 12 (c) for axes details), respectively, 
Nc is the nominal axial compression member capacity, Mbx and Mby are the nominal member 
bending moment capacities about the x- and y- axes, respectively, c and b are reduction capacity 
factors for members in compression and bending, taken as 0.85 and 0.90, respectively. As the 
present work is concerned with the design of drive-in racks in the down-aisle direction, the bending 
moment about the down-aisle axis is considered negligible and for the 2D single upright model, Eq. 
(39) becomes, 
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 (40) 

A load factor of 1.4 is used for the pallets to determine the design loads N* and bending moments 
Mx*. The self-weight of the rack is ignored. 

The Direct Strength Method [20] in Section 7 of the AS/NZS 4600 [19] is used in the present 
work to calculate the nominal capacities Nc and Mbx of the upright. Specifically, the axial capacity in 
compression Nc is defined as the lesser of the axial global, local and distortional nominal capacities 
Nce, Ncl and Ncd, respectively, 

 
 cdclcec N,N,NminN   (41) 

and the nominal bending moment capacity Mbx about the x-axis of bending is defined as the lesser 
of the global, local and distortional nominal moment capacities Mbxe, Mbxl, Mbxd, respectively,  

 
 bxlbxlbxebx M,M,MminM   (42) 

The global nominal capacity Mbxe is a function of the bending moment distribution in the upright 
through the elastic buckling moment Mo,  

 
ozoyolubo ffrACM   (43) 

where Cb is a coefficient depending on moment distribution in the unbraced segment of the upright, 
Au is the gross cross-sectional area, rol is the polar radius of gyration about the shear centre and foy 
and foz are the elastic buckling stresses for flexural buckling about the y-axes (perpendicular to the 
symmetry axis) and torsional buckling, respectively. 

Detailed rules to determine Nce, Ncl, Ncd, Mbxe, Mbxl, Mbxd are given in [19]. 
 

4.3.1 Effective buckling lengths 
 
For the calculation of Nce, the Australian Standard AS 4084 [15] recommends effective lengths ley 

and lez for buckling about the y- (down-aisle) and z- (torsional) axes equal to and 0.7 times the 
upright frame bracing pitch, respectively. These effective lengths are for buckling in the plane of the 
upright frames. Consistent with [12], the rail beams are not considered to form part of the upright 
frame and ignored in the calculation of the frame bracing pitch. The upright frame bracing pitches (h 
and hp) are defined in [15] and shown in Figure 23. These values are adopted in the present work, 
although there are peculiarities associated with this 2D approach [21]. 

Also, as per [15], for each member of the simple upright model, the effective length lex for 
buckling about the x-axis (in the down-aisle plane) is calculated as 

 crb

u
ex N

EI
l   (44) 

where Iu is the second moment of area about the x axis, and Ncrb is the elastic buckling load of the 
upright determined from a rational frame buckling analysis. 
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Figure 23: Frame bracing pitches h and hp, unbraced segment 

 
The structural model used in the rational frame buckling analysis for each of Models A, B and C 

is exemplified in Figure 24. It should be noted that the horizontal translational restraints at the two 
pallet levels do not represent actual physical restraints, whether rigid or partial (due to pallet base 
friction, for example). That is, horizontal translational restraints are applied wherever pallets are 
present, irrespective of whether friction is ignored or considered in the design. The horizontal 
translational restraints applied where pallets are present are "notional", and reflect the fact that 
notional horizontal loads, i.e. out-of-plumb loads, have been applied there in conjunction with 
second-order analysis to account for the bending moment amplifications in the upright, and is 
consistent with the use of an effective flexural length determined from Eq. (44) in the member 
design check.  
 

 
Figure 24: Example of a rack model used in the rational frame buckling analysis for each of Models A, B and 

C 
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5 RESULTS 
 

5.1 Effects of pallet restraint 
 
In this study, two values for the frame bracing pitches (with h = hp in Figure 23), being 1,500 mm 

and 2,000 mm, are considered.  
 

5.1.1 Frame bracing pitch h = 1,500 mm 
 
Figure 25 plots the ratios of the maximum member action-to-capacity ratio, calculated using Eq. 

(40), of Model C (current industry practice) to that of Model A, and to that of Model B, for the 36 
racks given in Table 1 having a frame bracing pitch h = hp of 1500 mm. Detailed results can be 
found in Appendix 2. A ratio greater than 1.0 in Figure 25 indicates that the current industry practice 
results in uneconomical designs.  

 

 
Figure 25: Influence of the horizontal pallet restraint on the action-to-capacity ratio for h = 1,500 mm 

 
Figure 25 shows that for 12 racks out of 36, incorporating the horizontal restraining effect 

provided by the pallets would provide more economical designs than current industry practice, with 
a decrease in the member action-to-capacity ratio of up to 6% (Rack 1). On average for the 12 
racks, the decrease is 2%. 

For the remaining 24 racks, ignoring the pallet restraints would lead to less conservative designs, 
with an increase in the member action-to-capacity ratio of up to 7% (Rack 30). On average for the 
24 racks, ignoring the pallet restraints increases the design capacity by 3%. This counterintuitive 
result is due to the role of the pallet restraints in increasing the design bending moment of the 
upright under the critical load case. While considering the pallet restraints resulted in larger bending 
moments at the upright bases, it resulted in smaller maximum bending moments at the critical 
sections (which are usually between the floor and the first rail beam elevation for the critical load 
case illustrated in Figure 13). Figure 26 shows the bending moment distribution in the upright for 
Models A and C, and the coefficient Cb in Eq. (43), for the critical load case for Rack 25. It can be 
seen that ignoring the pallet restraints leads to a design bending moment in the critical upright of 
1326 kN.mm, that is 12% less than the design bending moment of 1502 kN.mm when considering 
pallet restraints, but with similar Cb coefficient. As specified in Section 4.3.1, it should be noted that 
second-order bending moments have been accounted for in the analysis, and the effective lengths 
used in the member design checks are not affected by the pallet restraints. 

Table 4 summarises the average maximum member action-to-capacity ratios given in Figure 25.  
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 (a) (b)  

Figure 26: Bending moment distribution for the critical load case for rack 25 for (a) Model A (pallets 
considered) and (b) Model C (pallets ignored) 

 
 Model C (current practice) / Model A Model C (current practice) / Model B 

h (mm) Average ratio CoV Average ratio CoV 

1,500 mm 0.99 0.029 1.03 0.034 

2,000 mm 0.99 0.026 1.04 0.016 
Table 4: Ratio of the maximum member action-to-capacity ratios of Model C(current industry practice) to the 

Models A and B 
 

5.1.2 Frame bracing pitch h = 2,000 mm 
 
Figure 27 plots the ratios of the maximum member action-to-capacity ratio of Model C (current 

industry practice) to that of Model A, and to that of Model B, for the 36 racks given in Table 1 having 
a frame bracing pitch h of 2000 mm. Detailed results can be found in Appendix 2.  

 

 
Figure 27: Influence of the horizontal pallet restraint on the action-to-capacity ratio for h = 2,000 mm 

 
Similar conclusions to those in Section 5.1.1 can be drawn. Results show that for 11 racks out of 

36, considering the horizontal restraining effect provided by the pallets would provide more 
economical designs than the current industry practice, with a decrease in the member action-to- 
capacity ratio of up to 5% (Rack 1) and an average decrease of 2%. For the remaining 25 racks, 
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ignoring the pallet restraints leads to less conservative designs, with a maximum increase in the 
member action-to-capacity ratio of 5% (Rack 25) and an average increase of 3%. Table 4 
summarises the average maximum member action-to-capacity ratios given in Figure 27.  

 
5.1.3 Critical load cases 
 

When the pallet restraints are considered in the analysis (Models A and B), the load case 
involving the loading scenario illustrated in Figure 13, which corresponds to a fully loaded rack 
except for one compartment at the first rail beam elevation, is found to generally govern the design. 
However, for the 4-storey drive-in racks numbers 26 and 30, the load case shown in Figure 28 (a) is 
found to provide an action-to-capacity ratio of up to 13% higher than the load case involving the 
loading scenario shown in Figure 13. Despite the fact that a lower axial load occurred in the critical 
upright, the loading scenario induces a buckling length lex about twice that for the loading scenario 
shown in Figure 13, and therefore leads to a reduced axial capacity. 

 

 
 (a) (b)  (c)  (d)  

Figure 28: Specific load cases governing the design 
 
When the pallet restraints are ignored in the analysis, the load case involving the loading 

scenario shown in Figure 13 is also found to generally govern the design. However, the load cases 
shown in Figure 28 (b) for the 4-storey drive-in rack number 4, Figure 28 (c) for the 5-storey rack 
number 21 and Figure 28 (d) for the 6-storey drive-in racks numbers 21, 22 and 36 govern the 
design with action-to-capacity ratios of 2%, 3% and 4.5% higher than those for the loading scenario 
shown in Figure 13, respectively.  

In view of the above results, for ULS design ignoring pallet bracing effects, limiting the analysis to 
the load case involving the loading scenario shown in Figure 13 and a fully loaded rack, would only 
induce a limited error in the action-to-capacity ratio and may be considered to be “sufficient for 
considering the pattern load effects” as stated in [12].  
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5.2 Friction analysis 
 
The minimum friction coefficient μ needed to prevent the pallets from sliding on the rail beams is 

investigated herein for Model A. The friction forces Sf developing between the pallets and the rail 
beams are extracted from the horizontal reactions at each loaded rail beam elevation of the single 
upright model. The friction effect s is then calculated as,  

 W

S
s f  (45) 

where W is the axial load applied by the pallets to the upright at the rail beam elevation.  
Figure 29 shows the friction effect s for all loading cases and for the 36 drive-in racks defined in 

Table 1. All values in Figure 29 are less than the design static friction coefficient of 0.439 
recommended by Hua and Rasmussen [3] (see Section 1), indicating that, under normal operating 
conditions, sliding is unlikely to occur between the pallets and the rail beams, and that pallet bracing 
restraints could be considered in the design of drive-in racks. Moreover, the friction effect s is 
dependent on the number of storeys (or rail beam elevations), as seen in Figure 29. The more 
storeys for a given rack height, the greater the friction effect and hence the more likely the pallets 
are to slide. Results show that, for a given number of storeys, the friction effect decreases 
approximately linearly with the height of the rack.  

 

 
Figure 29: Friction effect s  

 
6 CONCLUSIONS 

 
This research report analyses the influence of horizontal bracing restraints provided by the 

pallets on the behaviour and design of steel drive-in racks. The pallets are shown to significantly 
influence the bending moment distribution in the uprights. The single upright model presented by 
Godley was improved by including the restraints provided by the rail beams and the pallets. 
Comparison with advanced 3D Finite Element Analyses showed that the improved single upright 
model was able to accurately reproduce the bending moment distribution in the upright in the down-
aisle direction under gravity and out-of plumb loads. 

Using the improved single upright model, analyses were run for 36 drive-in rack configurations. 
All possible loading cases were analysed. Results showed that ignoring the pallet bracing effects in 
design, as in the current industry practice, usually leads to a less conservative design with an 
action-to-capacity ratio for the critical upright being reduced in the order of 4%.  

The standard load case involving a fully loaded rack except for one compartment at the first rail 
beam elevation was found to govern the ultimate limit state design of most racks. However, other 



Determination of the influence of the pallets on the design of drive-in steel storage racks 

Centre for Infrastructure Engineering and Management Research Report CIEM/2013/R04 Page 33 

loading scenarios were found to govern the design of some drive-in racks having 4 to 6 storeys, with 
action-to-capacity ratios up to 5% greater than those produced by the standard load case. 

Results show that under normal operating conditions, the friction coefficient between the pallets 
and the rail beams is sufficient to prevent sliding of the pallets, and therefore the effect of pallets 
could be considered in the design of drive-in racks. However, as demonstrated in the research 
report, overall there is no benefit to the be gained from including the effect of pallet restraint in the 
design. 
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APPENDIX 1 
 
 

Upright detailed characteristics 
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Name E (MPa) G (MPa) 
Width 
(mm) 

Area 
(mm2) 

Imajoraxis 
(mm4) 

Iminor axis 

(mm4) 
J (mm4) 

Warping 
(mm6) 

Shear 
centre, 
ds (mm) 

RF11015 210,000 80,770 110 490.3 727,233 410,640 367.7 1.52×109 69.08 

RF11019 210,000 80,770 110 617.5 913,877 510,197 743.0 1.86×109 68.74 

RF12515 210,000 80,770 125 598.5 1,268,700 703,890 448.8 2.79×109 79.26 

RF12519 210,000 80,770 125 731.5 1,532,500 817,039 880.2 3.10×109 76.16 

RF15019 210,000 80,770 150 803.7 2,525,280 892,246 967.1 4.85×109 69.53 

RF15024 210,000 80,770 150 1,009.7 3,148,220 1,108,830 1938.7 6.02×109 68.98 

RF9012 210,000 80,770 90 313.5 346,793 216,902 150.4 4.13×109 63.27 

RF9015 210,000 80,770 90 390.0 430,896 266,654 292.5 5.00×109 62.99 

RF9017 210,000 80,770 90 440.6 486,501 298,866 424.4 5.55×109 62.81 

SD11015 210,000 80,770 110 441.5 660,342 277,790 331.1 1.26×109 58.05 

SD12515 210,000 80,770 125 508.7 1,110,510 507,342 381.5 2.52×109 74.07 

SD12519 210,000 80,770 125 641.4 1,396,620 634,645 771.8 3.11×109 73.83 

SD15019 210,000 80,770 150 693.3 2,178,160 682,857 834.3 4.43×109 70.81 

SD7012 210,000 80,770 70 256.5 158,536 106,854 123.1 1.96×109 50.22 

SD9012 210,000 80,770 90 283.2 300,736 143,517 135.9 3.43×109 53.18 

SD9015 210,000 80,770 90 352.5 373,722 177,071 264.3 4.17×109 53.06 

Mechanical properties of the uprights 
 

Name 
Yield stress  

fy (MPa) 
Axial Local elastic 

fol (MPa) 
Axial Dist. elastic 

fod (MPa) 
Bending Local 

elastic Mol (N.mm) 
Bending Dist. 

elastic Mod (N.mm) 

 

RF11015 450 1,467 337 26,656,395 8,026,074 
RF11019 450 2,313 436 52,714,087 12,860,742 
RF12515 450 963 274 22,653,907 8,038,483 
RF12519 450 1,494 360 42,370,560 13,020,120 
RF15019 450 1,512 355 57,424,867 16,363,814 
RF15024 450 2,367 459 1.13E+08 26,256,155 
RF9012 450 1,138 288 10,542,507 3,329,213 
RF9015 450 1,737 369 19,993,574 5,256,931 
RF9017 450 2,214 418 28,752,209 6,762,364 
SD11015 450 540 211 12,480,464 5,672,938 
SD12515 450 423 139 11,593,724 4,557,533 
SD12519 450 666 184 22,926,914 7,441,191 
SD15019 450 661 175 27,836,885 9,148,272 
SD7012 450 423 225 3,628,210 2,140,236 

 SD9012 450 310 198 3,308,096 2,466,035 
SD9015 450 481 256 6,315,902 3,924,081 

Elastic buckling loads of the uprights 
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Upright types 
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APPENDIX 2 
 
 

Detailed results, including specific load 
cases 
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Specific load cases, 2 stories drive-in racks 
 
 

  

Load case 2 Load case 3 Load case 4 
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Specific load cases, 3 stories drive-in racks 
 

 
Load case 4 Load case 8 Load case 10 

 

 
Load case 13 Load case 14 Load case 16 
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Specific load cases, 4 stories drive-in racks 
 

 
Load case 29 Load case 32 Load case 36 

 
Load case 50 Load case 60 Load case 64 
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Specific load cases, 5 stories drive-in racks 
 

 
Load case 64 Load case 68 Load case 128 
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Load case 195 Load case 248 Load case 256 
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Specific load cases, 6 stories drive-in racks 
 

   
Load case 256 Load case 295 Load case 512 

 



Determining the influence of the pallets on the design of drive-in steel storage racks 
 

Centre for Infrastructure Engineering and Management Research Report CIEM/2013/R04 

 
Load case 589 Load case 613 Load case 1008 

 
 
 
 
 
 
 
 
 

 


