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ABSTRACT: The State Highway 3 Cobham Bridge in Wanganui was assessed for its 

performance in earthquakes, and ability to provide access for traffic across the Wanganui 

River after large events.  Detailed assessment of the bridge using a displacement based 

assessment approach enabled a cost effective strengthening design to be developed. 

The retrofit works comprised strengthening the plastic hinge region of two of the piers for 

shear and ground improvement at the abutments to reduce damage from liquefaction and 

consequent lateral spreading. 

Ground improvement comprised an optimum combination of stone columns, vertical 

drains, and ground replacement.  Stone columns and wick drains were installed in a 

triangular shaped area to economically protect each abutment.  The stone columns 

strengthen the ground against instability and provide drainage in earthquakes. The 

vertical drains facilitate dissipation of pore pressures generated during stone column 

vibro-compaction and provide additional drainage capacity during earthquakes.  

The stone columns were constructed by drilling temporarily cased holes and compacting 

gravel in place using vibration of the casing and a central probe, as the casing is 

withdrawn, to maximise drainage capacity and strength.  

The strengthening measures adopted were designed to provide an acceptable level of 

performance, that is quick reinstatement of access after major events, cost effectively.   

1 INTRODUCTION 

The State Highway 3 Cobham Bridge provides access across the Whanganui River, just upstream of 

its confluence with the sea, and is located southwest of the city centre.  The 275 m long, 9 span bridge 

was designed in 1959 by the Ministry of Works, and constructed in 1962, see Figure 1.   

 

Figure 1 - Cobham Bridge across the Wanganui River 
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The bridge carries over 9,000 vehicles per day.  It was prioritised for detailed seismic assessment and 

retrofit, based on the seismic screening and prioritisation of all state highway bridges in New Zealand 

for the then Transit New Zealand (now NZTA). 

Opus International Consultants (Opus) was commissioned by Transit, and completed geotechnical 

investigations, a review of the earlier phase of detailed assessment by Bloxam Burnett & Oliver and 

Earthtech Consulting, design of retrofit measures and management of construction. Retrofit 

construction by Contractor Brian Perry Civil was completed in 2008.   

2 THE STRUCTURE 

The 275 m long bridge comprises 9 spans.  First three spans from each abutment are each composed of 

four 27.4 m post-tensioned precast concrete I-beams with a composite in situ concrete deck. Then the 

next 32.9 m span from each end comprises a 3 web, post-tensioned, cast in situ, haunched concrete 

box girder cantilevering 9.8 m into the centre span.  Four 24.4 m long post-tensioned precast concrete 

I-beams complete the 43.9 m long centre span.  In 2002, a combined pedestrian / cycle footbridge was 

added to the bridge on its downstream side, and comprises a steel truss with laminated timber decking, 

supported on brackets cantilevering from the side of the main bridge piers. 

Piers are full width reinforced concrete walls.  Those supporting the end I-beam spans are 5.3 m high 

and taper from 914 mm thickness at their tops down to 508 mm thickness at their base, while the two 

central piers are 4.0 m high and taper from 814 mm thickness at their tops down to 508 mm thickness 

at their base.   

Central piers (E and F) are each supported on 18 ~ 400 mm square prestressed concrete piles with the 

four at each end of the pile cap and central pair raking longitudinally at 1:6.5, while the other eight 

piles rake transversely at 1:4.  The remaining piers are supported on 14 ~400 mm square prestressed 

concrete piles, again with the four at each end and the central pair raking longitudinally at 1:6.5, while 

the other four piles rake transversely at 1:4. 

The abutments are supported on raked prestressed concrete piles with 5 raking forward longitudinally 

at 1:3 and 4 raking backward at 1:3. 

Interconnection between spans and between spans and the piers is achieved as follows: 

 beam spans to piers – 6 ~ 25.4 mm diameter hold-down bolts at each end into 76 mm diameter by 

305 mm deep Pliastic filled holes at each span end 

 Box girder spans to their outer end piers - 4 ~ 25.4 mm diameter hold-down bolts at each end into 

76 mm diameter by 305 mm deep Pliastic filled holes 

 Box girder spans to the centre piers – 6 ~ 38 mm diameter hold-down bolts at each pier 

 Suspended I beam centre span to cantilevered box girder spans - 4 ~ 25 mm dia. hold-down bolts at 

each end into 76 mm dia. by 305 mm deep Pliastic filled holes, and 4 ~ 25 mm dia. linkage bolts 

 End I-beam spans to each other, to the abutments, and to the box girder spans – 4 ~ 50.8 mm 

diameter linkage bolts at each support.   

3 SEISMICITY 

The bridge is located in an area of moderate seismicity in New Zealand.  Classification of the subsoil 

type as per NZS 1170.5 (Standards New Zealand, 2005), is Class D – deep soil site, based on the 

geotechnical conditions determined at the site. 

A site specific hazard spectra developed by GNS for the previous assessment was adopted.  The peak 

ground accelerations of ground shaking were determined as: 

 0.29g for a 475 year return period and 

 0.34g for a 1000 year return period. 
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Five percent damped hazard spectra for 475 and 1000 year return period are presented in Figure 3.  

Spectra for a 1000 year return period in terms of acceleration versus displacement, including a 

structural performance factor of Sp = 0.67 are also presented for damping values from 5% to 40%. 

 

Cobham Bridge Hazard Spectra
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Figure 3  - Site specific hazard spectra for Cobham Bridge 

4 GROUND CONDITIONS 

Geology of the area is alluvium comprising sand and silt of Holocene Age, deposited in an estuarine 

environment.  An initial geological section was developed by Earthtech Consulting using logs of 

boreholes drilled prior to bridge construction and logs from two additional boreholes drilled at some 

distance away from the bridge abutment. 

After an initial assessment of risks and possible retrofit options, further geotechnical investigations 

comprising three boreholes (two on the approach embankments behind the abutments and one on the 

southern river bank close to the bridge), eight Static Cone Penetration Tests and laboratory 

classification tests were carried out to provide information for the assessment and retrofit design.  

Piezometers installed in boreholes were monitored to determine groundwater levels.  An interpreted 

geotechnical section showing the stratigraphy along the bridge is presented on Figure 2. 

 

 

Figure 2  - Geotechnical Long Section along Cobham Bridge 

Cobham Bridge 1000 year Spectra, Sp = 0.67 (GNS 2003)
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In summary, the ground at the bridge abutments comprises: 

 Embankment fill - loose to medium dense sandy gravel and silty sand, of about 7 m thickness 

 Loose silty sand of 1.5 m thickness 

 Dense sandy gravel of 2 m to 3 m thickness 

 Clay / silt to significant depth. 

5 PERFORMANCE OF GROUND AND APPROACH EMBANKMENT 

5.1 Liquefaction Assessment 

The Cobham Bridge site has the potential for liquefaction, and consequent lateral spreading and 

approach embankment failure. Layers of sand and silty sand that are susceptible to liquefaction are 

present at both north and south abutments, both within the embankment fill and alluvium deposits 

below the fill.  Liquefaction susceptibility of the ground at the abutments was assessed considering the 

grading of the soils, water levels and density, and the results are summarised in Table 1. 

Table 1 – Liquefaction Susceptibility at North & South Abutments 

Depth below Road 

level 
Soil Unit Soil Description 

Liquefaction 

Susceptibility 

0 – 4.5 m (north) Embankment 

Fill 

Loose gravelly sand 
Not susceptible, dry 

0 – 6 m (south) Medium dense gravelly sand & sand 

4.5 m – 7 m (north) Embankment 

Fill 

Loose gravelly sand & sand Susceptible 

6 m to 7 m (south) Medium dense sand Highly susceptible 

7 m to 10 m (north) 

Alluvium 

Medium dense silty sand / sandy silt Susceptible 

7 m to 10 m (south) Medium dense sandy silt 
Moderately susceptible, 

high fines content. 

10 m to 12 m (north) Alluvium Medium dense sand Susceptible 

12 m to 15 m (north) 
Alluvium Very dense sandy gravel Not susceptible, dense. 

10 m to 12 m (south) 

Below 15 m (north) 

Alluvium 

Firm to stiff silt with some clay, 

interbedded silty fine sand 

Not susceptible. Thin silty 

sand layers not significant. 

Below 12 m (south) 
Soft to firm silt with some clay, 

moderate plasticity 

Not susceptible, high fines 

content and plasticity. 

In summary, the ground at the northern abutment exhibits a high susceptibility to liquefaction, while 

the ground at the southern abutment exhibits a moderate susceptibility.  Borehole information from the 

time of bridge design and construction, see Figure 2, suggests generally fine grained soils resistant to 

liquefaction, at the central piers.  Any potentially liquefiable layers are either thin or near the surface.  

Liquefaction analyses following the Robertson and Wride (1998) approach, indicate that liquefaction 

could occur with peak ground accelerations as low as 0.1g to 0.15g, which corresponds to a return 

period of earthquake shaking of about 120 years for this site.   

5.2 Effects of Liquefaction 

Liquefaction will almost certainly lead to slope failure, and lateral spreading of the embankments, 

either during earthquake shaking or in the hours afterwards while the pore water pressures in the 

liquefied soils remain high.  The excess pore water pressures generated during earthquake shaking will 

be slow to dissipate due to low permeability of the sandy silt layer between 7 m and 10 m depth. 

The effects of the embankments and river banks moving towards the centre of the river will be to 
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apply significant loads on the abutment and end piers and their supporting piles and to undermine the 

abutments.  Free field displacements can be expected to be in the order of hundreds of millimetres to 

metres.  Slumping of the approach embankments in a transverse direction will remove access to the 

bridge, with some reduction in the load on the abutments.    

The consequences of liquefaction at the central part of the bridge are low given the generally flat river 

bed in the middle of the river.  The two end piers near the abutments would be affected by liquefaction 

induced lateral spreading of the river banks. 

The assessed liquefaction and lateral spreading is consistent with historical records of sand boils, 

lateral spreading and shallow flow failures in three significant earthquakes in the last 170 years 

(Fairless, 1984), indicating that liquefaction had occurred along the banks of the Wanganui River. 

5.3 Performance of Approach Embankment 

Even in the absence of liquefaction, the approach embankment slopes will fail and lead to outward 

displacement during strong earthquake shaking exceeding about 0.2g to 0.25g, due to the steep slopes 

and the weak embankment fill and foundation soils. 

The approach embankments will laterally spread and displace outwards due to liquefaction in 

earthquake shaking exceeding a peak ground acceleration of about 0.1g to 0.15g. Free-field 

displacements could be of the order of hundreds of millimetres to over 1 metre.  This will lead to 

transverse failure of the approach embankments.  Longitudinally, the lateral spreading will lead to 

movement towards the river and significant earth loads on the bridge abutment structure. 

6 ASSESSMENT OF THE STRUCTURE 

6.1 Method of Assessment 

Structural assessment followed the recommendations of Priestley et al. (1996) and the displacement 

based approach outlined by the New Zealand Society for Earthquake Engineering (NZSEE, 2006). 

Probable member strengths, derived by applying factors to the specified characteristic material 

strengths, and upper and lower bound soil strength and stiffness and pile bearing and pull-out capacity 

assessed from geotechnical investigation results, were used. Member inelastic rotational capacities and 

reduction in shear strength due to formation of plastic hinges were assessed based on the 

recommendations of NZSEE (2006). 

 

Figure 4 - Example of a Structural Model Force - Displacement Graph  
with superimposed 1000 year return period earthquake demand curve 
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Two dimensional computer models were used to investigate: 

 the longitudinal behaviour of the bridge as a whole with the abutments modelled as roller supports 

 the longitudinal response of the abutments  

 the transverse response of a typical pier, a central pier, and the abutments, each loaded by their 

contributory mass of the superstructure. 

Various scenarios were modelled considering cases with and without liquefaction and upper and lower 

bound soil strength parameters. 

Modal and response spectrum analyses for a 1000 year return period event were initially used to derive 

the fundamental periods and the capacity /demand ratios for each part of the models, and parts of the 

structure likely to be most critical were identified.  Push over analyses was then used to determine the 

hierarchy of yielding or failure of the bridge elements.  Graphs of base shear coefficient vs 

displacement, including the 1000 year return period earthquake demand curve, were derived for the 

transverse and longitudinal models, an example of which is presented in Figure 4. 

6.2 Results of Structural Analyses 

6.2.1 Transverse Response 

Structural analyses assuming lower bound soil parameters (with or without liquefaction), predict that: 

 the piles yield due to bearing failure under less than 20 years return period shaking, and 

 plastic hinges form in the piles, at events between 70 and 110 year return period shaking. 

The piers have enough ductility to be able to displace more than 100 mm, compared to a displacement 

demand under a 1,000 year return period ~50 mm.  

However, assuming upper bound soil parameters and no liquefaction, the analyses predict: 

 plastic hinges form in the piles first at events between 240 and 380 year return periods, and 

 the piles yield in bearing capacity at events between 860 and 1300 year return periods. 

Yielding of the piles initiated at displacements of between 20 and 30 mm.  The displacement demand 

under a 1000 year return period event lies within the range of between 25 and 35 mm, while the 

displacement capacity of the structure was determined to exceed 50 mm.  

The transverse response of the abutments was governed by the piles reaching their curvature ductility 

limit with initiation of concrete crushing.  However, the piles were able to withstand the demand from 

a 1000 year return period event.  This performance was the same for all soil strength (upper / lower 

bound and liquefaction / no liquefaction) cases. 

6.2.2 Longitudinal Response 

The longitudinal response of bridge without abutment restraint, was characterised by plastic hinging 

forming at base of pier walls with failure occurring when their ductility limit was reached, as follows: 

 With lower bound soil parameters with or without liquefaction, the structure has capacity for up to 

250 mm of displacement, while the 1000 year return period displacement demand lies in the range 

of between 150 and 180 mm. 

 With upper bound soil strengths without liquefaction, hinging initiates at displacements of 30 mm 

for the end piers and 45 mm for the central two piers.  The shear capacity of the central two piers is 

reached at a displacement of ~110 mm, while the 1000 year return period event displacement 

demand is ~105 mm.  The structure is capable still of absorbing a further 20 mm of displacement 

provided the central piers (E and F) are strengthened for shear. 

Under longitudinal response: 

 the abutments will fail if liquefaction occurs due to the large forces imposed on them by inward 

displacement of the embankments towards the river. 

 if liquefaction is prevented, abutments are capable of providing significant restraint to the bridge. 
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The most critical case for an abutment is when it is pulled by the bridge toward the river and lower 

bound soil strengths are assumed.  Under this condition, bearing failure of the compression piles 

initiates at an earthquake return period of ~380 years, followed by shear failure of the tension piles at a 

return period of ~1700 years, and complete failure at a return period of ~2000 years when plastic 

hinges in the piles reach their rotational limit. 

The longitudinal resistance provided to the bridge by the various substructure components and the 

limiting displacement capacity is presented in Table 2, for upper and lower bound soil strength 

conditions with no liquefaction assumed.  Abutment case 1 and case 2 are cases of an abutment forced 

back into the approach embankment, and pulled forward away from the embankment, respectively. 

Table 2 – Bridge Capacity for Longitudinal Earthquake Response 

Soil 

Strength 

Condition 

Limiting 

Displacement 

Resistance Provided by Total Resistance 

(Piers + Abutments) 

Earthquake 

Capacity     

(Return Period) Piers 
Abutment 

(Case 1) 

Abutment 

(Case 2) 

Lower 

bound 
80 mm 3400 kN 3200 kN 1400 kN 8000 kN 2000 years 

Upper 

bound 
40 mm 5100 kN 6300 kN 3400 kN 14800 kN >2500 years 

7 OVERALL BRIDGE PERFORMANCE 

The structural analyses indicate that the structure can withstand a 1000 year return period earthquake 

event, provided that liquefaction does not occur at the abutments.  The structure can withstand a 

2,500 year return period event, except for central piers E and F which would need to be strengthened 

for shear to provide a greater assurance that they will perform without failure. However, if liquefaction 

occurs, the abutment structure is expected to fail under large forces from the embankment fill. 

The approach embankments can also fail transversely leading to loss of access to the bridge, although 

this can be relatively quickly reinstated by earth moving machinery. 

8 STRENGTHENING OF BRIDGE 

8.1 Strengthening Required 

Strengthening is required to: 

(a) Minimise the potential for and effects of liquefaction affecting the abutments and the first pier. 

(b) Increase the shear capacity of the central piers (E and F) 

(c) Strengthen the abutment back wall and upgrade linkage of the superstructure to the abutments. 

It would be very costly to strengthen the whole approach embankment, and failure of the approaches 

away from abutment structures is considered to be acceptable, as the approaches can be relatively 

quickly reinstated by earthmoving machinery after a large earthquake that leads to their failure. 

8.2 Ground Improvement 

8.2.1 Objectives and Scope 

The objective of the ground improvement was to: 

 provide drainage to reduce the increase in porewater pressures in the liquefiable layers, and to 

minimise the potential for and extent of liquefaction 

 strengthen ground, to reduce potential for displacement of slope under strong earthquake shaking. 

Ground improvement measures adopted for the seismic strengthening of the bridge comprised: 

 stone columns and wick drains, behind and adjacent to the north and south abutments 

 replacement of ground with compacted gravel, between the abutment and the first pier / river bank. 
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8.2.2 Stone Columns and Wick Drains 

The layout of the stone columns and wick drains adopted is shown on Figure 5. 

 

Figure 5 – Layout of Ground Improvement at South Abutment 

The key features of the stone columns and wick drains are: 

 The design philosophy for the ground improvement of protecting the abutment while allowing 

lateral spreading or failure of the approach embankment slope away from the abutment, was 

achieved by improving a novel triangular shaped area behind each abutment, using stone columns 

and wick drains, see Figure 5.  This recognises that provided that the structure is protected from 

failure, the approach embankment could be quickly reinstated by earth moving machinery after a 

major earthquake.  This ground improvement approach follows the concept design for ground 

improvement to protect bridges from liquefaction developed by Chapman and Brabhaharan (1994).  

This approach optimised the area of ground improvement, leading to a cost effective solution. 

 Stone columns were installed at a triangular spacing of 1.8 m, to about 12.5 m depth, into the very 

dense sandy gravel.  The wick drains are located in between the stone columns.  The embankment 

fill and the underlying loose to medium dense silty sand layer were improved. 

 The wick drains were installed to the full depth in between the stone column locations prior to the 

construction of stone columns in each area.  The purpose of the wick drains was to facilitate 

dissipation of the pore pressures generated in the ground during vibration of the stone columns, 

facilitating densification of the ground. 

 The wick drains also provide additional drainage of the ground in between the stone columns, in 

the event of a rise in pore pressures during an earthquake. 

 A new construction approach was adopted, comprising drilled and compacted stone columns. Holes 

were drilled to 600 mm diameter with casing providing temporary support.  A central steel probe 

was lowered into the hole, clean 5 mm to 50 mm size aggregate was poured into the hole in stages, 

and the casing and central probe were withdrawn, with concurrent vibration to compact the stone.  

The construction of the stone columns is shown on Figure 6. This stone column construction technique 

was developed and used for the following reasons: 

 To achieve well compacted free draining stone columns, recognising that traditional vibroflotation 

methods would lead to mixing of the clean stone column gravel and the surrounding silty sand / 

sandy silt, leading to a lower permeability; 

 To minimise the risk of failure or adverse impacts on the highway and services along the 

approaches which were in continual use. The use of traditional vibroflotation methods had the 

potential to destabilise the approach embankments, damage services and induce additional loads on 

the abutment structure, due to the water jet used and high pore water pressures generated by the 
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uncontrolled vibration of the vibroflot probe.  These risks were avoided by the method adopted, 

and the ground improvement was completed without adverse effects on the highway or services. 

 

     (a)                (b)              (c)     

Figure 6 – Construction of Stone Columns (a, b); Shear Strengthening of Central Piers with Bolts & Straps (c) 

8.2.3 Ground Replacement 

A cost effective ground replacement method for liquefaction mitigation was adopted between the 

abutment and the river bank, where the headroom was limited below the bridge, and the depth of 

liquefiable materials was shallow (less than 4 m). The method comprised a combination of bulk 

excavation and trench excavation, and replacement with well compacted gravel.  The dense ground 

achieved contributes to the reinforcement of the abutment slope and protects the abutment and first 

pier structures, see layout on Figure 5. 

8.2.4 Performance of Improved Ground and Stability 

Stability analyses assuming composite ground comprising improved and unimproved soil were carried 

out using the Slope / W software.  This indicated that the improved abutment slope will have a factor 

of safety against failure of about 2.1 to 2.3. 

One of the scenarios assessed was to conservatively assume that some soil between the stone columns 

could still reach a liquefied state.  The permanent displacements of the approach embankment in a 

design earthquake (1000 year return period) were assessed to be of the order of 70  mm to 100 mm 

assuming a reduced peak ground acceleration and duration (energy output from the earthquake) after 

the onset of liquefaction.  The reduced peak ground acceleration and magnitude recognise that the 

energy in an earthquake after the onset of liquefaction or in an aftershock would likely be significantly 

lower than the main earthquake shock in its entirety. Such reduced levels of displacements with the 

ground improvement can be accommodated by the 600 mm diameter stone columns, and can be 

tolerated by the abutment structure without shearing the piles. 

This approach confirmed that even if there is some liquefaction between the stone columns in a large 

design earthquake, the abutment slope and the structure will perform satisfactorily during the 

remaining duration of the earthquake and in aftershocks. 

A Council sewer is located in front of the northern abutment, and the ground improvement works also 

enhances the security of this section of the sewer by reducing the potential for lateral spreading 

displacement of the ground. 

8.3 Structural Strengthening 

The central two piers (E and F) were strengthened for shear to ensure the performance of the bridge 

for earthquake response in the longitudinal direction. The strengthening was carried out by through-

bolting the pier walls with the bolts anchored against steel straps at either wall face, see Figure 6. 

Additional linkage bolts were installed at the abutments to upgrade the linkage of the superstructure to 

the abutment, and abutment back walls strengthened with steel RSC sections fixed to their back faces, 

cantilevering from abutment sill beams, with the linkage bolts anchoring directly to the RSC sections. 
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9 CONCLUSIONS 

A number of key analysis, design and construction features were used in the assessment of retrofit of 

the Cobham Bridge, including: 

(a) The use of displacement based analysis techniques to make a realistic assessment of the 

performance of the bridge structure.  

(b) Consideration of the risk to access and the performance expectations to develop the level of 

strengthening appropriate.  For example, ground improvement to just protect the abutment while 

allowing the approach to fail in a large earthquake, recognises that the approaches can be quickly 

restored, leading to significant cost savings. 

(c) Acceptable performance was achieved using a novel approach of improving only a triangular area 

of ground behind each abutment, thus optimising the extent of ground improvement adopted. 

(d) Stone column construction methodology with drilled and compacted columns was developed to 

achieve higher performance columns with good drainage properties and strength, than that 

achievable by traditional vibroflotation techniques.  This also minimised the risk to an active 

highway with a number of services. 

(e) Targeted structural strengthening of the central two piers and of the abutment linkages only. 

Overall, the innovative assessment and strengthening adopted led to an effective and economical 

retrofit solution for the Cobham Bridge. 
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