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ABSTRACT: 

This paper describes the development of a Guide for high level storage racking in areas 

where the public have access, such as supermarkets, discount stores and home handyman 

stores.  The Building Industry Authority (now the Department of Building and Housing, 

Building Controls Group) has determined that such systems are a permanent part of a 

building and therefore must satisfy the requirements of the NZ Building Code.   

The Guide has been developed after extensive review of overseas practices and standards, 

inelastic computer modelling of rack response and laboratory testing of components and 

complete systems and is available for use by designers of new racking systems.  The 

Guide also contains information on stocking recommendations on racks and an 

operational guide 

1 INTRODUCTION 

High level storage racking in areas of public access, such as in supermarkets, home handyman stores 

and discount traders, are becoming more popular in New Zealand.   The popularity of such racking 

systems has raised questions about the adequacy of the racks and their contents to resist earthquake 

actions.  Furthermore, because racking systems used in areas with public access are an integral part of 

the business operation and as such they are a permanent structure in these stores, the Department of 

Building and Housing (formerly the Building Industry Authority) has determined that these systems 

are subject to the New Zealand Building Code (NZBC) and therefore require a building consent. 

This paper describes the development of a Design Guide for such systems, considering the 

performance expectations, the applicable loading standards, the seismic weight, the seismic design 

process, component tests, stocking recommendations, and an operational guide.  

2 TYPICAL RACKING SYSTEMS 

Typical racking systems are constructed with cold-rolled steel sections and rely on portal frame action 

in the down-aisle direction and frame action in the cross-aisle direction to resist earthquake loads.  The 

shelf levels vary depending on the stock required to be stored.   

Generally, supermarkets have stock for public picking on shelves up to approximately 2 m above the 

floor.  Above this, there is an area where demounted products (e.g. cartons of cans etc) are stored and 

from where shop workers replenish the public access shelves.  Above this area, palletised stock is 

stored at a single level approximately 3.5 m above the floor.   A typical arrangement of a supermarket 

racking system is given in Figure 1. 
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Figure 1  Typical arrangement of a high level supermarket racking system 

Home handyman stores and discount traders do not demarcate between the public access and the store 

access areas in the same way as in supermarkets.  They also have a greater variety of stock shapes and 

sizes and retention of high level stock is not as thorough. 

3 PERFORMANCE EXPECTATIONS 

The seismic performance of the storage racks is dependent on two parameters, namely the seismic 

performance of the rack itself, and the response of the stored contents.  Racks can pose safety hazards 

if they collapse, partially collapse, or overturn.  Contents can pose falling hazards if they become 

dislodged and fall to accessible areas. 

It is generally considered that life safety performance will be achieved if the following conditions are 

met: 

• Failure of components that could result in rack collapse or contents shedding is prevented, 

• Rack overturning is prevented, and  

• There is no loss of stored items from rack shelves 2 m or more above the floor. 

Collapse prevention performance is achieved if the following conditions are met: 

• Rack collapse is prevented, and 

• Rack overturning is prevented. 

While preventing shedding of contents is not explicitly stated as a goal for collapse prevention 

performance, measures undertaken to protect contents for life safety performance will help limit 

contents shedding anticipated under more extreme seismic excitations.   

The Health and Safety in Employment Act 1992 also contains provisions that place a responsibility on 

the store owner for ensuring that the racking system in his/her store is designed and operated in a 

manner that does not present a hazard to his/her employees and customers.  



3 

4 LOADING STANDARDS AND LOAD FACTORS 

4.1 Applicable Standards 

The applicable loading standards are the AS/NZS 1170 and NZS 1170.5 suite of standards. 

Combinations of load that must be considered include the ultimate limit state combinations: 

• 1.2G + 1.5Q, and 

• G + ψcQ + Eu 

And the service limit state combination: 

• G + ψlQ + Es ( long term service live load) 

Where ψc is the load combination factor and ψl is the long term load factor. 

4.2 Live Load Factors 

The dead weight of the rack itself is minor compared to the live load that it carries, but must still be 

considered.   Consideration must be given to the storage capacity of the racking and the likelihood that 

the racks will be loaded to their full capacity.  Consultation between the store owner and the designer 

will be required to set the agreed shelf load capacity.  Table 4.1 of AS/NZS 1170.0 requires floors in 

retail occupancies to be designed for ψl = ψc = 0.4 and for floors in storage occupancies, ψl = ψc = 0.6.  

No further guidance is given in the standard on what these factors may be for racking systems. 

Surveys of typical supermarkets, discount trader stores and home handyman stores in Christchurch 

[Berry, 2003] and Lower Hutt [Beattie, 2005] and a review of overseas standards [FEM, 2001; RMI, 

1997] and literature [BSSC, 2004] led to the conclusion that for the cross-aisle direction, racking 

systems must be designed using a ψc of 1.0 but this may be reduced to ψc = 0.6 for the down-aisle 

direction.  These recognise that the rack system is unlikely to be filled to its capacity, reducing the 

demand along the aisle, while one or more bays are likely to be completely filled, placing the full 

demand in the cross-aisle direction.  

5 SEISMIC WEIGHT 

Having considered the various procedures offered in overseas standards [CSA, 2004; RMI, 1997; 

FEM, 2001], the seismic weight at level i is calculated using: 

iMEii QGW ψψ+=   

Where 

Gi  = contributing dead weight of the rack at level i, including added components for securing 

contents (eg screens) 

ψE  = the area reduction factor  

  =  1.0 for cross-aisle direction 

  = 0.8 for down-aisle direction 

ψM  = the rigid mass factor, in consideration of the disconnection of stock from the shelf under 

earthquake shaking  

  = 0.67 

Qi  = the maximum design stock load on the rack at level i (for one bay for the cross-aisle calcula-

tion and the full length of the rack for the down-aisle calculation)  

6 EARTHQUAKE DESIGN PROCESS 

6.1 Background 

Most low rise structures are currently designed using equivalent lateral force procedures and the 

likelihood of collapse under the forces associated with an ultimate limit state earthquake event is 

acceptably low. Storage racks are expected to be designed using the equivalent lateral force method.  
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However, because the inelastic behaviour of rack structural system members and connections are 

significantly different from building structural systems (although the systems appear physically 

similar), it is required that, in addition to equivalent lateral force design, a demonstration of collapse 

prevention be explicitly made using displacement based design principles and cyclic connection 

testing.   

The horizontal struts and bracing members of the cross aisle steel braced frames are typically light 

gauge open sections that are either welded or bolted directly to open section columns. While it is 

expected that the distribution of forces to braced steel racks will be very similar to that of heavier 

structural steel frames, the inelastic behaviour of the members and connections is likely to be 

significantly different.  The inelastic response is somewhat dependent on the behaviour of the bracing 

connection which tends to greatly reduce the stiffness of the rack in the cross-aisle direction.  Base 

plate flexibility and ability to yield will also reduce the stiffness in this direction.  In addition, in areas 

of high seismicity, some shelf contents may tend to slide at high levels of ground motion which will 

introduce damping. Contents are also expected to be lost from the lower public access shelves, 

reducing the effective seismic weight.   

For the moment frames used in the down-aisle direction of steel storage racks, while appearing very 

similar to steel moment frames, their inelastic behaviour is very different from structural steel moment 

frames in buildings.  While the moment connections of structural steel moment frames are designed to 

cause inelastic member deformations in the beams away from the connections, the weaker connections 

used in racks develop inelastic deformation within the connection between the rack beams and 

uprights.  Also, although the system exhibits highly non-linear behaviour up to a very large relative 

rotation, the system remains essentially “elastic” in the sense that the behaviour does not cause 

permanent deformation. The rotations in the joints are caused by local deformation of the connectors 

and if the racks are pushed back to their original position, this deformation reversal is accommodated 

in the same manner.  The downward wedging action of the lugs or studs in the connection, under the 

gravity loads on the shelves, provides a “self-centring” function and the racks can recover their initial 

properties.      

6.2 Seismic Analysis 

Storage racks should be designed using the equivalent static force method for the ground motions 

defined in NZS 1170.5:2004, as if the rack was a building structure.  Invariably, the rack systems are 

installed at ground level and there will therefore be no amplification effects from the supporting 

structure.  For cases where the racks are installed on suspended floor slabs, it will be necessary to 

ensure that the supporting structure has been designed to appropriately resist the seismic forces from 

the base of the rack system.   

Braced Frame Systems:  Steel rack braced frames may be treated as statically determinate 

structures and hand analyses may be used to determine member design forces resulting from 

applied base shear forces. Computerized frame analyses may also be used to determine design 

forces. For such analyses, the racks are treated as linearly elastic with the bases modelled to 

represent the semi-rigid connection of the base plates to the concrete slab.  For this modelling, it 

will be necessary to have available empirical data for: 

(a) the frame members and  

(b) base plate uplift stiffnesses   

Moment Frame Systems:  It is typical in rack structures to use the portal method to determine 

forces in rack members resulting from applied base shear forces. Computer frame analyses may 

also be used to determine member forces resulting from applied base shear forces. For such 

analyses, the rack members are treated as linearly elastic members, the connection stiffnesses 

may be assumed to be equal to kc (see section 7 and Figure 2) and the base models need to rep-

resent the semi-rigid connection of the base plates to the concrete slab.  In such analyses, it is 

acceptable to assume that the upright base plate connection to the concrete floor has a moment 
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rotation stiffness that is the same as a beam column connection (i.e  kb = kc), if no baseplate 

stiffness properties are available.    

P-Delta Effects:  Steel Rack Braced Frame Systems typically are relatively stiff structures 

(prior to brace buckling) and P-Delta effects can be typically ignored in design.  Flexible base 

plates will however contribute to the total lateral deflection of the frame.  In these instances, 

consideration should be given to the effect of this action on the P-Delta performance.  Steel 

Rack Moment Frame Systems are very flexible structures.  Therefore P-Delta effects are likely 

to be significant and must be included.   

The horizontal design action coefficient for the ultimate limit state is to be determined using the 

process in NZS 1170.5 [SNZ, 2004], as if the rack was a building. 
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Where  

C(T1) = the ordinate of the elastic site hazard spectrum, determined using the first mode 

natural (fundamental) period of the rack, T1 

Sp   = the structural performance factor  

kµ  = µ (the system ductility factor) 

In the determination of C(T1): 

1. If the site soil conditions are not known, subsoil class D should be assumed. 

2. The return period factor is dependent on the expected working life for the rack and the importance 

level.  An assumed design life of 25 years yields the return period factors given in Table 1. 

Table 1   Choice of Return Period Factor for Earthquake Design 

Design 

Working 

Life (yrs) 

Importance 

Level 

Annual Probability 

of Exceedance for 

ULS 

Ru 

(ULS) 

Annual Probability 

of Exceedance for 

SLS II 

Rs 

(SLS) 

25 2 1/250 0.75 1/25 0.25 

25 3 1/500 1.0 1/25 0.25 

  

3. The fundamental period in the cross-aisle direction should be determined using either modal 

analysis procedures or equivalent approximate procedures that are based on the assumption that 

members and connections are linearly elastic. To account for the significant flexibility of the 

bracing connections, the axial stiffness of the braces may be adjusted. Chen et al [Chen et al, 1980] 

suggest that this adjustment be between 1/7 and 1/12 times the axial stiffness, EA/l, of the braces.  

In the down-aisle direction, the period may be determined utilizing the connection rotational 

stiffness kc determined from the cantilever test (see section 7).  Other rational procedures may be 

used to compute the period, but it should be demonstrated that the assumed connection stiffness 

does not result in computed moments from the base shear calculation having a corresponding 

connection stiffness less than that assumed. 

For the cross-aisle direction, where lateral load resistance is provided by braced frames and where the 

most common failure mode is sudden buckling of the web members, a maximum structural ductility, 

µ, of  1.25 may be used.  There is potential for some energy dissipation to occur as the column base 

plates yield, but the buckling web members may override this mechanism, making the upper limit 

µ = 1.25. 
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For the down-aisle direction, where lateral load resisting performance is reliant only on the strength of 

the connections between columns and beams the design ductility should be determined with reference 

to the performance of the connectors, determined in experimental investigations of the joint moment-

rotation behaviour.  When the results of such investigations are not available, the maximum assumed 

ductility shall be 1.25.  In this situation, the beams and columns are assumed to have sufficient 

overstrength on the joints.  On no occasion should the assumed ductility in the down-aisle direction 

exceed 3.0 without a detailed study being undertaken. 

The structural performance factor, Sp, may be determined from NZS 1170.5 except that for the 

serviceability limit state Sp must be taken as 1.0 in recognition of the lack of non-structural elements or 

other forms of structural redundancy. 

The horizontal base shear, calculated from Cd(T1)Wt , is distributed over the rack levels as if each was 

a storey of a multi-storey building, using the following equation: 
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6.2.1 Displacement Based Procedure for Evaluating Collapse Prevention in the Down-Aisle 

Direction 

This procedure has recently been developed by the Rack Project Task Group of the Building Seismic 

Safety Council in the USA [BSSC, 2004] and is included in full in the Design Guide.  A summary of 

the steps is as follows: 

1. Determine the joint stiffness properties from the manufacturer’s joint test data (see section 7 for 

details) 

2. Determine the fundamental period of the rack.  This is dependent on the weight and position of the 

contents and the stiffnesses of the joints, baseplate connections, beam elements and column 

elements. 

3. Calculate the maximum displacement at the effective height of the single degree of freedom 

(SDOF) system, D, without P-∆ effects.  This is dependent on the damping coefficient.   The 

coefficient is a function of the effective damping which is in turn assumed to be based on the 

effective horizontal peak ground acceleration of the ultimate limit state earthquake. 

4. Adjust the displacement for P-∆ effects using Dmax = (1+α)D, where α is calculated using similar 

parameters to those that are used as input for the first mode period calculation.  

5. Determine the maximum demand rotation, θdemand  = Dmax /height to the centre of gravity of the 

equivalent SDOF rack (=0.72 x the height to the centre of gravity of the top level pallets)  

6. Check whether the maximum demand rotation, θdemand , is less the maximum rotation capacity, θmax. 

If the demand rotation is less than maximum rotation capacity, the connection design is acceptable 

and the designer can move to the next step.  If not, the connection design is not acceptable and it 

will be necessary to provide an alternate connection design and repeat the process from the deter-

mination of the first mode period of the rack. 

7. If the connections are acceptable, assume maximum column moment, Mc , and axial load, Pc , from 

seismic loads (does not include gravity loads) are as follows: 

Mc = 1.2 Mmax  (Note that 1.2 is the assumed overstrength factor for the connections) 

Pc  =  1.2 LN  Mmax /0.5L   (end columns)  
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Pc  =  0   (central columns) 

Where Mmax has been determined for the joints in the cantilever testing (see section 7) 

Check the capacity of the columns under the load combinations specified in section 4. 

The Design Guide also provides a procedure for the consideration of the cross-aisle direction. 

7 COMPONENT TESTING 

Cantilever tests are required to establish the moment-curvature properties of the joints between the 

beams and the upright frame columns, for use in the rack analysis.  The test is setup as shown in 

Figure 2.  The procedure involves cycling the connection three times to increasing displacement 

increments to determine the moment-rotation properties.  Mmax and θmax are read from the third cycle 

peak envelope curve and kc = Mmax / θ max.  A minimum of three replicate tests are required to 

determine the characteristic values. 
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Figure 2  Cantilever test setup and moment-rotation plot 

Portal tests may be undertaken in lieu of the cantilever test but these require more components and the 

inclusion of pallet loads and are significantly more expensive to undertake. 

8 STOCKING 

The Guide provides information for store owners on the appropriate handling and securing of stock.  

This information is subdivided into supermarkets, discount traders and home-handyman stores.  

Treatment of issues such as securing product on pallets and restraint of demounted products is given.     

9 OPERATION 

The operational guide section includes recommendations on what is considered to be the minimum 

available design information and assumptions, shelf capacity labelling, alterations to racks, treatment 

of discovered damage, routine inspections and post-earthquake inspections. 

10 CONCLUSIONS 

Because of the increasing exposure of the public to high level storage racking systems and the lack of 

suitable seismic design standards and guidance for such systems, a project was undertaken to consider 

available overseas standards and procedures and to undertake experimental investigations of actual 

performance of both rack components and complete racks with the outcome being a Guide for the 

seismic design of racks in New Zealand.  Studies were also made of typical installations, considering 

the rack setups and the stock levels, and recommendations have been made on appropriate stocking 

and operation.  In the compilation of the Guide, the author drew heavily on design procedures recently   
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developed in a parallel study being undertaken in the USA.  The procedures consider the evaluation of 

collapse prevention of the racks and in order to properly model the inelastic performance of the racks, 

the Guide requires that the properties of beam to column joints are determined by test. 
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