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ABSTRACT: The Waikato Expressway is being constructed in a number of sections. 

Opus has been involved in the scheme assessment and specimen design stages for the 

Hamilton and Cambridge Bypass sections and is currently part of the alliance team 

constructing the Te Rapa Bypass section. These sections of the Waikato Expressway are 

constructed on the thick alluvial sands and silts. The deep sediments and complex ground 

water conditions in the Waikato basin provide challenges for seismic design. 

Geotechnical assessment of the gully soils is complicated by the steep gully slopes, 

interbedded nature of the soils, perched and artesian water tables. The geotechnical 

earthquake engineering challenges involved management of liquefaction hazards and 

performance based design of slopes and bridge foundations. This paper discusses the 

liquefaction susceptibility of the Hinuera deposits, foundation concepts for bridges 

including discussion on soil structure interaction and managing liquefaction risks at 

bridges. Bridge foundation performance was analysed using finite element time history 

analysis. 

1 INTRODUCTION 

The Waikato Expressway, one of the seven New Zealand Transport Agency (NZTA) Roads of 

National Significance, is a 102 km long upgrade of State Highway 1 (SH 1) from Pokeno in the north 

to Cambridge in the south  (Figure 1). The expressway route has been broken up into twelve sections 

with Opus International Consultants Ltd (Opus) having recently been involved in the Te Rapa, 

Cambridge and Hamilton sections (Opus, 2009, 2009a, 2011). All three sections of the Waikato 

Expressway that Opus has recently been involved in are greenfield projects. The 7.3 km long Te Rapa 

section, due to be completed by 2013, connects the future Ngaruawahia section to the current SH 1. 

Opus’ involvement with this section was from the early concept stages right through to construction. 

The construction was carried out under an Alliance contract with NZTA, Fulton Hogan and Opus. The 

Cambridge section is a 10.4 km long deviation around Cambridge, with Opus carrying out the scheme 

design and acting as the client’s agent for the design and construction phase, which included the 

specimen design. As with the Cambridge section Opus have carried out the scheme design and are to 

be the client’s agent for the Hamilton section.  This section is 21.8 km long and connects the 

Tamahere interchange with the future Ngaruawahia section. 

2 GEOLOGY AND SEISMICITY 

2.1 Geology 

The geology along the Waikato Expressway is shown and typical geological units are marked by 

numbers (1 to 8) in Figure 1. The geology along the southern end of the Waikato Expressway 

designation is predominantly Hinuera Formation (2) and associated alluvial sediments and Walton 

Subgroup (3). The Hinuera Formation comprising cross bedded pumice sand, silt and gravel with 

interbedded peat is up to 90 m thick. The Walton Subgroup comprises pumiceous silt, sand and gravel 

with interbedded peat and rhyolitic pumice. Hamilton Ash, a strongly weathered clay rich tephra is 
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present between the Hinuera Formation and Walton Subgroup. In addition to the Hinuera Formation 

and Walton Subgroup, recently deposited alluvial soils of the Taupo Formation (1) are typically found 

at the base of the various gullies. These deposits are very soft and consist of pumice sand, silt and 

gravel alluvium with charcoal fragments in the Cambridge area and sand, silt mud and clay, and 

localised gravel pockets and peat beds further north. As the alignment passes Mount Taupiri and the 

surrounding hills south of Huntly, the geology is predominantly a siltstone basement rock (6). 

Between Huntly and Meremere the geology is similar to much of the southern end of the alignment. 

North of Meremere the Amokura Formation and Mercer Sandstone, consisting of sandstone and 

mudstone, are present (6). Nearer to Pokeno the geology becomes influenced by the South Auckland 

Volcanic Field with the presence of basaltic lava (8) and ash (7). 

 

Figure 1 Waikato Expressway designation and geology 

2.2 Ground conditions 

At the southern end of the alignment the dominant Hinuera Formation can be divided into three typical 

subunits: subunit A - a highly variable interbedded sand, silty sand and silt; subunit B - a medium 

dense sand; and subunit C a highly variable interbedded sand, silty sand and silt similar to subunit A. 

Beneath this formation, the Walton Subgroup can be divided into two typical subunits: D (a firm silt) 

and E (a dense sand or stiff silt). In locations where the Waikato Expressway route traversed stream 

gullies, the ground conditions typically comprise of over 60 m of Hinuera Formation alluvial sands 

interbedded with silts. Sands become dense to very dense at depths of typically 20 m to 40 m. In the 

base of the gullies the upper 10 m to 15 is a younger alluvium, identified as subunit F.   Subunit F 

consists of loose alluvial sands and silts with pockets of peat. Typical borehole test data and cone 

penetration test (CPT) results for subunits A to F are shown on Figure 2. Figures 2 also show soil 

layers that have potential for liquefaction as assessed by the computer software LiquefyPro. 

Ground water table was encountered at depths ranging from 2 m to 25 m at various sections of the 

Waikato Expressway. There is evidence of perched and confined groundwater at multiple locations 

along the southern part of the alignment. A subartesian aquifer was encountered during geotechnical 
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investigations at the base of one of the gullies. 

 

Figure 2 Typical borehole and CPT data (left);  typical CPT data at the base of gullies (right) 

2.3 Seismicity 

There are two faults which influence the level of seismic hazard along the designation; these are the 

Kerepehi Fault and Wairoa Fault. The Kerepehi Fault is approximately 30 km east of Cambridge at its 

nearest location and dominates the seismic hazard in the southern end of the alignment. In addition to 

the Kerepehi Fault, the northern end of the designation is within 15 km of the Wairoa Fault. A site 

specific seismic hazard study was carried out by GNS for the Waikato Expressway route suggesting a 

magnitude weighted peak ground acceleration ranging from 0.19 g at the northern end to 0.23 g at the 

southern end based on a 2500-year return period (Buxton et al., 2010). 

3 GEOTECHNICAL EARTHQUAKE ENGINEERING ISSUES 

Although in an area of low seismicity, the ground conditions, the high post disaster importance of this 

lifeline route and the need to balance design for seismic performance against cost provided some 

design challenges. 

Due to the low seismic hazard in the Waikato and the age of the Hinuera deposits, there is generally a 

low liquefaction hazard along the Waikato Expressway. However, there are lenses of liquefiable sands 

and low plasticity silts below the water table within the Hinuera formation. Because of their alluvial 

deposition, liquefiable soil lenses within the Hinuera formation are often of limited lateral and vertical 

extent. 

The young alluvium in areas around streams and in the base of the gullies is typically loose and highly 

susceptible to liquefaction. The artesian water pressures in some of the gullies increase the 

liquefaction susceptibility of the sands and silts that form the gully floors. Significant loss of soil 

strength and stiffness due to increased porewater pressures during liquefaction can cause lateral 

spreading of embankments, cuts or natural slopes, subsidence, erosion and ejection of sand at the 
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surface (sand boils). Liquefaction will also affect the amplitude and frequency of ground surface 

motions. 

Shallow footings for structures had to be designed to avoid liquefaction induced bearing capacity 

failure or severe settlement. Settlement of piles associated with liquefaction of soil below the pile 

founding depth and downdrag due to subsidence of non-liquefiable soil layers surrounding the pile 

shaft had to be considered. Permanent ground deformation from lateral spreading as well as the 

temporary large differential lateral ground displacements that can occur through liquefied layers 

during an earthquake combined with structure inertia can induce large bending moments and shear 

forces in bridge foundation elements. 

The Cambridge and Hamilton sections cross the Karapiro, Mangaonua, Mangaone and 

Mangaharakeke streams which are located in incised gullies up to 40 m deep. In addition to the 

aforementioned design considerations, piled foundations had to be designed to tolerate limited lateral 

support due to the presence of the soft silts and loose sands at the base of the gullies. 

4 BRIDGES WITH APPROACH EMBANKMENTS 

Due to the often high ground water table and the sandy soils, the preference has been to construct 

grade separated intersections with embankments and put either the intersecting road or the expressway 

over the other rather than digging under. There is generally a low liquefaction hazard at many of these 

bridges. However, some thin layers, typically of limited lateral extent could liquefy in medium to large 

earthquakes. This was the case for the Central interchange and Gilchrist Bridge, part of the Te Rapa 

Bypass. Rather than try to mitigate the liquefaction directly using ground improvement, a ductile 

system to deal with the effects of localised liquefaction has been utilised. Some lateral displacement 

and subsidence of the embankments is expected in a medium to large earthquake. However, the bridge 

has been designed to tolerate these movements and provide satisfactory service post-earthquake. The 

system is shown in Figure 3 and comprises spill through slopes at the abutments; geogrid 

reinforcement in the embankments; and ductile concrete filled steel shell piles driven into dense sands 

below potentially liquefiable soils. 

 

Figure 3 Embankment reinforcement details 

The geogrid along with the pinning provided by the piles will mitigate lateral slope displacements in 

the longitudinal direction (along the road) and therefore reduce the bending demand on the piles. The 

grid is weaker in the transverse direction to encourage ground displacements in the line of the 

abutment pile group rather than across it. The 2H:1V slopes were specified by the principal for Te 

Rapa Bypass and created a lower state of initial shear stress within the underlying soils, thus making 

them less prone to liquefaction and associated displacements, compared with options with vertical 

abutment walls. Flow type failures associated with liquefaction are not expected at any of the bridges 

where this bridge foundation system has been used. The steel shell piles are smoother than cast in 

place concrete and less susceptible to downdrag by the embankment fill. Steel shell provides good 
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confinement to the concrete and conversely the concrete reduces the potential for buckling of the steel. 

Overall, these piles are relatively strong and ductile. This system resulted in considerable construction 

time as well as the cost savings and lower construction risks compared to concepts that included 

ground improvement. 

Many of the bridges on the northern Christchurch motorway have similar ground conditions. Most do 

not have specific features such as ground improvement to mitigate liquefaction or its effects, yet 

bridges where liquefaction was not severe, performed well. This also confirms that where possible, 

more cost-effective systems excluding costly ground improvement should be considered. 

5 BRIDGES ACROSS NATURAL GULLIES 

The Cambridge and Hamilton sections cross the Karapiro, Mangaonua, Mangaone and 

Mangaharakeke streams which are in incised gullies up to 40 m deep. Consent and designation 

constraints eliminated options for embankment and culvert crossings and restrict the amount the 

vertical alignment can be lowered to shorten the gully crossings. Therefore the bridges across these 

streams will be up to 270 m long, necessitating multiple spans and piers up to 35 m high. The ground 

conditions typically comprise alluvial sands interbedded with silts. Sands become dense to very dense 

at depths of typically 20 m to 40 m. In the base of the gullies, the upper 10 m to 15 m of alluvial sands 

and silts are typically loose and very susceptible to liquefaction but soils elsewhere are generally not 

susceptible to liquefaction. A typical section of the bridge across the Karapiro Gully is shown in 

Figure 4. 

Ground displacements resulting from earthquakes have a significant effect on bridge performance. 

Ground displacements in earthquakes are difficult to predict reliably, especially when there is a high 

potential for liquefaction such as at the gully crossings for the Hamilton and Cambridge Bypass 

sections. Initial concepts considered for specimen design included ground improvement to mitigate 

liquefaction, flattening the slopes, lengthening the bridge and stabilising the natural slopes using soil 

nails. The philosophy was to minimise free-field ground deformation in a large earthquake by 

providing a limit equilibrium slope stability factor of safety of 1.0 or greater using the design peak 

ground acceleration with liquefied soil strengths. Options to effectively prevent slope displacements 

had a significant cost and it was decided to assess the effects of slope displacements on the seismic 

performance of the bridge structure in more detail. A series of time history finite element analyses 

were carried out of the gully slopes on their own and together with the bridge. The purpose of the 

analyses was to assess the spatial and temporal distribution of the slope displacements, the benefits of 

ground improvement, the pinning effect provided by the piles, and the effects of structural inertia on 

seismic performance. 

 

Figure 4 Typical section of bridge across Karapiro Gully 
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Five crustal earthquake records were selected for analysis. Rock outcrop records were selected to 

represent ultimate limit state earthquakes from the Kerepehi Fault and potential near site M6 to M6.5 

earthquakes. The records were scaled so that the peak ground accelerations calculated at the ground 

surface of a 1 D far-field analysis matched the design peak ground acceleration. Acceleration spectra 

calculated at the ground surface were then compared with the design spectra.  

The permanent free-field slope displacements calculated using the five earthquake records were in the 

order of 100 mm but ranged somewhat depending on when liquefaction was predicted to occur.  

Figure 5 shows the calculated free field ground deformations (or  permanent ground displacements) of 

one side of the Karapiro Gully at the end of one of the earthquakes. Figure 6 shows the estimated free-

field ground displacement profile at abutment A, pier B and pier C for each of the first 20 seconds of 

the earthquake. 

 

Figure 5 Calculated free field slope displacements 
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Figure 6 Calculated free field slope displacements at pile locations 

The high curvature of the displacement profile through the liquefied unit at pier C indicates an area 
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where there will be high bending demand on the piles. 

Given the uncertainty regarding the effects of liquefaction and the subsequent uncertainty in 

performance of the bridge, we decided to assess the benefits of improving the ground around the pier 

piles using stone columns. Our estimates of permanent slope displacements for the same earthquake 

but including ground improvement in the base of the gully are shown in Figure 7 and the displacement 

profiles at abutment A, pier B and pier C are shown on 8. 

 

Figure 7 Free field permanent slope displacements with ground improvement 

  

Figure 8 Free field displacement profiles with ground improvement 

As can be seen from Figure 7 and Figure 8, there is a considerable decrease in lateral displacement and 

curvature of the displacement profile at Pier C. Lateral displacement at the surface at pier B is reduced 

by approximately 40%. The reduction of displacements at the top of the gully is less pronounced.  

Figure 9 shows the combined effect of ground improvement and of the stiffness and inertia of the 

bridge structure on slope displacements. As can be seen from Figure 9, the slope displacements are 

further reduced due to the stiffness of the bridge structure. 
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Figure 9 Slope displacements including the bridge structure and ground improvement 

6 CONCLUSION 

The deep sand and silt sediments and complex ground water conditions in the Waikato basin provided 

challenges for seismic design of Waikato Expressway. The geotechnical earthquake engineering issues 

for the Waikato Expressway involved management of liquefaction hazard, soft soils and performance 

based design of slopes and bridge foundations. Artesian ground water pressures were taken into 

account in the analysis of liquefaction potential of soils and increased the risk of liquefaction in some 

of the deep gullies infilled with loose sand and soft silts. For bridges with approach embankments, a 

ductile system (geogrid reinforced slopes and steel shell piles) to deal with the effects of localised 

liquefaction without costly ground improvement has been utilised for the construction of some of the 

bridge abutments. For bridges across natural gullies, ground improvement (stone columns) in the 

gullies’ floors was used to mitigate liquefaction, and detailed time history finite element analysis of 

the gully slopes together with the bridge structure was carried out to prove that the seismic 

performance of the bridges and slopes will be adequate without costly ground improvement or slope 

stabilisation of the gully slopes. 
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