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ABSTRACT 
 
The new East Taupo Arterial includes a fourteen span viaduct with an overall length of 445m. The 
innovative structure was founded on shallow pads in alluvium and ignimbrite soils. The foundation 
design allowed significant construction benefits and efficiencies in a complex site that had difficult 
access. The design took advantage of the high strength soils. This paper summarises the 
geotechnical conditions at the bridge site as well as the challenges overcome during the design of the 
bridge. These included dealing with the response of the bridge to seismic events and the potential for 
displacement. The construction of the bridge is also described 
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1 INTRODUCTION 
 

The East Taupo Arterial is a new 16km long state highway on the eastern outskirts of the Taupo 
township. The highway was to reduce the number of heavy vehicles travelling through the centre of 
Taupo and the scenic lakefront which is popular with tourists. The NZ$110m project included a 100m 
span network arch bridge over the Waikato River and a bridge over the Contact Energy site at 
Wairakei Power Station. The project also included over 1M m3 earthworks and thermal blankets over 
geothermal hotspots. Fulton Hogan was awarded the design and construct contract by Taupo District 
Council. SKM was the lead designer. The New Zealand Transport Agency (NZTA) provided 
approximately 75% funding. 
 
The Contact Energy Bridge has fourteen spans with an overall length of 445m. It is located at the 
northern end of the project and north of the Waikato River. The spans vary from 20m to 36m to bridge 
over local roads, access tracks and the steamlines that feed the Wairakei geothermal power station. 
The superstructure consists of a steel ladder arrangement of main girders aligned with the pier 
columns with a reinforced concrete deck. The deck is supported by 1.2m diameter reinforced concrete 
columns between 7m and 24m high. The piers are founded on reinforced concrete pad foundations  
5m to 6m wide by 10.8m to 13.65m long. 
 
The bridge was longer than that envisaged in the Specimen Design, which comprised several discrete 
structures, all piled to a depth of at least 20m, with embankments in between. The revision to the 
design was a significant factor in winning the tender. The longer bridge had far less impact on the 
operational power station site. The pad foundations were more economic and easier to construct than 
piled foundations. 
 
 

2 GEOLOGY 

 
Taupo is located within the Taupo Volcanic Zone, the main area of active volcanism in New Zealand 
and an area of very active faulting and high seismicity. Lake Taupo, and the landscape where the 
bridge is located, was only established in the last 50,000 years, particularly due to the 26.5ka Oruanui 
eruption. The landscape was then modified in a series of rhyolitic eruptions, including the historic 
Taupo eruption of 186AD. Following this eruption, blockage of the lake outlet resulted in a water level 
rise of approximately 35m above present level. Sudden failure of the caldera rum following both the 
Oruanui and Taupo eruptions produced catastrophic break out floods, including through the bridge site 
area. These floods resulted in significant erosion and aggradation (Manville et al, 2007). 
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The ground conditions at the bridge site comprise a complex and varying sequence of fill, alluvial soils, 
mudstone, and ignimbrite soil and rocks. The alluvial soils include pumice rich soils from ignimbrite 
sources and lithic rich soils where the pumice soil has been removed through erosion. The alluvial 
soils were typically dense to very dense sandy gravels. The ignimbrite soils and rocks are typically 
poorly sorted sands and gravels, and predominantly unwelded although welded ignimbrite occurs 
locally at the southern end of the bridge at depth. Ignimbrites have unusual geomechanic properties, 
most notably their very low density and high shear strength.  
 

 
Figure 1. Geological interpretive section at northern part of bridge 

 
 

3 DISPLACEMENT BASED DESIGN 

 
Early in the design process it was recognised that one of the most critical factors would be the 
displacement performance of the foundations under various loading conditions. FHWA (2002) notes 
that the allowable bearing capacity is likely to be settlement controlled rather than shear failure 
controlled if the foundation is more than 2m wide. The design philosophy adopted was to limit the 
bearing pressure to limit the displacement, particularly the differential displacement across each span. 
The design of the superstructure was based on achieving these foundation performance limits.  
 
Displacement of the foundations under static serviceability loading, static ultimate limit state and 
various earthquake loading cases were analysed. A number of methods were used, including: 
 

 One dimensional spreadsheet calculations. Several methods, including six methods described 
in FHWA (2002) were evaluated. The Schmertmann method (Schmertmann, 1970) was 
favoured as it includes layered soil profiles and can utilise either SPT or CPT test results. 
However, this method is limited as it does not consider irregular foundation shapes. 

 Detailed calculations to determine deformations and assess the risk of bearing failure using 
finite element analysis. Two and three dimensional models were analysed using Plaxis 
software. The calculations included the construction sequence to more accurately model the 
development of displacements with load application. Typically the hardening soil model was 
used. Refer figures 3 and 4 for typical examples of the analysis output. 

 Detailed analysis of foundation displacements using three dimensional models using the 
Rocscience software Settle 3d.  

 
The pads were designed to meet a structural requirement for less than 25mm differential settlement 
between adjacent piers under serviceability conditions and less than 45mm differential settlement 
across a single pad under ultimate limit state loading. There were several iterations between the 
geotechnical and structural design teams of the size and shape of each foundation to achieve these 
targets. The bearing pressures varied from 136kPa to 246kPa under SLS and up to 651kPa under 
ULS. Calculations indicated that total displacement for the final design of the foundations on the 
existing formation and ground profile would be up to 57mm under SLS with differential displacement 
across a single pad up to 42mm under ULS loading.  
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Table 1: Example of geotechnical parameters used in displacement calculations 

 

Ground treatment by undercutting (excavating loose material below formation level) and backfilling 
with selected site won pumice granular fill was identified as the preferred method to reduce total and 
differential settlements.  
 
Plate bearing tests were carried out at each of the foundation locations and on the fill material, at 
pressures of up to 600kPa. The stress-strain curves were back-analysed using finite element analysis 
and hand calculations to determine appropriate design parameters. Figure 2 shows the displacement 
output of an axisymmetric model of the plate bearing test. 
 

 

 
 

Figure 2. Back analysis of Plate Bearing Test 
results. 

Figure 3. Typical 2D displacement analysis using 
finite element analysis 

 
 

 
 

Figure 4. Typical displacement analysis on 
treated formation 

Figure 5. Typical Pseudo Static Limit Equilibrium 
Stability Check. 

Material Depth to 
base of 

layer (m) 

Schmertman and FD (Settle3d) 
E (static) 

FEA (Plaxis 2d and 3d) 
E50 (tangent modulus at 

reference pressure) 
Undercut fill 0.5 35  MPa 60  MPa 
Alluvial sands 2 10  MPa 10  MPa 

3.5 17  MPa 17  MPa 
8 10  MPa 10  MPa 

11.9 83  MPa 80  MPa 
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4 SLOPE DESIGN 

 
The combination of the steeply sloping bridge site and shallow foundations meant that the slope 
design was important. Several pads and both abutments had slopes within the zone of influence of the 
foundation loads. There were also several pads where steep slopes were located above the pad, and 
therefore at risk if this slope failed as debris could strike the columns.  
 
Finite element analysis and limit equilibrium analysis were undertaken to analyse the slopes. An 
example of the analysis is shown in Figure 5 above. Limit equilibrium analysis indicated that localised 
slopes, particularly at the abutments, may not satisfy the required factor of safety criteria under 
seismic loading. It was therefore necessary to determine the potential slope displacements that may 
occur, and if those displacements were acceptable for the design earthquake event.  
 
Table 2: Example of geotechnical parameters used in stability calculations 

 

Structural standards, including the NZTA Bridge Manual (NZTA, 2004), state that no horizontal 
displacement of slopes and geotechnical structures are permitted under seismic loading. However, 
this is not necessarily consistent with seismic or structural design philosophy where displacement 
based design is common. The structural standards also do not stipulate the method to be used, in 
particular whether all calculations must use an unfactored peak ground acceleration. It was agreed 
that if the effects of the predicted displacements were tolerable, then a lower factor of safety for the 
slopes would be acceptable.  
 
Displacements were also determined using time history analysis using the dynamic module in Plaxis. 
The analysis indicated that the best estimate of the horizontal displacements would be less than 
75mm under the design earthquake loading. The worst case displacements using lower bound 
material characteristic properties were also assessed and were considered to be less than 300mm. A 
useful comparison can be made with the 550mm dynamic displacement of the deck of the bridge 
under the design seismic event. The structural assessment of the predicted potential ground 
movements was that the bridge would not need to be closed, but the bearings might need to be reset. 
These effects were considered acceptable. 
 
Additional analysis of the slopes affecting the pad foundations comprised the more traditional pseudo-
static limit equilibrium approach to determine a critical acceleration ratio. This ratio, as applied in 
Ambrasey and Menu (1988) and Jibson (2007) can be used to predict slope displacement or 
deformation. Using this approach it was confirmed that whilst some minor localised movement of the 
slopes may occur, these would not affect the pads. 
 
 

5 BEARING STRENGTH 

 
Bearing strength was assessed following the methods described in the New Zealand Building Code 
Verification Method B1/VM4 (DBH, 2011), which is based on the Terzaghi method. Various loading 
cases were analysed including earthquake, lateral and overturning cases.  
 
The lowest bearing strength was at a pad where the proximity of a fill slope reduced the bearing 
strength. At this pad, the ultimate geotechnical bearing strength was determined to be 6,600kPa. The 
allowable bearing strength exceeded the ultimate bearing pressure under all design conditions. Plate 
bearing tests demonstrated that the bearing strength exceeded 5,000kPa. 
 

Material Unit Weight 
(kN/m3) 

Drained shear strength 
cohesion (kPa) friction (°) 

Fill 16 10 40 
Pre-existing fill 16 5 40 
Pumice sands and gravels 12.5 10 40 
Alluvial sand 14.5 1 40 
Lithic sand and gravels 16 0 40 

ANZ 2012 Conference Proceedings 1012



The case for a highly eccentric load under an ultimate limit state earthquake load was carefully 
considered and was subject of much debate with the Independent Review Engineer.  Simple 
calculations indicated that the load may become concentrated along the edge of the foundation if it is 
assumed that the foundation subgrade is infinitely stiff. Using finite element analysis, it was found that 
the deformations of the foundation under these highly eccentric loads results in displacement of the 
formation, which means the theoretical peak pressure on a constant stiffness formation cannot be 
developed.  
 
 

6 CONSTRUCTION 

 
There was a strong focus on constructability during the detailed design phase. The length of the 
columns and the spans were simplified to increments of 4m. This had a significant benefit to 
construction as the formwork was much easier to prepare and fabrication was more straightforward. 
This also meant that the formation level of each pad was determined at an early stage of the design 
however, there was less flexibility in locating the foundations. The fill for the undercuts was sourced 
from the project site to the east of the Waikato River. The material was an ignimbrite soil - pumiceous 
sand and gravel. Trials were carried out to confirm that the stiffness of the compacted fill met the 
design assumptions. The trials were also used to determine suitable testing requirements for 
appropriate quality controls on site during construction.  
 
Ignimbrite pumice rich soils are particularly problematic for quality control testing. Most compaction 
tests relate to density, either by comparing an in-situ density to a maximum density or by measuring 
the air voids in the compacted soil. The moisture content has a strong influence on the results of 
standard compaction tests and the control of compaction during construction earthworks, However, 
these methods are not suitable for pumice soils. Pumice has very low and highly variable specific 
gravity due to its highly vesicular material. Bulk density is therefore more a function of the specific 
gravity of the material and the grain size of the soil. A pumice silt is significantly heavier than an 
equivalent volume of similar pumice gravel. The moisture content can also vary significantly with the 
opportunity for more moisture to be held in the vesicular void spaces afforded by larger grain size 
materials. However, neither of these properties is a reliable guide to the strength or stiffness of the 
soil. Imposing a minimum density requirement on the fill is more likely to result in over-compaction. 
Over-compacting the soil results in a finer material due to breakdown of the coarser material and the 
quality of the fill can be affected.  
 
The preferred method of stiffness testing on the project site was by correlation with the dynamic cone 
penetrometer (DCP), also known as the Scala. This simple low cost test provided a reliable qualitative 
indication of compaction. One of the advantages of the DCP is that it tests between 1m and 3m depth. 
Pumice soil is difficult to compact at the surface. Overfilling, compacting and trimming back was 
commonly employed to achieve the required stiffness at the formation. DCP test targets for 
compaction were correlated with plate bearing tests during the trials and the geotechnical 
investigations. 
 
Table 2: Example of quality control targets for foundation subgrade testing 

 

The undercutting method of ground improvement, along with fixing the formation level of the 
foundations, was found to be particularly effective during construction. The formation was looser than 
expected at some pad locations. The undercutting was a flexible construction method, so that poor 
material was simply removed and replaced with high quality fill. As the undercutting was a relatively 
rapid method of construction, any problems encountered did not result in significant delays to 

Pier DCP target (blows 
per 300mm) 

Pier DCP target (blows 
per 300mm) 

Pier DCP target (blows 
per 300mm) 

B 15 G 20 L 15 
C 15 H 20 M 30 
D 25 I 15 N 30 
E 25 J 15 Undercut 

Fill 
44 

F 15 K 20 Select Fill 24 
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construction. Revising the foundation depth and column length would have been undesirable, as this 
would have required extensive checks on the structural design.  
 
Compaction of the undercut fill was generally undertaken using a plate compactor on the boom of the 
excavator. This was highly effective and removed the need for plant or labour to work at the base of 
excavations. 
 

7 CONCLUSIONS 

 
Constructability had a significant influence on the design and construction of the Contact Energy 
Bridge throughout the tender and detailed design. The bridge as constructed was much longer than 
originally envisaged during early phases of the design and tender process. The additional cost of the 
longer bridge structure compared to earthworks was offset by reduced disruption and landtake in the 
power station site.  
 
The foundations were located to standardise the spans and column lengths. The undercutting method 
of ground improvement provided flexibility during construction, which was required to respond to local 
variations in the ground conditions. The undercutting and shallow foundations were a significant cost 
saving compared to deep foundations or alternative forms of ground improvement.  
 
The complex deposition of soils, particularly the ignimbrite, provided both significant opportunit ies and 
challenges. The high strength of the soils allowed a shallow foundation system, but the uncommon 
materials were a challenge particularly for those unfamiliar with the local geology. Design standards 
were developed based on projects and experience from more common design solutions and material 
characteristic properties.   
 
A further complication was that current design standards (NZTA Bridge Manual) are not always written 
for a design and construct environment, where the Principal’s Project requirements are “tested” more 
than in other contract types. Improved design standards or a common set of fundamental first 
principles, in particular for seismic geotechnical engineering, could have avoided some of these 
difficulties. 
 
Designing the whole structure using displacement based methods was a significant success factor. 
This resulted in an economic structure that met the intent of all design standards and was based on a 
sound design philosophy. 
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