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ABSTRACT: This paper summarises the design of a cost-effective low damage solution 

for a shear wall warehouse type structure. Concrete shear walls have been commonly 

used as a lateral load resisting system in warehouse structures throughout Christchurch. 

Many of these structures did not perform as expected during the recent Canterbury 

earthquake sequence. While rocking may well be the mechanism that has saved a number 

of walls from further damage, insufficient or poorly detailed reinforcement, brittle 

connections and ineffective distribution of loads through walls seems to be the main 

reasons for this underperformance. Repairing or replacing these elements is often 

expensive and involves safety risks.  

The developed design presented here allows for an efficient and controlled distribution of 

horizontal loads through rocking walls connected to the foundations by low-cost energy 

dissipaters specifically designed for the structure. The replaceable energy dissipaters 

provide resilience to the structure and protect the walls from damage, avoiding the need 

for repairs or replacement of the precast walls. 

1   INTRODUCTION  

Assessment of warehouse structures after the Canterbury earthquake sequence highlighted an 

unexpected low performance of the precast panels which, in many cases, have required extensive 

crack injection, connection replacement or full panel replacement. Even in cases where panels have 

performed adequately, they have needed significant repairs or replacement. These types of repairs or 

panel replacement are generally expensive (approximately $200 - $250 per meter for epoxy crack 

injection) and often have significant safety risks associated with the repair.  

Different reasons for the panels‟ low performance have been identified and recommendations have 

been provided to avoid this performance in the future, especially with respect to the detailing of the 

reinforcement. However, the inefficient and uncontrolled distribution of the load through parallel walls 

and the advantages of rocking behaviour of these structures have not been addressed in most of the 

recommendations and guides provided.  

The technical community working on the Christchurch Rebuild is encouraging the design of low 

damage solutions, which are largely being implemented for multistorey commercial buildings. 

However, the relative complexity associated with low damage solutions makes them less attractive for 

more modest structures such as low-rise buildings or warehouses, which represent the majority of the 

structures being built in Christchurch. This paper presents a cost-effective low damage design for a 

warehouse structure based on: 
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 Replaceable energy dissipaters connecting concrete panels to the foundations at discrete 

locations, avoiding the formation of diagonal shear cracking at the corner of the panels. 

 Allowance for the panels to rock, which has been identified in the Guidance on detailed 

engineering evaluation of earthquake affected non-residential buildings part 3 [2] as the 

desirable system for these structures. 

 Efficient and controlled distribution of the load through the walls. 

2   STRUCTURE FEATURES 

The building is generally rectangular in plan, with precast panels on all four sides of the building to 

differing heights.  The panels are supported by the structural steel portal frames and by gable end 

columns on gable ends. 

 
 

Figure 1 – General view of the building. 

The primary purpose of the building is for storage and distribution, which influenced the 9.7m height 

to the underside of the portal knee and the 7.6m centre to centre spacing of the portal frames.  The 

portal span is approximately 38m although given the expected demands due to snow loads and wind 

uplift, an internal post was provided to keep the portal sizes within reasonable dimensions. 

The fire plan requires a four-hour structural rating as the building will not have an automatic sprinkler 

system. Structural members will achieve compliance via: 

 Concrete Panels – designed to achieve a four-hour fire rating which requires a panel thickness 

of 165mm (170mm chosen). 

 Rafter and gable end columns will be concrete encased to approximately 6m to provide 

protection to the rafter and gable end columns.  The columns above this level, as well as the 

main portal beams and bracing elements, will not be protected in that in the event of a fire, and 

it is expected that the rafter beams will soften and eventually sag, essentially pulling the rafter 

columns inwards.  This will in turn „pull‟ the precast panels inwards.  Inward collapse is 

prevented by the moment connection between the fire protected portal column and a ground 

finger beam which is designed to withstand the cantilever bending moment from a panel face 

load of 0.5kPa.  The connections between the precast panels and the portal columns (below 

the 6m level) will be protected from fire, essentially allowing the precast panels to remain 

standing (along with the portal column) following a fire event. 
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 The office areas are designed to achieve a 30minute fire resistance rating which can be 

provided by unprotected steel and fire linings to ceilings and walls. 

The panel configuration is as follows: 

 

 North elevation – Panel height 6.5m 

 East and West elevation – Panel height 3.0m (not used in the lateral load resisting system), 

 South elevation – Panel height 7.5m 

Panels and portal frames are supported on 500 mm deep strip footings. 

3   LATERAL LOAD SYSTEM  

The lateral load resisting system in the N/S direction is provided by a combination of portal action and 

in-plane roof bracing transferring part of the lateral loads to braced gable ends.  The 3m high panels on 

the gable ends (provided for security) are required to support lateral loads associated with their own 

weight only.  

In the E/W direction, lateral support is provided by in-plane roof bracing spanning to, and supported 

by, the precast panels on the North and South elevations.  All the panels on these elevations are 

engaged in resisting the lateral force thereby eliminating focused demands on the foundations. 

Spreading the load along the length of the foundation allows for the mobilization the mass of each 

panel thereby reducing focussed uplift force demands and foundation sizes can be optimized. 

4   ANALYSIS METHODOLOGY 

The building was modelled using ETABS version 15 with the entire structure modelled in 3 

dimensions.  The analysis method adopted is a non-linear elastic analysis with a nominal ductility of 

µ= 1.25 and a performance factor of 0.9.  The analysis is non-linear in that certain beam / bracing 

elements have been designated as tension only elements and the foundations have been supported by 

gap elements which allows for uplift and a consequent softening of the structural response.  The non-

linear static analysis was also checked using a response spectrum analysis as described in NZS 

1170.5:2004 [6].   

The panel elements have been allowed to „rock‟ with dissipater elements tuned to yield at the design 

earthquake. A graphic of the analytical model for the building is shown in Figure 2 below: 

 

Figure 2 – ETABS model of the building 



 

 

A building drift of 2% at the Ultimate Limit State was targeted to ensure that the building stayed 

within the 200 mm building boundary offset. 

5   PANEL CONNECTIONS 

Connections are critical to achieve the expected performance in a precast element, especially when 

they are part of the lateral resisting system of the structure. In this case, (as in many warehouse type 

structures), precast panels are designed to act both as a cladding and to provide lateral restraint to the 

building. 

Four types of connections, as shown in Figure 3, connect the panel to the rest of the structure.   

 

 

Figure 3 - Typical Panel Elevation 

5.1  Shear key 

The panel transfers lateral loads to the foundation through the shear key. While the base of the shear 

key pocket is flat the bottom of the shear key is slightly tapered, as shown in Figure 4, to facilitate 

rocking at the centre of the panel.  

 

 

Figure 4– Shear key detail 

 
5.2  Out of plane connections 

These connections, at 2,7m vertical centres, consist of a 250x200x20 back plate slotted through a 16 

mm thick “knife” plate passing through the 20 mm gap between panels.  The knife plate is welded to 

the back of the portal column.  The back plate is connected to the panels by M16 bolts through slotted 

holes, to ensure that the connection does not prevent the panels from moving in plane, although 

supports the panels out of plane. 



 

 

 

Figure 5– Out of plane connection detail 

 

Within the length of the portal column concrete encasement, the precast panels and the in situ concrete 

encasing the portal columns are separated by a layer of Damp Proof Membrane (DPM), to prevent any 

bond between the panel and the concrete encasement that might resist panel rocking. 

5.3  Lateral load transfer connection 

The lateral load arriving from the roof bracing is collected by the diagonal wall bracing, see Figure 6, 

and transferred to a SHS150x6 running the length of the building parallel to the panels. The load on 

the SHS is transferred to the panels at a central connection through two steel plates in bending, see 

Figure 7, ensuring a uniform distribution of the load to all shear walls.  

 

 
 

Figure 6 – SHS150x6 running parallel to the panels 

 

                                                                           

Figure 7 – Lateral Load Transfer connection. 



 

 

5.4  Corner protection 

Equal angles, as shown in Figure 8, have been cast into the panel to protect the bottom corner concrete 

from spalling when acting in compression. 

 

 
 

Figure 8 – Corner protection details. 

 

6   ENERGY DISSIPATER 

The design philosophy incorporated into Buckling Restrained Braces (BRBs) has been used for the 

design of the energy dissipaters connecting the panels to the foundations. These elements, see Figure 

9, consist of a 440 mm long, high strength 24mm diameter threaded rod machined down to 20 mm 

diameter over 170 mm to ensure that yielding occurs in the reduced section. Except for a length of 75 

mm at both ends, which has been left unrestrained to allow for replacing the component, the rod is 

encased in a 76.1x5.1 Circular Hollow Section (CHS) filled with grout. Within the CHS the rod has 

been wrapped with polythene sheathing to avoid any transfer of load between rod and grout and a 

sponge collar has been provided at the transition from 24 mm to 20 mm diameter to prevent any force 

transfer in bearing. 

The energy dissipater is connected to the panel through a cast in plate and by a coupler to the 

foundation reinforcement.  

 



 

 

                        

Figure 9 – Energy dissipater details. 

 

Studies have indicated the possibility of global buckling of BRBs before its core can yield owing to 

connection failure. The designed element, due to the lack of stiffness of the connections, is susceptible 

to the development of plastic hinges developing at the connections prior to the core yielding. 

Therefore, global stability concepts have been including in the design to ensure that the dissipaters can 

develop a stable hysteresis response when subjected to in-plane cyclic axial loading without premature 

connection failure. 

In the AIJ Recommendations for Stability Design of Steel Structures [1], the implementation of the 

following concept, as shown in Figure 10, is presented for preventing global instability: Although 

plastic hinges without bending-moment transfer capacity is allowed at the restrainer ends, the stability 

conditions are satisfied individually for the restrained zone and the connection zone.  

 

 

Figure 10 – Buckling-restrained brace stability condition concepts (AIJ Recommendations for Stability 

Design of Steel Structures) 

To implement this concept, the equations below were proposed by Koetaka et al. [5]. 
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The application of this concept governed the detailed design of the dissipaters, reducing the element 

length and the restrained element bending strength assumed in the preliminary design. 

7   CONCLUSIONS 

This paper presents a low damage cost effective solution for a warehouse structure with precast 

concrete shear walls as the lateral resisting system.  

The proposed design resolves the issues highlighted by the New Zealand engineering community as 

the reasons for the underperformance of these types of structures after the Canterbury earthquake 

sequence 2010-2011, particularly:   

 Ineffective distribution of loads through parallel walls. 

 Brittle connections to the rest of the structure. 

 Lack of a dependable mechanism, like rocking, able to dissipate energy and therefore reduce 

earthquake demands. 

The introduction of replaceable energy dissipaters, based on the Buckling Restrained Braces design 

philosophy, provides: 

 The resilience that these types of structures usually lack.  

 A cost effective low damage solution, allowing for the safe, quick and economical 

replacement of the dissipaters.  
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