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ABSTRACT: This paper outlines some of the more significant damage observed to road 

and foot bridges following the recent series of earthquakes in Canterbury during 2010-11 

and offers an explanation of the likely underlying causes of the damage. In particular, the 

paper considers the effects of liquefaction and lateral spreading, differential settlement 

and seismic inertia loads on a variety of bridge forms including simply supported, 

continuous and integral bridges and also bridges on slender piles. The paper highlights 

some issues addressed when developing temporary and long term remedial options, 

including those for heritage structures.  

The main conclusions are that the designer needs to understand how different structural 

forms behave in earthquakes and detail the structure to account for this. In particular, 

areas susceptible to liquefaction should have ground improvement to prevent approach 

damage and severe loading to abutments, or the abutments should be detailed to resist the 

loads from lateral spreading. Geotechnical investigation needs to be more extensive and 

accurate for continuous bridges than for simply supported construction and simply 

supported construction may be more appropriate where differential settlement is likely. 

Finally, care should be taken not to introduce unintentional non-symmetric behaviour in 

the design of new or retrofit bridges.  

1 INTRODUCTION 

Opus International Consultants Ltd (Opus) was involved in the preliminary assessment of critically 

damaged road bridges for both the Christchurch City Council (CCC) and the NZ Transport Agency 

(NZTA), following significant earthquake events on 4th September 2010, 22nd February 2011, and 13th 

June 2011. In particular, as Regional Bridge Consultant for NZTA and bridge asset management 

consultant for CCC, the Opus bridging team was required to assist with immediate inspections, 

identify initial measures required to restore basic access and ensure safety, and undertake follow-up 

inspections in order to plan for full recovery. 

Opus has also provided significant assistance with earthquake recovery works, initially undertaken 

through their involvement with the CCC Infrastructure Rebuild Management Office (IRMO); and 

currently through their involvement with the Stronger Christchurch Infrastructure Rebuild Team 

(SCIRT). This involvement has provided the authors a rare opportunity to observe various types of 

earthquake damage to a large number of different bridges.   

The majority of the earthquake damage to bridges was caused by liquefaction-induced lateral 

spreading and settlement and, to a lesser extent, seismic inertia loads on the structures. The following 

sections describe examples of bridges that sustained significant damage as a result of these 

earthquake-induced effects, highlighting the relative performance of various bridge forms. The paper 

also highlights some issues addressed when developing temporary and long term remedial options, 

including those for heritage structures. 
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2 DAMAGE DUE TO LIQUEFACTION-INDUCED LATERAL SPREADING & SOIL 

INERTIA LOADS 

The main cause of damage to both road and foot bridges following the 2010 and 2011 Christchurch 

earthquakes was liquefaction-induced lateral spreading of the approaches behind bridge abutments. 

The majority of bridges with damage from lateral spreading were designed and constructed at a time 

when the effects of liquefaction were not well understood. Therefore, the backfill pressures on their 

abutments were significantly higher than they would have been designed to resist. Despite their lack of 

design to resist lateral spreading loads, some structural forms performed significantly better than 

others. The performance of various bridge forms is discussed below.   

2.1 Historic Bridges  

Christchurch contains a number of historic bridges which were built near the beginning of last century, 

and formed part of the original transport network laid out in 1850 by the Canterbury Association. 

Antigua St Footbridge and Colombo St Bridge were constructed in 1901 and 1902 respectively, and 

are found on the “List of Protected Buildings, Places and Objects” within the Christchurch City Plan. 

Both of these structures consist of riveted steel superstructures, supported on unpiled concrete 

abutments founded on shallow river gravels underlain by liquefiable soils. Both structures suffered 

damage due to lateral spreading of the approaches and were closed following the February 2011 

earthquake.  

The abutment pilasters at the northern abutment of Colombo St Bridge suffered considerable rotation, 

due to soil inertia and lateral spreading loads on the unpiled wingwalls. This caused buckling of the 

relatively slender outer arched steel girders which support the footways (Fig. 1). The Antigua St 

Footbridge is supported on unreinforced concrete abutments. These abutments suffered significant 

cracking and rotation under lateral spreading loads, causing the slender steel trussed-arch 

superstructure to hog and a number of riveted joints to fail (Fig. 1).  

Remedial and strengthening options at these two sites have aimed to minimise the works undertaken to 

preserve the heritage value of these bridges. This is likely to involve undertaking repairs/replacement 

of damaged steel members and riveted joints. The resilience of the bridges may also be improved by 

installing deadman anchors behind the abutments and/or installing ground improvement behind the 

abutments. However, consultation has noted that the heritage value of the Antigua St Footbridge has 

been compromised over the years, due to considerable work being undertaken that was not in-keeping 

with the original structure. Therefore, replacement of the Antigua Footbridge may be viable, and is 

likely to prove to be the preferred option economically.  

      

Figure 1. Buckling of outer arched girder on Colombo St Bridge due to rotation of pilasters (left). Hogging of 
Antigua St Footbridge trussed-arch due to displacement and rotation of abutments (right). 
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2.2 Simply-supported Bridges 

Simply supported bridges typically performed relatively well under lateral spreading loads, and the 

majority of bridges were able to be reopened soon after the September 2010 and February 2011 

earthquakes with minor remedial works undertaken. Avondale Bridge and the Fitzgerald Twin Bridges 

are two examples of simply supported bridges which suffered extensive damage from liquefaction-

induced lateral spreading loads. The bridges were constructed in 1961 and 1964 respectively, and 

consist of prestressed concrete superstructures supported by reinforced concrete piers and abutments, 

founded on driven concrete piles (raked at the abutments). Both bridges suffered significant rotation of 

their abutments, causing plastic hinging of the piles, which lacked confinement in their plastic hinge 

zones immediately below the abutments (Fig. 2).  

Both bridges were identified as a seismic risk under the CCC Engineering Lifelines Study (Design 

Services Unit, Christchurch City Council 1996). As such, linkages and seating brackets were 

retrofitted to improve the connection between the deck and substructure. These brackets performed 

relatively well under lateral spreading loads, and helped prevent the simply supported spans from 

unseating. However, rotation of the abutments caused the superstructures to rotate on the seating 

brackets and lift-off their bearings.  

Following investigation of the condition of the abutment piles, concrete repairs were undertaken to 

restore vertical load capacity to the piles. The abutment seatings were also re-grouted to reinstate 

bearing support to the superstructure. Preliminary calculations indicated that the piles beneath both 

bridges still had residual capacity to support Class 1 (legal) live loading. Avondale Bridge was proof 

loaded in February in accordance with the Transit NZ Bridge Manual, to confirm that it could safely 

support legal traffic prior to permanent repairs being undertaken (Fig. 2). Despite both bridges being 

prone to further abutment rotation, their collapse mechanisms were considered to be ductile and 

progressive, with minimal risk to road users. Hence the bridges were re-opened to road traffic prior to 

permanent repairs/replacement being designed.  

       

Figure 2. Proof loading of Avondale Bridge following abutment rotation (left). Typical pile damage at Fitzgerald 
Ave Twin Bridges (right). 

2.3 Integral Bridges 

Gayhurst Road Bridge and Swanns Road Bridge are examples of integral structures which suffered 

considerable damage from liquefaction-induced lateral spreading following the recent earthquakes. 

The bridges were constructed in 1952 and consist of 3-span and 2-span reinforced concrete portal 

frame structures respectively, with integral abutments and piers and founded on driven concrete piles.  

Both bridges suffered considerable abutment rotation, with plastic hinging of the abutment piles and 

cracking of the superstructure-abutment knee joints. The wingwalls of both bridges are independent of 

the abutments and suffered considerable rotation due to liquefaction and lateral spreading (Fig. 3). One 

pier at the Gayhurst Rd Bridge suffered longitudinal cracking, and the pier piles at Swanns Rd Bridge 

suffered considerable plastic hinging (Fig. 3). Although both bridges are considered “locked-in” 
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structures, it is believed that lateral spreading occurred concurrent with seismic inertia loads during the 

second June aftershock, as the pore water pressure in the backfill would not have had time to dissipate 

following the initial Mw 5.6 earthquake.   

      

Figure 3. Plastic hinging of pier piles at Swanns Road Bridge (left). Approach damage due to lateral spreading at 
Gayhurst Road Bridge. (right). 

Following investigation of the condition of the abutment piles, concrete repairs were undertaken to 

restore vertical load capacity to the piles.  Preliminary calculations indicated that both bridges still had 

residual capacity to support Class 1 (legal) live loading. Gayhurst Rd Bridge was proof loaded in 

February 2011 in accordance with the Transit NZ Bridge Manual, to confirm it could safely support 

legal traffic prior to permanent repairs being undertaken. Despite both bridges being prone to further 

abutment rotation, their collapse mechanisms were considered to be ductile and progressive, with 

minimal risk to road users. Hence the bridges were re-opened to road traffic prior to permanent 

repairs/replacement being designed. Both bridges were restricted to a Gross Weight of 3,500kg to 

protect their substructures from further damage. 

2.4 Modern Bridges on Slender Piles 

Although most damage occurred to older structures designed without considering liquefaction effects; 

there were some relatively modern structures that sustained considerable damage from lateral 

spreading. In particular, SH74 Anzac Drive Bridge and Porrit Park Footbridge (Fig. 4) were 

constructed in 2000 and 1989 respectively, and suffered severe rotation of both abutments. Both 

bridges are founded on closely spaced, slender and relatively flexible piles which acted as a pseudo 

wall, thus attracting significant lateral spreading load, and caused the abutments to rotate about deck 

level (point of longitudinal restraint). 

      

Figure 4. Porrit Park Footbridge Abutment Rotation (left). Anzac Bridge Abutment Rotation (right). 
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2.5 Other Structures  

Other structures that sustained damage from lateral spreading included masonry arches (i.e. Saby’s 

Road Culvert) and slender concrete arches (i.e. Snells Place Footbridge), both of which hinged at their 

apex following severe lateral spreading of their approaches.  

Structural forms that performed particularly well under lateral spreading loads included structures with 

low abutment walls, robust and discrete piles, and robust and stiff superstructures that effectively 

propped the abutments at a lower level (i.e. hogged beams cast integral with the abutments as found on 

a number of Avon bridges near the city centre).  

3 DAMAGE DUE TO DIFFERENTIAL SETTLEMENT OF CONTINUOUS MULTISPAN 

BRIDGES 

The recent seismic activity in the Christchurch and Canterbury region has served to reinforce the 

major structural weakness of continuous multispan bridges, that is, susceptibility to differential 

settlement between the abutment and piers.  Two bridges in particular, the Ferrymead Bridge and the 

SH73 Heathcote (Opawa) River Bridge, suffered significant differential settlement. In this section the 

Heathcote River Bridge is presented as a case study. 

Constructed circa 1990, the Heathcote River Bridge has a straight, continuous, three-span 

superstructure (17.2 - 23.6 - 17.2 m span arrangement) with a total length of 58.0 m and an overall 

width of 11.13 m. The bridge forms an integral part of the strategic route to the Port of Lyttelton. 

The bridge superstructure comprises four continuous, 1.6 m deep prestressed, precast concrete I-beams 

with an in situ concrete deck. In addition to prestressing, the central span I-beams are also post-

tensioned. Neither prestressing nor post-tensioning is continuous over the piers. Continuity is provided 

via the deck slab reinforcement and normal reinforcement at the ends of the beams cast into the in situ 

diaphragms over the piers. 

The superstructure is supported on semi-integral concrete abutments and hammerhead piers. Each pier 

consists of a central, 2.4 m high octagonal pier column, measuring 1.5 m across flats, supported on a 

2.0 m diameter, 14 m deep cylinder. Each cylinder is supported on seven 200 x 146 UBP steel H-piles, 

driven vertically from the bottom of the cylinder casing. 

Due to poorer than expected ground conditions, pier piles were driven to greater than expected depth 

to achieve the specified bearing requirements, resulting in a shortage of available piles for the 

abutments. This, coupled with concerns that bearing may not be achieved at the expected depth for the 

abutment piles, led to the redesign of the abutment foundations. It was decided to install ten, closely 

spaced steel H-piles at each abutment (versus the four originally detailed) driven to found on a shallow 

layer of dense sand at approximately 6.0 m and 12.0 m depth at the eastern and western abutments 

respectively, versus nominal detailed depths of 25 m and 40 m respectively. 

A deck level survey undertaken following the February 2011 earthquake identified 120 mm and 

142 mm differential settlement between the piers and the northwest and southeast abutments 

respectively, likely due to liquefaction induced settlement of the abutments. Since the initial survey, 

the abutments have continued to settle differentially, to a total of 196 mm and 226 mm, respectively, at 

the time of writing. Settlement is reasonably uniform across the superstructure. 

Theoretically, this degree of settlement is sufficient to yield, and likely fracture, the deck 

reinforcement, though only minor cracking has been observed. While highly unlikely to result in 

collapse, yielding of the continuity reinforcement over the piers significantly reduces the live load 

carrying capacity of the bridge. 

It is believed that the settlement induced stress over the piers is recoverable and it is proposed to 

underpin the ends of the bridge by constructing a new abutment beam on reinforced concrete cylinders 

in front of the existing abutments and jacking the bridge ends. The existing piles will then be cut off 

and the abutments demolished. 
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4 DAMAGE DUE TO INERTIA LOADS ON BRIDGES 

The Moorhouse Avenue Overbridge was one of the few bridges in Christchurch which suffered severe 

structural damage as a result of seismic inertia loads. The bridge was constructed circa 1964, pre-

dating ductile detailing, and was designed for a significantly lower lateral load than current seismic 

design standards would require. 

The eleven span bridge has integral piers and abutments. Piers 4 and 7 are half-piers with an expansion 

joint down their centreline which effectively separates the bridge into three discrete integral bridge 

structures. There are linkage bars across the joint at Pier 4, but none across the joint at Pier 7 (Fig. 5).  

 

Figure 5. Elevation of Moorhouse Avenue Bridge 

Each pier is a portal frame comprising two columns with a post-tensioned pier cap as shown on Figure 

6. All piers except Piers 5 and 6 are hinged at their top and bottom for out-of-plane (longitudinal) 

loading but rigid for in-plane (transverse) loading. Therefore, the piers provide resistance to transverse 

seismic shaking but do not resist longitudinal seismic shaking. Piers 5 and 6 are pinned at their top for 

longitudinal loading but rigid at their base and so they provide some restraint to longitudinal seismic 

shaking. 

 

Figure 6. Typical pier elevation 

Damage observed after the February 2011 earthquake included shear failure of the western half-pier 

columns at Pier 7 and the vertical bars also exhibited localised buckling (Fig. 7). As a result of the 

compromised vertical load capacity of the piers, the bridge was immediately closed to traffic. The 

damaged columns also significantly reduced the ability of the bridge to withstand further earthquake 

shaking and so temporary stabilisation measures were required urgently to prevent a loss of span.  

Temporary steel props were installed at Pier 7 to restore vertical load capacity and robust temporary 

steel cross bracing was installed to rigidly brace the portal frames at half-piers 4 and 7 (Fig. 8), 

enabling the bridge to be reopened to all traffic by mid-April 2011.  

One of the reasons why Pier 7 was thought to have been severely damaged was because of the 

presence of linkage bars across the expansion joint at Pier 4 but not at Pier 7. The linkage bars at Pier 

4 are detailed such that they can transmit both compression and tension loads across the joint, thereby 

connecting integral bridge structures 1 and 2 together but leaving deck structure 3 independent (Fig. 

5). Consequently, diaphragm action, provided by the deck, can be transmitted across the deck joint at 

Pier 4 but not at Pier 7 and hence the bridge behaves non-symetrically for transverse seismic loading. 
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As a result, torsion effects are induced causing a relatively large displacement demand at the Pier 7 

half columns. The vertical reinforcing bars in the pier columns are poorly confined resulting in a 

brittle shear failure.  

     

Figure 7. Damage to western half-pier column at Pier 7. Front elevation (right). Side elevation (left). 

The temporary cross bracing was installed at Piers 4 and 7 to prevent portal action, significantly 

increasing the pier stiffness compared to the other portal frame piers. This changes the lateral load 

resisting system of the bridge; lateral loads being resisted primarily at only the abutments and Piers 4 

and 7. The critical shear weakness in the columns of Piers 4 and 7 is by-passed by transferring lateral 

loads directly from the pier caps above to the pile caps below. The temporary bracing increases the 

lateral capacity of the bridge, but more importantly, it changes the failure mechanism from one of 

brittle shear failure to the more ductile failure of tensile yielding of vertical reinforcing bars in the pier 

columns. The bracing appears to have performed well in the recent earthquakes since April 2011.  

The long term repair solution for the bridge is still under development. It is likely that half-piers 4 and 

7 will be completely reconstructed between the upper and lower hinges and a new reinforcement cage 

with improved confinement will be used. The design of the temporary cross bracing and vertical 

propping was detailed such as to enable pier reconstruction whilst keeping the bracing and props in 

place. Repair solutions for other defects observed include FRP wrapping at the top and bottom of the 

columns of the remaining piers to provide confinement to the hinge regions, installing linkage bars 

across the joint at Pier 7 and improving the linkage between the deck ends and the abutments. Further 

detailed assessment including liquefaction risks and the need for underpinning would need to be 

considered to ensure the long term performance of the bridge. 

 

 

Figure 8. Temporary cross bracing at Pier 7 (looking west) with temporary steel props behind. 
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5 CONCLUSION 

This paper has discussed the observed damage to bridges following the recent Canterbury earthquakes 

2010-11. Examples of different structural forms have been used as case studies to highlight their 

respective behaviour and the following conclusions can be drawn.  

• The designer needs to understand how different structural forms will behave in real 

earthquakes and detail the structure to account for this.  

• Areas susceptible to liquefaction should have ground improvement to prevent approach 

damage and severe loading to abutments (especially where on a critical lifeline route, where 

continued access is critical) as well as structural detailing to resist loads from lateral 

spreading. The vulnerability and improvement of abutment soils is discussed by Brabhaharan 

et al (2011). 

• In areas susceptible to liquefaction, damage was particularly significant to bridges with closely 

spaced, slender piles and/or slender superstructures, high abutments, and a lack of continuity 

through the superstructure/abutment joints. Discrete, stiff, robust piles with spill-through 

abutments using minimal height abutment walls are recommended.  

• While continuous multi-span superstructures often provide significant construction and design 

efficiencies, their susceptibility to differential settlement means that greater attention to the 

design of the abutment foundations is required. More significant foundations, or other 

measures (such as ground improvement), may be required, offsetting the benefits provided.   

• The adverse effects of settlement are much worse for continuous bridges, when compared to 

simply supported bridges with a similar extent of differential settlement. Therefore, 

geotechnical investigation needs to be more extensive than for simply supported construction. 

Simply supported construction should be used where differential settlement (due to 

liquefaction or otherwise) is likely and preventative works are expensive or impractical. 

• Integral and semi-integral abutments have helped to limit rotation during liquefaction induced 

lateral spreading. This may also have reduced the extent of settlement. 

• For bridges with a continuous superstructure, the use of non-prestressed continuity 

reinforcement over the piers may reduce damage to the superstructure at these locations.  It is 

also more robust and easier to repair than prestressed reinforcement. 

• Care should be taken not to introduce unintentional non-symmetric behaviour either in the 

design of new structures or retrofit work.  

• When considering temporary emergency strengthening, consideration of the potential failure 

mechanisms is important and significant improvement in behaviour is obtained if brittle 

failure mechanisms can be removed.  
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