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SUMMARY 
 

The 2016 Kaikoura magnitude 7.8 (Mw) earthquake highlighted existing vulnerabilities in the 
rail and road transport network in New Zealand. This paper presents a case study of four 
reinforced concrete road bridges damaged in the Kaikoura earthquake; the Waima River, 
Lottery River, Lower Mason River and Wandle River Bridges (with the Lower Mason River and 
Lottery River Bridges being very similar). These multi-span, simply supported structures 
featured concrete hammerhead piers founded on reinforced concrete cylinders. They were 
constructed in the 1970s and 1980s and had been designed to respond to earthquake loading 
in a ductile manner. Plastic hinging and residual rotation of the piers, and displacement of the 
superstructure on the bearings was observed at all four bridges. Three of these bridges were 
repaired, whereas the Wandle River Bridge was demolished due to infeasibility of repair. The 
case study provides an overview of the remedial works undertaken at these bridges and the 
damage that was accepted. It also highlights the importance of limiting the amount of residual 
displacement and considering the reparability of bridges after a seismic event. Finally, 
examples of recent research and development in the design of low-damage bridges are 
presented. 
 
 
INTRODUCTION 
 
The Kaikoura earthquake caused considerable damage to the transport infrastructure in the 
South Island of New Zealand. The quake propagated from the epicentre near Culverden along 
the east coast of the South Island and towards Wellington, rupturing several faults in the 
process. Most road bridges in the area affected by the earthquake remained functional. The 
damage to some bridges however was substantial, compromising their vertical and seismic 
load capacity. In the months immediately following the earthquake, the North Canterbury 
Transport Infrastructure Recovery (NCTIR) was formed as an alliance between the New 
Zealand Transport Agency (NZTA), Kiwirail and a number of construction companies to 
reinstate the transport infrastructure. WSP Opus was involved in the recovery efforts initially 
as the Regional Bridge Asset Management Contractor for NZTA and later by providing design 
services to NCTIR. 
 
Unlike the Darfield and Christchurch earthquakes of 2010 and 2011, where most of the damage 
to infrastructure was observed in the city, the Kaikōura earthquake highlighted the 
vulnerabilities of the transport network of New Zealand to seismic events. While damage to 
bridges during the Christchurch and Darfield earthquakes was mostly a due to lateral 



spreading of the embankments, damage to bridges during the Kaikōura earthquake was mainly 
a result of inertial loading. 
 
State Highway 1 (SH1) which links Blenheim, Kaikōura and Christchurch, was closed after the 
earthquake mainly due to numerous massive slips which required an extensive amount of time 
to clear. This left the Inland Route, which uses sections of SH1 south, SH7 and Highway 70, 
as the only alternative route to access Kaikōura from Christchurch (Figure 1). Initial 
assessments within a few days after the earthquake indicated that most of the bridges on the 
Inland Route could remain open to traffic, albeit with reduced lanes and/or speed limitations. 
Where a bridge had sustained major damage, a ford or temporary structure was used over the 
stream or river to provide access for construction vehicles. The Inland Route was reopened to 
the public five weeks after the earthquake once sections of the road that had been blocked or 
lost due to slips had been reinstated to allow at least one lane of traffic. SH1 was not reopened 
to the public until 16 months after the earthquake. 
 
This paper provides an overview of four road bridges which were damaged extensively during 
the earthquake. All four of these bridges featured a simply supported superstructure seated on 
single column hammerhead piers and concrete cylinders. Due to a combination of their 
structural system and high seismic demands, these bridges sustained plastic hinging damage 
at the base of the piers and residual rotation of the pier columns. Details of the structure, the 
observed damage and repair methodology are discussed for the Lottery River, Lower Mason 
River and Waima River Bridges. The extent of damage in the Wandle River Bridge made repair 
uneconomical and this bridge was consequently demolished. Figure 1 shows the location of 
these bridges on SH1 and the Inland Route, and relative to the ruptured faults in the Kaikoura 
earthquake and nearest strong motion stations.  
 

  

Figure 1: Location of bridges relative to faults ruptured in the Kaikōura earthquake (shown in 
red), and measured PGA at closest strong motions stations 

 
LOWER MASON RIVER BRIDGE AND LOTTERY RIVER BRIDGE 
 
Lower Mason River Bridge 
 
The Lower Mason River Bridge is located on the Inland Route to Kaikōura, 123km north of 
Christchurch. It was constructed in 1986 and carries a single lane of bidirectional traffic over 
the Mason River. It has eight spans with a total length of 164 metres and has a straight 
alignment. The bridge has seven hammerhead piers approximately at 20.6m centres. The pier 
columns are 3.07m tall, are hexagonal in section and measure 1m across the flats. Each pier 



is supported by a 1.5m diameter steel-cased concrete cylinder approximately 11m in length. 
At the ends, the bridge features spill-through abutments with bank seats supported by 3 vertical 
driven steel H-piles. The simply supported superstructure consists of two precast, 
pretensioned I-beams with an in-situ concrete deck and in-situ diaphragms. Expansion joints 
at the abutments and at the central pier featured seismic gaps and knock-off block details. 
Articulation is provided by laminated elastomeric bearings at the piers and abutments. The 
superstructure diaphragms are connected to the pier caps via loose steel linkages and 
longitudinal and transverse concrete shear keys. The abutments and central pier however do 
not feature any transverse shear keys. Toroidal buffers protect the diaphragms, longitudinal 
shear keys and abutment headwall from pounding damage, while elastomeric bearings placed 
vertically protect the transverse shear keys and beam ends from pounding damage. At each 
end of the bridge, a 7.5m long friction slab is connected to the abutment via two 16mm steel 
rebars. Having been constructed in the 1980s, the Lower Mason River Bridge would have been 
designed to withstand up to 0.17g of horizontal acceleration.  
 
The earthquake caused plastic hinging to the base of the piers (Figure 2-a&b), displacement 
of the beams and partial or complete loss of bearing and consequent cracking in the 
diaphragms (Figure 2-c), and damage to the elastomeric bearings. The residual rotation of the 
piers in the transverse direction ranged from 0.3o to 1.7o. Embankment movement caused the 
two abutments to displace towards the central pier, dislocating the knock-off detail at the central 
pier and abutments, compressing the toroidal buffers on the abutment side of the longitudinal 
shear keys at the piers, and enlarging the gap between the diaphragms and shear keys on the 
opposite side. Residual displacement of the bridge in the transverse direction created a ‘step’ 
between the northern and southern ends of the bridge (Figure 2-d). Minor flexural cracking 
was observed in the headstocks due to vertical accelerations, cracking damage was observed 
in some longitudinal shear keys and pounding damage was observed in some beams and 
longitudinal and transverse shear keys. 
 
The plastic hinging damage at the base of the piers was severe and involved crushing of the 
concrete and buckling and yielding of the vertical reinforcement. Numerous vertical reinforcing 
bars were fractured, believed to be due to high strains from buckling. The spacing between the 
spirals in the pier columns was approximately equal to the maximum value recommended by 
NZS3101, which is larger than that recommended by Priestley et al. The third edition, 
amendment 3 of the NZTA Bridge Manual was updated to incorporate the values 
recommended by Priestley et al.  
 
Repair works to the Lower Mason River Bridge were carried out in two stages. The first stage 
involved emergency works to reinstate the strength of the pier columns, prevent their collapse 
in the case of another aftershock or major seismic event, and allow the bridge to be reopened 
to traffic. These works consisted of removal of the damaged knock-off blocks and re-alignment 
of the guardrails at the abutments and central pier, and repair of the plastic hinging damage in 
the pier columns. The options considered for repair of the piers included installation of steel 
jackets, FRP jackets and reinforced concrete jackets. The first two options were not considered 
extensively since FRP jackets would not easily provide any flexural enhancement to the 
columns, and steel casings would require welding to the existing casing. Concrete jackets 
however provided an ideal solution since the larger diameter concrete cylinders could 
accommodate epoxied reinforcing bars in the plastic hinge region (Figure 3-a&b). Reinforced 
concrete jackets would also provide durability in a river environment. The jackets were 
designed to bypass the existing reinforcement and resist the bending moment demand at the 
base of the columns without relying on the capacity of the existing reinforcement at the plastic 
hinge zone. A number of existing longitudinal bars were cut to ensure that the overstrength 
capacity of the strengthened columns did not exceed the shear capacity of the shear keys and 
columns. 
 



   

   

Figure 2: The Lower Mason River bridge: a&b) Plastic hinging in piers, c) Loss of beam 
bearing at abutment, d) Dislocation of knock-off block detail at central pier and lateral ‘step’  

 
The residual rotation of the damaged pier columns was accepted, and no attempts were made 
to jack them back to their original position as this would have been a major operation involving 
considerable costs and disruption. The impact of these rotations on the vertical and horizontal 
alignment of the bridge was considered minor. The lateral ‘step’ between the southern and 
northern ends of the bridge was also accepted, and no attempt was made to reinstate the 
superstructure to its original alignment. A minor modification to the guardrail crossing the 
central pier was required to provide a smooth alignment between the two ends of the bridge. 
 
The second phase of repair works is planned to be carried out in 2019 and will address the 
remaining damage to the bridge. The works aim to reseat the displaced beams on the 
elastomeric bearing pads, repair the minor concrete damage to the concrete shear keys and 
headstocks, and install new expansion joint details with reduced thermal gaps but without 
seismic gaps or knock-off details due to insufficient clearance. As previously described, the 
two halves of the bridge displaced longitudinally towards the central pier due to movement of 
the embankments, reducing the gap between each beam end diaphragm and longitudinal 
shear key on the side facing the abutment, and also between the beam end diaphragms and 
abutments, and creating permanent compression of the toroidal buffers. Since this residual 
movement was accepted and not rectified, during thermal expansion of the bridge the 
superstructure may push the piers towards the middle of the bridge. This could result in some 
minor cracking in the concrete jackets in the future. Since it is expected that the piers will only 
be pushed in one direction (towards the centre of the bridge), over time the thermal restraint 
will reduce and hence after a number of years, any cracks can be repaired permanently (Figure 
3-c). 
 
In summary, the consequences of residual displacement at the Lower Mason River Bridge was 
assessed and it was considered appropriate to accept a compromise on the future 
Serviceability Limit State (SLS) performance due to the high cost of repairing the bridge to 
satisfy SLS requirements, e.g. jacking the structure back to its original position. 
 

        a)                                                                    b) 
 

        c)                                                                    d) 
 



 

  
 

 

Figure 3: Reinforced concrete jackets at the Lower Mason River Bridge: a) During 
construction, b) After construction, c) Thermal expansion causing the superstructure to the 

push columns towards the centre of the bridge 

 
Lottery River Bridge 
 
The Lottery River Bridge was constructed in 1986 and is located 3.5km north of the Lower 
Mason River Bridge on the Inland Route to Kaikōura. It uses a similar structural system to the 
Lower Mason River Bridge, i.e. it has a similar, albeit shorter, superstructure with knock-off 
block detailing at the abutments and central pier and is supported by a similar abutment 
configuration and hammerhead piers. The bridge has six spans with a total length of 123 
metres. The piers are located approximately at 20.6m centres, supported by 2.37m tall pier 
columns.  
 
Damage to the Lottery River Bridge during the Kaikōura earthquake was similar but less 
significant than what was observed at the Lower Mason River Bridge. The bridge experienced 
plastic hinging at the pier columns, which involved buckling but not fracturing of the vertical 
reinforcing bars. The embankments had displaced towards the central pier, but the movement 
was less than what occurred at the Lower Mason River Bridge. This resulted in some closing 
of the seismic gaps and displacement of the knockoff blocks at the abutments (Figure 4-a), 
however the knock-off block detailing at the central pier hadn’t been dislodged (Figure 4-b). 
The bridge also experienced displacement of the beams and consequent reduction of 
elastomeric bearing support, minor flexural cracking to the hammerheads and concrete 

        a)                                                                    b) 
 

        c)                                                                    
 



damage to the shear keys. The damaged pier columns were repaired using concrete jackets. 
Further repair works planned for 2019 will involve replacement of the knockoff blocks at the 
abutments and central pier which will incorporate gaps for thermal expansion. Again, the 
consequences of residual displacement at the Lottery River Bridge was assessed and it was 
considered appropriate to accept a compromise on future SLS performance due to the high 
cost of repairs to address this. 
 

  
Figure 4: Lower Mason River Bridge: a) Damage to knock-off block at abutment and closing 

of seismic gap, b) Closing of expansion gap at central pier 
 
WAIMA (URE) RIVER BRIDGE 
 
The Waima (Ure) River Bridge is located 75km north of Kaikōura on SH1 north and was 
constructed in 1973. The 151m long two-lane bridge has a straight alignment and features an 
8.5m wide carriageway consisting of 8 spans, each 18.7 m long. Each span comprises four 
precast, pre-stressed I-beams, a cast-in-situ deck slab and in-situ concrete diaphragms. Each 
span is simply supported and linked to adjacent spans by tight linkage bars and additional 
linkages have been retrofitted through cored holes in the hammerheads anchored by brackets 
bolted to the underside of the beams. Expansion joints separate adjacent spans, and retrofitted 
steel shear keys on the hammerheads control the displacement of the superstructure in the 
transverse direction. 
 
Each hammerhead pier is supported by a 3.7m tall cylindrical column with a diameter of 1.5m, 
cast on top of a 1.5m steel cased concrete cylinder. The piles are 11.8 m deep and are belled 
out to 1.8 m diameter at the bottom. The permanent steel casing of the cylinders (delineating 
the top of the pile) terminates approximately 1m below the existing riverbed level. The 
abutments comprise in-situ sill beams and are founded on a pair of 1.5m diameter concrete 
filled steel cylinders. The abutments are connected to 1.8m long settlement slabs at a depth 
of 1.4m below the road surface. The bridge had previously suffered some minor spalling 
damage to the diaphragms and abutment beams during the 2013 magnitude 6.6 Grassmere 
earthquake. 
 
The bridge sustained considerable damage during the earthquake. At each abutment a 
residual rotation of the sill beam was measured in the longitudinal direction, and many of the 
deck joint gaps had closed, indicating a permanent total displacement of up to 40mm towards 
the river at both abutments. Pounding damage was evident on the superstructure and 
abutment headwalls. The abutment piles sustained flexural damage at the top, and extensive 
flexural damage was observed at all four wingwalls. 
 
The piers showed noticeable residual displacements, peaking at the mid-length of the bridge 
and reducing towards the abutments. The piers had a maximum residual rotation of 2.5o. The 
lean of the piers affected the cross-fall of the deck, creating drainage issues and hazards for 
motorists. Truck drivers in particular would notice their vehicle diverting to the lower side of the 
deck as they crossed the bridge. Excavation of the piles revealed circumferential and vertical 

        a)                                                                    b) 
 



cracking over a zone extending 1.0 m upwards from the top of the steel liner. Circumferential 
cracking was more prevalent on the downstream face which is the tension face of the residual 
rotation. Vertical cracking and crushing was more prevalent on the compression face being 
upstream. As a temporary measure Opus Research installed monitoring instrumentation on 
two piers with the most significant tilting, which provided real time data regarding the tilt of the 
piers. A live load test was carried out on the bridge using a 44-tonne heavy vehicle and the 
response of the bridge was recorded using the tilt-metres. The assessment showed that there 
was no significant loss of stiffness in the monitored piers as a result of the damage. The bridge 
was therefore re-opened to one lane of traffic with ongoing monitoring of the pier rotation.  
 
Removal of the cover concrete within the plastic hinge zone revealed the reinforcing steel to 
be visually intact and the concrete core well confined. Hardness tests and Magnetic particle 
inspection (MPI) were carried out on the exposed reinforcing and the results were used to 
check for fractures and estimate the level of plastic strain that the steel had been subjected to. 
The results showed that although the steel most likely hadn’t fractured, it had been subjected 
to yielding and strain hardening (Loporcaro et al. 2014). Reliably assessing the remaining 
ductility capacity of the columns was very difficult due to uncertainty in the actual response of 
the structure and the number of strain cycles that the reinforcement had been exposed to. 
Therefore, due to the risk of insufficient ductility capacity, a decision was taken to strengthen 
the hinge regions.  
 

  

Figure 5: Waima River Bridge: a) Residual rotation of piers towards upstream, b) Plastic 
hinging of a column base 

 
A number of different options were considered for repair of the columns and reinstatement of 
the cross-fall of the bridge. These options included jacking of the piers to a vertical position 
and repairing the concrete damage, and temporary propping of the piers followed by demolition 
and reconstruction of the plastic hinge zones. The preferred option was installation of steel 
jackets around the plastic hinge zones and improving the cross-fall of the deck by pouring 
variable depths of asphalt concrete (AC). It should be noted that installation of steel jackets 
increases the strength of the columns which will affect the locations of plastic hinging in a future 
seismic event, forcing them to form below or above the jacket. If the plastic hinging moves 
towards the top of the columns, it could result in an increased shear demand on the columns 
and shear keys and this needs to be considered in the design of the repair. 
 
Installation of the steel jackets started with removing the damaged concrete from the plastic 
hinge area (Figure 6-a) and repairing the cracked concrete inside the core via grouting. A steel 
jacket was then installed around the column (Figure 6-b). Welded steel fins connected the steel 
jacket to the existing casing of the piles. Concrete was poured in the gap between the steel 
jacket and existing pier column (Figure 6-c). Concrete repairs were also carried out at the 
damaged abutment piles and wingwalls.  
 
 

        a)                                                                    b) 
 



   
Figure 6: Waima River Bridge: a) Removal of damaged concrete from plastic hinge region, b) 

Installation of steel jacket, c) Pouring concrete between steel jacket and existing pier 
 
WANDLE RIVER BRIDGE 
 
The Wandle River Bridge was located on the Inland Route to Kaikōura, 130km north of 
Christchurch. It was constructed in 1987 and carried one lane of bidirectional traffic across the 
Wandle River. The bridge had a curved alignment and a 5.3 percent positive gradient towards 
the north. The bridge was supported by two hammerhead piers at 16.2m centres and spill-
through abutments with bank seats supported by 3 vertical driven steel H-piles. The pier 
columns were 4.8m tall, hexagonal in section and measured 1m between flats. Each pier was 
supported by a 1.5m diameter steel-cased concrete cylinder. 
 
The simply supported superstructure comprised three spans and had a total length of 33.5m. 
Each span comprised five precast double hollowcore beams, which were tied together in the 
transverse direction with three 24mm tie bolts. The superstructure had no link slabs, and the 
beams sat on bearing strips on either side of wide pier upstand beams. Four 32mm steel bars 
ran through ducts in the hammerheads and were grouted into in-situ gaps between the beams. 
At the abutments, two 16mm steel bars connected the beams and abutment backwall. External 
concrete shear keys on the hammerheads limited the transverse displacement of the beams 
at the piers. 
 
Investigations immediately after the earthquake revealed plastic hinging and excessive 
residual rotations of the pier columns equal to 5o and 7o (Figure 7-a&c). The columns had 
rotated towards the outside of the curve, possibly due to ratcheting as the bridge may have 
acted as a horizontal arch in one direction with the abutments acting as springs, causing it to 
have a higher transverse stiffness in that direction (Figure 7-d). The hammerheads had rotated 
while the abutments had remained horizontal, and this had caused the superstructure to twist, 
resulting in damage to the minimal transverse ties and separation of the beams (Figure 7-b). 
The bridge was assessed for live load and was deemed unfit for service. A temporary Bailey 
Bridge was installed adjacent to the bridge site to allow vehicles to cross the Wandle River. In 
order to protect the Bailey bridge, concrete blocks were placed in the river and were connected 
to the superstructure using heavy duty strops to provide a counterbalance to the bridge rotation 
and prevent it from overturning. The bridge was later demolished, and a new bridge is currently 
under construction over the Wandle River. 
 

        a)                                       b)                                       c) 
 



  

  

  
Figure 7: The Wandle River Bridge; a) Residual rotation in pier, b) Separation of 

superstructure beams due to rotation of hammerheads, c) Plastic hinging damage in 
columns, d) Arch action of bridge, e) Stabilising bridge using concrete weights, f) Demolition 

of bridge and temporary Bailey bridge 
 
CONCULSIONS 
 
This paper presented an overview of four bridges damaged in the Kaikōura earthquake in 
which large residual displacements were observed. It was not economically viable to restore 
these bridges to their original positions - residual deformation and compromised performance 
under SLS was therefore accepted for three bridges with relatively minor repairs. The Wandle 
River Bridge however had to be demolished since repair was not deemed economically viable. 
A summary of the observed damage and repair works is presented below: 
 
At the Waima River Bridge: 
- Steel encased cylinders allowed steel jackets to be welded to repair the plastic hinging. 

However, consideration should be given to the consequence of potential plastic hinges 
forming deeper in the cylinders or higher in the columns. 

- The cross-fall of the deck was affected by residual rotation of the piers and pavement 
reprofiling was required to address this. 

At the Lottery and Lower Mason River Bridges: 
- Plastic hinges formed in the pier columns and many of the vertical bars buckled and 

fractured. The NZTA Bridge Manual (Version 3 amendment 3) has been revised to mitigate 
this issue through hoop spacing requirements.  

- Lateral spreading of the embankments had caused closing of the seismic gaps. This 
damage was accepted, and the expansion joints will be repaired without reinstating the 

        a)                                                                    b) 
 

        c)                                                                    d) 
 

        e)                                                                    f) 
 



seismic gaps. Some compromise on the SLS performance under thermal restraint was 
accepted. 

- The larger diameter of the concrete cylinders accommodated dowelling of vertical bars 
which allowed installation of concrete jackets. 

At the Wandle River Bridge severe residual displacements warranted complete replacement. 
 
The Kaikōura earthquake has provided insight regarding the response of bridge structures and 
prompted discussions about the acceptable level of damage, residual displacement, plastic 
hinging and performance levels in bridges subjected to seismic loading. Acceptance of residual 
displacement in bridges may sometimes be an option, e.g. when their values are not excessive, 
and the bridge is on a relatively low-volume road such as the Inland Route. For the examples 
presented in this paper, the residual displacements were either accepted or the bridge was 
demolished. However, there are likely to be cases where large residual deformations cannot 
be accepted and this may be highly disruptive, particularly for high importance routes. 
 
The NZTA Bridge Manual provides guidelines for determining the level of seismic loading that 
bridges must be designed to while meeting certain performance levels. It also provides 
guidelines for the maximum target ductility in the structure. Limiting the ductility levels controls 
the amount of damage and residual displacements. However, these limitations mostly consider 
the accessibility for repair and the degree of damage at a local level, with less consideration 
of the flow-on effects of these deformations on the global residual displacements and 
reparability of the bridge, e.g. the cross-fall of the deck, horizontal and vertical alignment, ease 
of replacement of the ductile elements and bridge appearance. Recent advances introduce 
possible solutions to designing bridges that sustain minimum or limited damage after a seismic 
event (White & Palermo 2016, Liu & Palermo 2016). Self-centering rocking systems in 
particular can significantly reduce the amount of residual displacement in bridges. A recent 
example of a bridge constructed using this technology is the Wigram-Magdala Bridge in 
Christchurch (Routledge et al. 2016).  
 
In conclusion, during design consideration should be given to how the bridge structure will be 
repaired after an earthquake. In particular, if ductility is provided by conventional plastic hinges, 
it should be recognised that it is difficult to assess the residual ductility capacity of damaged 
plastic hinges and therefore, designers should avoid plastic hinge details that are difficult to 
repair. For example, whilst it may be possible to cut out and butt weld in lengths of 
reinforcement, this is very difficult and hazardous. This paper has identified two alternative 
methods of repair using jacketing and these may be appropriate in some circumstances. 
Further consideration of these issues will increase focus on the use of readily replaceable 
dissipaters and low-damage design of bridges. 
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