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ABSTRACT: In the northern section of the MacKays to Peka Peka Expressway the 

alignment passes in cut through a region of sand dunes and under a local road, providing 

the opportunity to adopt a top-down construction methodology for the underpass bridge.  

With the top-down approach, the bridge abutments and deck were constructed at existing 

ground level, followed by the remaining superstructure works which were completed 

simultaneously with excavation of the underlying earthworks. This provided significant 

cost and time benefits in construction. In order to realise these benefits, the approach had 

to account for the high seismicity and liquefiable soils of the area to produce a resilient 

design. With embankments adjacent to the bridge predicted to undergo free-field 

displacements of over 100mm at ULS, and 250mm at MCE, soil movements were a 

critical consideration in the design of this integral bridge. The magnitude of predicted 

ground displacement was dependent in turn on the level of resistance provided by the 

structure. The resistance from the structure depended on how far it displaced, requiring 

iteration of geotechnical and structural analyses. Multi-linear soil springs used together 

with soil shear springs to model the structure and retained soil. This seismic design 

approach illustrates the inseparable connection between the bridge and the ground, which 

was mirrored by the integration of structural and geotechnical engineering. 

1 INTRODUCTION 

1.1 Project Background 

The MacKays to Peka Peka section of State Highway 1 is located on the Kapiti Coast, 60km north of 

Wellington, and forms part of the Wellington Northern Corridor Road of National Significance 

(RoNS). It is an 18km long section of four lane expressway. The project is being delivered by a 

consortium (the MacKays to Peka Peka Expressway Alliance) formed of NZ Transport Agency 

(NZTA), Fletcher Construction, Higgins Contractors and Beca. 

One of the key roles of the expressway is to provide a modern and reliable crossing over local 

waterways and roads through 17 bridges along the project. The challenges associated with this project 

are considerable and unique compared to many other bridge projects in New Zealand. The high 

seismicity of the Kāpiti region, combined with an Ultimate Limit State (ULS) design return period of 

2,500 years and 1,000 years for expressway bridges and local road bridges respectively, produces 

design peak ground accelerations between 0.54g and 0.98g. In addition, most of the route is underlain 

by soils expected to liquefy to depths of 6-12m in a greater than 250 year return period event. 

Combined, these factors have driven innovation, and adoption of specialised design procedures and 

technology, to overcome the extreme demands placed on these structures. 

1.2 Top-Down Construction  

Top-down construction, as the name implies, is a construction methodology whereby the majority of 

the bridge structure is constructed at existing ground level. Once the piled substructure has been 

installed; precast beams are lifted-in, concrete deck slab cast, and the ground beneath excavated. Local 

works are undertaken during the excavation, such as shotcreting between piles is undertaken as the 

surrounding ground is excavated. Simultaneously with the excavation, further works can be 
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undertaken on the superstructure such as construction of the barriers and laying of the surfacing etc. 

This offers significant programme efficiencies in the construction phase by utilising the natural ground 

profile, avoiding multiple diversions of services and traffic. 

The northern section of the MacKays to Peka Peka Expressway was used largely as a ‘cut-win’ zone 

for other areas of the project and, as such, the expressway alignment cuts underneath the existing local 

road: Ngarara Road. In this region the terrain is undulating, dominated by dunes (up to 20m in height). 

The geology comprises Holocene sand (dune sand), overlying Pleistocene sand and Pleistocene gravel 

(at depth), with peat and organic silt in low lying areas. This provided a unique opportunity to adopt a 

top-down construction methodology. The top-down methodology provided significant construction 

and programme savings by allowing the construction of a more resilient structure, removing the 

requirement for ground improvement of potentially liquefiable soils, and removing extensive 

excavations for mechanically stabilised earth (MSE) walls of the approach embankments (the typical 

solution for the other bridges along the expressway). In lieu of ground improvements and the MSE 

walls, contiguous bored pile walls were constructed to stabilise and retain the in situ soil of the 

embankment approaches. This contiguous bored pile wall also forms the foundations to the bridge 

superstructure.  However, the absence of specific liquefaction mitigation around the bored pile walls 

and within the confined mass of soil between them, created challenges in analysing and designing the 

bridge using conventional methodology. Not being able to decouple the bridge deck from the 

foundations, and providing a stiff wall of piles to resist soil movement rather than deforming with it, 

meant that this bridge posed different challenges to others on the project. It was estimated that $800k 

in cost savings was attributable to removing the ground improvements. The construction methodology 

also facilitated the realignment of a critical Kapiti Coast District Council water main, other services, 

and traffic without the requirement for temporary provisions, producing savings in the order of $500k. 

1.3 Ngarara Road Underpass Bridge Form 

Ngarara Road Underpass is a single span bridge carrying the local road over the expressway. The road 

carriageway caters for two 3.0m traffic lanes, two 1.0m wide shoulders, a 2.15m wide footpath and a 

3.15m wide shared pedestrian cycleway for a total width of 14.3m. The total length on the bridge is 

32.0m skewed at 15
o
. A visualisation of the bridge is shown in Figure 1.1 

 

Figure 1.1 - Visualisation of the Ngarara Road Underpass from the Expressway. 

The structural components of the bridge are shown in Figure 1.2. The deck is made up of 1225mm 

deep precast Super T beams with a 180mm thick cast in situ deck slab. The Super-T beams are 

connected integrally with the abutment beam through the topping slab to act as a prop between 

abutments. The abutments and return walls were constructed, using a top-down construction 

methodology, in the form of a contiguous bored pile (CBP) wall. The bored piles are 1.2m diameter 

and were installed at 1.5m centres. The abutment piles and 4 of the piles on each return wall are tied 

together with a 2.85m deep x 1.7m wide abutment capping beam. A 1.2m deep by 1.7m wide capping 

beam, tying together the remaining return wall piles, is pinned to the abutment capping beam through 

a doweled connection. The dowels provide rotational release between the capping beams and ensure 

that the two structures displace together. Stressbars (40mm diameter) tie opposing rows of piles 

together on the return pile wall beyond the doweled connection. The stressbars act as a pinned ties, 

transferring inertial loading from the enclosed soil block to the trailing row of piles, without 

generating moment at the pile head. 
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All piles are founded in competent granular soils at depth to provide adequate end fixity in the event of 

liquefaction of susceptible soils. The abutment walls are propped apart by three ground beams passing 

beneath the expressway. Loading from the props is distributed through waler beams that wraps around 

the front face of the CBP walled abutments. The ground beams provide restraint at a low level to 

longitudinal loads, particularly under ULS and Maximum Credible Event (MCE) seismic loads 

induced by ground movement. The central piles provide vertical support to the ground beams and 

overlying expressway in the event of liquefaction induced settlement.   

 

Figure 1.2 - Layout of the Ngarara Road Underpass. 

2 SEISMIC LOADING 

2.1 Seismic Inertial Loading 

A site specific seismic hazard assessment (SSSHA) was prepared for the expressway corridor. This 

provided a revised spectral shape factors (Ch) for sub-soil type D for the derivation of earthquake loads 

and modified return period factor (R) to be used with a hazard factor (Z) of 0.4. With no specific 

requirement for lifeline functionality, the bridge was considered an importance level 2 structure with a 

100 year design life (Ru=1.25 for a 1/1000AEP). The distance to the nearest active fault was taken as 

2km for near fault effects. The structure was considered to be ‘locked-in’ in the longitudinal direction, 

but responding (μ = 3.0) in the transverse direction. 

2.2 Seismic Soil Loading 

The soil loads imparted on the structure varied depending on the soil conditions considered (upper-

bound and lower-bound) and the analysis direction (longitudinal and transverse).  

2.2.1 Upper-Bound Soil Properties    

For the design case considering upper-bound soil properties, it was assumed that there was no 

liquefaction of underlying soils and negligible free field slope displacements. Therefore the upper 

bound case only considers the increase above at-rest earth pressures due to inertial effects. Seismic 

earth pressures acting on the piled abutment wall and return walls for upper bound soil properties were 

determined in accordance with the recommendations published by researchers Wood & Elms (1990). 

Analysis showed a stiff wall condition (walls had a tip displacement between 0 to 0.2% of their 

height). 

2.2.2 Lower-Bound Soil Properties   

For the design case considering lower-bound soil properties, liquefaction was accounted for within 
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underlying soils under ULS and MCE shaking levels. Liquefied ground conditions, in conjunction 

with ULS/MCE ground shaking was expected to result in free field movements of the adjacent 

earthworks. In that instance the forces generated in the structure by the ground movement were 

expected to be significantly higher than the inertial earth pressures. Therefore the earthquake pressure 

increment was ignored and a soil displacement profile imposed in its place. Two potential expected 

slip levels were identified, shallow seated, and deep seated movements. 

 

Figure 2.1 - Soil profile and liquefaction induced movement levels. 

2.2.3 Transverse  

In the transverse direction the traditional seismic increment/decrement is not applicable at lower-

bound nor upper-bound conditions, due to the relatively large height to width ratio of the return walls. 

Instead the inertia of the soil above expressway level was considered to accelerate with the structure.  

As the soil deforms with the structure it was anticipated soil particles would develop some horizontal 

shear resistance to the movement.  

3 SEISMIC ANALYSIS METHODOLOGY 

3.1 Modelling 

3.1.1 Structural Modelling 

A three-dimensional model of the bridge superstructure and substructure was analysed in the software 

package SAP2000 as shown in Figure 3.1.  

 

Figure 3.1 - Isometric view of Ngarara Road Underpass structural model. (SAP2000) 
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The superstructure consisted of a grillage comprising longitudinal members, representing the Super-T 

beams, linked transversely by continuous deck slab elements. The longitudinal members were rigidly 

connected to the abutment capping beam to represent the integral connection. Beyond the first 4 piles 

the return capping beam is released from developing moment and torsion.  Pinned ties connect the 

return capping beam beyond the moment/torsional release. 

Tri-linear soil springs were produced for upper bound, nominal and lower bound soil conditions. 

Within the geotechnical software package L-Pile, the Reece et al. (1974) soil response was assumed 

for non-liquefiable soils, and the Rollins et al. (2005) response adopted for the liquefiable soils. 

Springs catered for into slope and out of slope behaviour, along with allowance for pile shadowing. 

Within the enclosed soil block the compressive stiffness of the soil and non-linear shear springs were 

used to model the soil interaction as the soil accelerates with the structure. The soil springs were 

modelled in SAP2000 as 2-joint links whereby compression and tension of the spring represented into 

the slope and out of the slope movement respectively. 

3.1.2 Geotechnical Modelling 

Analyses were run in Geostudio Slope/W (2012) to determine the yield acceleration (i.e. Factor of 

Safety = 1.0) of the slope with varying resistance being provided by the structure. From the coseismic 

displacement regression model published by Jibson (2007) the expected slope displacement was 

determined for various levels of ground shaking and a range of structural resistance increments. 

3.1.3 Embankment Movement Analysis - Longitudinal 

In the longitudinal direction the structure was expected to provide a stabilising effect to the seismically 

induced slope movements. Embankment movement was only expected to occur under lower bound 

(liquefied) soil conditions. Movement were assessed under three ground shaking intensities that are 

outlined in Table 3.1. This was done for a range of structural stabilisation forces. The ground shaking 

parameters were quantified by; the peak ground acceleration (PGA), the earthquake magnitude (M), 

and the probability of exceedance used for estimating coseismic displacements (%). 

Table 3.1. Slope analysis parameters 

Case PGA M % Exceedance Performance 

ULS 0.54g 6.9 50% Piles elastic in longitudinal direction 

MCE 0.625g 7.2 50% Piles yield in longitudinal direction 

1.5Ru MCE 0.81g 6.9 50% Design Axial load for ground beam 

Structural and geotechnical analyses were run in parallel. In the structural model, spring connections 

above the anticipated slip plane levels (shallow or deep) were displaced to represent the potential 

combinations of embankment movement. An example plot of the resulting displacements and required 

stabilising force for the shallow analysis is shown in Figure 3.2. 

The expected embankment displacement under each of the load cases was characterised by the point 

where the displacement and resistance curves intersect. At this displacement the load generated in the 

structure matches the resistance required to limit the expected displacement and equilibrium is 

reached. Generally, the shallow slip produced larger displacements with a maximum of 46mm at ULS 

and 91mm at MCE (1.5Ru). Deep slip movements were approximately half these values. MCE values 

were adopted for design of the waler beams. Their propping capacity was critical in protecting the 

deck from being overloaded in compression which had the potential to result in collapse of the bridge 

compromising the lifeline functionality of the expressway below. 

The anticipated forces exerted on the structure from the design embankment displacement were 

approximately 75% of the spring yield force calculated using L-PILE up until the depth of the ground 

beam. At this location full passive pressures were reached.  The analysis forces were significantly 

greater than those calculated using Rankine passive soil pressures and Wood & Elms seismic earth 

pressure increments as illustrated in Figure 3.3, highlighting a potential unconservative assumption 

using more traditional methods. 
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Figure 3.2 - Example embankment displacement analysis for the shallow slip plane. (G) – Geotechnical 

analysis, (S) – Structural analysis, Best fit trend lines in black. 

 

Figure 3.3 - Embankment displacement soil pressures compared to limiting soil pressure 

3.1.4 Transverse Analysis 

In the transverse direction, the structure was designed for ductile behaviour. The design was based on 

a structural displacement ductility of μ=3.0 in line with the Bridge Manual (NZTA, 2013) limitations 

for piles forming plastic hinges at inaccessible locations (>2m below ground). The structural 

arrangement at the abutments consists of two structures linked by steel dowels as shown in Figure 3.4. 

The first of these structures was the front wall which has its pile heads restrained in both the 

longitudinal and transverse directions (pile in double bending). This provides a relatively stiff response 

with the piles arranged in a ‘C’ shape and is intended to carry the majority of the superstructure’s 

inertia. This design results in plastic hinges forming at the underside of the abutment beam and at 

depth under transverse ULS seismic loading. 

The rear structure consists of two rows of piles that cantilever in the transverse direction. Pile heads 

were linked by stressbars that tie the leading and trailing rows of piles together to resist soil and inertia 

loads in the transverse direction. A cantilevering system increases the flexibility of the rear structure, 
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however as the embankment slopes towards natural surface level the retained height decreases, 

increasing the structure’s stiffness. These counteracting effects limit the displacement incompatibility 

between the two systems. 

 

Figure 3.4 - Linked abutment structural systems (Left - Fixed Head, Right – Pinned head) 

The shear dowels that link the two structures were designed to transfer only shear and no torsion or 

flexure. This torsional disconnect limits the overstrength actions acting on the return cap beam, 

improving the efficiency of the design. The dowels were designed to resist loading up to ULS, beyond 

which they may yield and deform. This connection is primarily to limit differential displacement under 

SLS in service. At MCE, any loss of this connection will not compromise the structure’s performance.   

It was recognised that there would be a high degree of interaction between the soil and the structure. 

The seismic increment/decrement approach commonly used for retaining structures was not used due 

to the comparatively large height to width ratio. This would result in passive soil wedges (capacity) 

interacting with active soil wedges (soil demands) on the opposing side, making neither the capacity or 

demand values correct. Instead it was opted to include the mass of the soil that was above the 

expressway level in the mass of the structure. This meant that inertial loads would be generated by the 

full soil mass under ground shaking and the soil and structure would respond together. A diagram of a 

section through the SAP2000 model is shown in Figure 3.5. 

 

Figure 3.5 - Diagram of transverse structural model 
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With soil moving within the structure, it was anticipated that soil layers would shear over one another. 

This provides a load path through the soil as it resists this movement. To model this, multi-linear soil 

shear springs were developed based on the hyperbolic model recommended in Kramer (1996). It was 

expected, based on Vucetic and Dobry (1991), that this shearing of the soil would provide significant 

damping (15%-20% using PI=0) which would assist in reducing the seismic response. However, 

accurately determining the proportion of this damping, when combined with the structural damping of 

the ductile structure, would be difficult. As a result of this, 5% critical damping was used for the 

design with a ductility (μ) of 3.0 used in conjunction with a structural performance factor (Sp) of 0.7 

for Class D soil in accordance with the Bridge Manual (NZTA, 2013). 

The model was analysed and a natural period of vibration for the structure determined in the transverse 

direction. This was found to be T = 0.60s under upper bound soil conditions, and T = 0.95s under 

lower bound soil conditions. The structure with upper bound soil springs was then loaded under 0.33g 

of acceleration, and the structure with lower bound soil properties was loaded under 0.23g of 

acceleration. This acceleration was applied to the mass of the structure and the soil enclosed by the 

pile group above expressway level. The maximum structural displacement anticipated in the transverse 

direction at ultimate limit state was 185mm using upper bound soil conditions and 245mm using lower 

bound conditions. Plastic hinge rotations were checked at these displacements and found to be within 

allowable limits (NZS3101, 2006)   

4 CONCLUSION 

Top down construction of the Ngarara Road Underpass Bridge provided many benefits over traditional 

bottom-up methods in delivering a practical, logical and economical construction methodology. The 

challenging seismic and geological environment required the development of specialised analysis 

methods to capture the interaction between the bridge and its surrounding slopes as they flex and 

deform under seismic loading. Even with significant simplification of what is in reality a very complex 

interaction, modelling of the soil and structure involved a high level of complexity. Ultimately the 

design methodology delivered a robust solution. This was done with the awareness that, while precise 

prediction of the bridge behaviour was not realistic, key plastic mechanisms could be identified and 

designed for in the upper and lower bound soil property cases. Furthermore, resilience was 

incorporated into the structure through capacity design and ductile detailing.  
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