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ABSTRACT: The MacKays to Peka Peka Project is an 18km section of the new Kapiti 

Expressway in New Zealand. The key role of the Expressway is to provide a modern and 

reliable route which safely crosses multiple local roads and waterways. There are 

seventeen bridges along the alignment and nine of which are single span. High seismicity 

and complex geotechnical conditions presented numerous challenges to the designers. For 

an economic and reliable solution in these environments it was necessary to develop and 

apply a number of design innovations.  Key to the innovations was the use of 

performance based analysis and design with detailed consideration of non-linear soil 

structure interaction effects. This paper presents the seismic design methodologies and 

ground improvement solutions adopted for the various single span bridges on the project. 

This paper illustrates the opportunity offered in an  Alliance contract to develop 

innovative approaches using a risk based methodology – and deliver an acceptable 

balance between ground improvement, structural design, constructability, performance, 

risks and cost.  

1 INTRODUCTION 

A new four lane expressway is currently under construction through the Kapiti Coast of New Zealand. 

The MacKays to Peka Peka (M2PP) Project is part of the new Kapiti Expressway, which passes 

through Kapiti, 60km north of Wellington. The project is being delivered under an alliance contract 

model, a consortium formed of NZ Transport Agency (NZTA), Fletcher Construction, Higgins Group 

and Beca (the MacKays to Peka Peka Expressway Alliance). When complete the Expressway will 

provide a modern and reliable route which crosses over local roads and waterways and bypasses the 

local town centres over a distance of 18km. The project includes 17 bridges comprising 6 multi-span, 

9 single span bridges over local roads, expressway and streams, and 2 pedestrian bridges over the 

expressway. 

2 CHALLENGING ENVIRONMENTS 

2.1 Seismic 

  

Figure 1 - Critical active faults around 

the site 

Figure 2 - Spectral Acceleration of different cities and the 

Project site for 1/2500 years seismic events. 

M2PP 
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The expressway is located in an area of high seismicity and in proximity to the following active faults;  

 The Ohariu fault is between 1 and 3km from the Expressway and has an estimated MCE (maxi-

mum considered earthquake) magnitude of M7.2 at a return period of 2000 years.  

 The Wairarapa fault is around 30km further from the Expressway but has an estimated MCE 

magnitude of 8.2 at a return period of 1200 years. 

To appreciate the high seismicity of the project site, the M2PP design spectral acceleration curve 

(based on a SSSHA study) is compared against other locations in New Zealand and Australia in Figure 

2.  

The performance of the expressway, during and following earthquake design events, was a key design 

challenge. The Bridges are designed to:  

 Have no damage under SLS1 (1/25 years) seismic events 

 Have some minor damage under SLS2 (1 /100 years) seismic events. Damage to such compo-

nents is to be cleared and access restored within 24 hours for full traffic use 

 Have some damage to the structure under Ultimate Limit State design (1/2500 years) earthquake 

events. The bridge should be useable by emergency traffic within 3 days. Permanent repair to re-

instate the design capacity for both vehicle and seismic loading should be feasible and should be 

economically viable and able to be accomplished within 12 months 

 Prevent total collapse under the maximum credible earthquake (MCE) by ensuring sufficient duc-

tility of the yielding elements, and / or the provision of redundant load paths such as alternative or 

secondary load paths to provide vertical support.  

2.2 Geotechnical  

The Expressway alignment traverses through sand dunes and inter-dune peat deposits. The peat 

deposits are very soft and highly compressible and may be up to 6m thick. The dune deposits are fine, 

single sized sand, with a high liquefaction potential where saturated. These conditions present the 

following challenges to the expressway design: 

 Peat deposits can cause significant post construction settlements due to high compressibility 

which, without treatment would have resulted in poor rideability, settlement of services and adja-

cent properties, altered surface drainage patterns and increased maintenance. 

 The dune and sandy alluvium present significant challenges due to their liquefaction potential and 

associated settlement and lateral spreading, particularly to bridge structures due to the high 

ground water level. 

2.3 Urban environment  

The Expressway is a new feature in the landscape, both rural and urban, and by nature largely 

horizontal. Challenges from an Urban Design perspective included: 

 The Expressway should achieve; a sensitive fit within the built, natural and community environ-

ment, good connections for communities, be attractive and fit for purpose and maintain social and 

cultural values 

 Fundamental aesthetic qualities to be achieved for bridges: elegance - form, proportions and 

scale/shape, relationship to the surrounding natural and built landscape, expression of technology, 

strength and durability, use of texture and colour 

3 SUMMARY BRIDGE FORMS 

The nine single span bridge structures on the project are of three construction forms / types:  
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3.1 Simply supported single span bridges 

The bridge deck is made of simply supported pre-cast 1225 Super T beams and 180mm thick in-situ 

concrete topping slab. The deck is connected to both abutments using linkage bars. These will ensure 

that seismic inertial loads are shared between each abutment for all earthquake loading cases. The 

abutments are vertical cast-in-situ reinforced concrete walls supported on steel H-piles.  

3.2 Integral single span bridges 

The pre-cast bridge beams (Single Hollow Core / Super T) will be installed as simply supported with 

an in-situ concrete topping forming the integral connection with the abutments. The abutments are 

cast-in-situ concrete beams supported on steel H-piles. 

3.3 Integral single span bridges with contiguous-bored-pile (CBP) abutments 

The bridge deck consists of pre-cast 1225 Super T beams installed as simply supported and with an in-

situ concrete topping forming the integral connection with the abutments. The abutments are in-situ 

concrete capping beams supported on Contiguous-Bored-Piles (CBP). This form of bridge was 

developed to suit top-down construction at one location.  

This paper discusses only the first two types of single span bridges. 

4 INNOVATIVE DESIGN 

One of the benefits of Alliance project delivery is the opportunity for innovation - the integrated 

project team comprising the client, designers and constructors are able to actively collaborate and put 

existing concepts together in a new way. As risks and responsibilities are shared and managed 

collectively the final „product‟ represents an agreed risk based approach and methodology to design 

and construction. To meet the seismic, geotechnical and urban challenges posed, innovative design 

and construction solutions were developed to achieve an acceptable balance between ground 

improvement, structural design, construction, performance, risks and cost. These are discussed in 

further detail in the following sections.  

4.1 Site specific seismic hazard assessment  

Table 1. Return Period Factor R 
 

Design 

APE 

Ru for ULS 

SSSHA NZS 1170 

1/250 0.80 0.75 

1/500 1.00 1.00 

1/1000 1.25 1.30 

1/2500 1.65 1.80 

 

Figure 3 - Comparison of Spectra for Site Sub-soil Class D 

Due to the high seismicity of the Expressway‟s location, a site specific seismic hazard assessment 

(SSSHA)
 [10]

 was undertaken. Based on this SSSHA, the hazard for the expressway project can be 

estimated by adopting a Z-factor of 0.4 as recommended by NZS 1170.5 
[6]

 in conjunction with the R 

factors as set out in Table 1. NZS 1170.5 values are included for comparison. 

The SSSHA also provided modified response spectra for the project. Figure 3 shows a comparison of 

the MCE response spectra for Ohariu fault, Wairarapa fault, 1000 and 2500 year return period 

response spectra obtained in this investigation and the NZS 1170.5 
[6] 

response spectra for the same 

return periods and site subsoil Class D. 

4.2 Ground improvements  

Loose to medium dense sands are present below the water table at many locations across the site. 
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These soils presented a significant design challenge due to their potential to liquefy under strong 

seismic shaking. Ground improvements are therefore proposed at bridge abutments, where necessary 

to mitigate liquefaction and lateral spreading. The particular characteristics of the sands at this site 

(fine, single sized sand with silt laminates) were not conducive to either of the improvement methods 

originally proposed for the site (vibro-densification or in-situ mixing) consequently it was necessary to 

try alternative methods and innovate to suit the ground condition. 

4.2.1 Excavate and replace 

Where practical unsuitable soils have been excavated and replaced with engineered backfill beneath 

bridge abutments and approaches. 

4.2.2 Dynamic compaction  

Granular soils and fills have been successfully densified using drop weight dynamic compaction. 

Effective improvement depths of up 10m have been achieved on site, however concerns around 

vibration and noise effects on nearby landowners has limited the applicability of this technique to a 

small number of sites.  

4.2.3 Vibro-replacement 

Where sands are clean with few silt interbeds vibro-compacted gravel (stone) columns, have been used 

to densify the soil underlying the bridge abutments. Vibro replacement has been undertaken to a depth 

between 15 and 18m.  

4.2.4 Shear stiffening the soil 

Where a relatively high silt content occurs in the sandy soils and/or silt interbeds are present, 

densification methods have been found to be ineffective. In these locations shear stiffening comprising 

a low strength concrete,  contiguous CFA pile lattice was undertaken (following the poor results 

achieved with in-situ mixing trials). 

4.3 Risk based approach for liquefaction mitigation 

In the development of mitigation measures for seismically induced ground movements at the 

abutments, a risk based approach 
[11]

 has been developed noting the following considerations: 

 The inherent robustness of bridges means that with good design and detailing it is anticipated that 

actual performance will surpass performance anticipated from standard design approaches.  

 The use of design and detailing with the specific intent of increasing ductility may in some cases 

allow bridges to be designed to accommodate co-seismic ground movements resulting from lique-

faction. 

 All of the bridges, except Waikanae River Bridge, have alternative routes available that would 

provide a route for emergency traffic and normal post-earthquake traffic should a particular 

bridge experience more damage than expected and be out of service. 

The risk based approach adopted for the Expressway bridges (PSDMT, April 2013) considered two 

alternative design solutions for ground improvement at bridge abutments: 

Alternative A No ground improvement provided at bridges but with abutments supported on steel 

H piles with the provision of a secondary load path through mechanically stabilised 

earth (MSE) abutment blocks, designed to support the deck in the event that the piles 

are severely damaged by ground movement. 

Alternative B Ground improvement provided, but the design of ground improvement utilises a 

50%ile displacement regression model (rather than the more typically applied 

84%ile) in estimating design movement under the design ULS earthquake. 

With the risk based approach, the single span bridges on the expressway have been designed for 

ground movements estimated using a 50%ile displacement regression model for the ULS design 
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earthquake. At three stream bridges for local roads, the option of not providing any ground 

improvement has been adopted (PSDMT, April 2013).  

In accordance with conventional practice, for the MCE seismic events (NZTABM 3
rd

 Ed) the 

displacements developed using the 50%ile displacement regression model. The MCE event is defined 

as the greater of the following seismic inputs.  

 The MCE earthquake using the Mean + 1 standard deviation 

 150% of the ULS earthquake (RMCE = 1.5RU). 

A secondary load path is typically required to satisfy MCE performance requirements due to the large 

displacements predicted under shaking levels of 1.5RU (NZTABM 3
rd

 Ed). 

It should be noted that even with the ground improvements in place, significant permanent lateral and 

longitudinal movement of the approach embankments and bridge abutments are anticipated under a 

ULS seismic event.  Significant challenges have been experienced in designing the bridge structures 

for these movements. 

4.4 Urban design features 

The architectural form of the bridges has been developed in accordance with the requirements of the 

Urban Design Framework. Images of the anticipated appearance of the bridges are shown below. 

 

Peka Peka Road Underpass Bridge 

 

Otaihanga Road Overpass Bridge 

 

Mazengarb Road Overpass bridge 

Figure 4 - 3D Views of the some Single Span Bridges 

The bridge forms were established to optimise whole of life costs for NZTA by using low maintenance 

materials such as durable high quality concrete combined with sound engineering detailing practice 

and ease of constructability to produce durable structures. Precast (prestressed) elements have been 

incorporated to maximise off-site fabrication, construction quality and durability and assist with the 

overall construction schedule. 

The visual appearance of these bridges has been developed to translate the bridge components into a 

single and fluid shape with smooth clear material and vertical lines. This is to simplify the appearance 

of the structure rather than drawing attention to it. We introduced faceted precast concrete facia panels 

and exposed-aggregate precast facing panels, which unite with the bridge form, create one sculptural 

form and provide some visual continuity within the local environment. High quality finish and tilted 

facing panels enhance the quality of the space beneath the bridges and create openness for local road 

users. 

4.5 Seismic design philosophy 

It is anticipated that under the ULS seismic load case the bridge structures will be subject to ground 

shaking and also movement of the embankments. The combined exposure of the bridges to inertia 

loading as well as embankment movement presented a scenario where standard design approaches 

were considered inadequate. Appropriate design methods have therefore been developed for this 

project as outlined in the following sections. 
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The structural design follows the recommendations in the Draft Amendment to the Bridge Manual 

"Proposed Provision for Deflection-Based Design", (Draft DBD7) dated 23rd February 2013 with 

modifications agreed with NZTA during the project. This methodology largely follows the proposed 

approach by Priestley et al. "Displacement-Based Seismic Design of Structures", 2007.  

Direct Displacement Based Design requires modifications to account for foundation flexibility and the 

embankment movements. The monotonic soil load due to embankment movement is large enough that 

it will influence the ductile mechanism of the structure. The embankment failure and seismic shaking, 

when these occur simultaneously, will develop a failure mechanism that is not the same as the 

superposition of the failure mechanisms that would occur were the loads applied individually. These 

soil-structure interaction effects are dependent on soil properties and are highly non-linear. Because of 

this, the design used an iterative approach and where capacity and demands were evaluated using non-

linear pushover results and Acceleration – Displacement Response Spectra (ADRS) curves. This 

allowed structural response to be evaluated at each performance limit state. The following sections 

describe aspects of the design process used as well as departures from conventional approaches. 

4.6 Non-linear pushover analysis of simply supported bridges 

The bridge‟s expected seismic performance from standard inertia type loading was determined using 

pushover analyses. These were compared to seismic demands using Acceleration-Displacement 

Response Spectra (ADRS) curves.   

The ultimate displacement capacity of the bridge was determined from hinge rotation limits for the 

steel piles, and specifically from the critical pile which reached its hinge rotation limit first. 

 

 
Figure 5 - Diagrammatic Example of Displacement Based Design Using Non-Linear Pushover and ADRS 

curves 

Seismic demand spectra for each limit state were generated using elastic spectra from the Site Specific 

Hazard Analysis (SSHA). The elastic spectra was scaled appropriately to account for damping due to 

pile ductility (refer to section 4.6.1). 

A diagrammatic example of design using push-over and ADRS curves is shown in Figure 5. The inter-

section of capacity and demand curves shows the expected response of the bridge under each seismic 

limit state. Adequacy of the structure is demonstrated where ultimate displacement capacity exceeds 

ULS demand. 

4.6.1 Pile-head springs 

Soil – structure interaction was modelled using the geotechnical software package LPILE. The 
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program analysed piles using a series of discreet, non-linear soil springs along the length of the pile. 

This allowed the effect of variations in soil profile to be considered. 

Force-displacement relationships at the tops of each pile were generated. These were combined to 

produce a composite pile spring for each pile cap in both the longitudinal and transverse directions. 

Separate models were made to consider soil conditions corresponding to; nominal, upper-bound, and 

liquefied conditions. Soil models and hence pile head stiffnesses also varied to account for the 

direction of loading, with greater stiffnesses where piles are pushed against soil with embankment 

surcharge. 

The combined force – displacement relationships for 

the pile heads were used as inputs to global analyses. 

They were input as a multi-linear springs in 

SAP2000 models for the longitudinal direction. In 

the transverse direction the pile group pushover 

curves were able to be used directly because of the 

stiffness of the superstructure. 

Pile pushover curves were used to directly calculate 

the ductility in each pile. This was then used in 

determining the Damping Scaling Factor to apply to 

seismic design spectra. Iteration was required to 

ensure that the ductility used matched the capacity – 

demand intersection point. 

 

Figure 6 - Modelling of overburden in LPILE 

4.6.2 Embankment movements 

In addition to the non-linear pushover analysis the design was also checked for the large embankment 

displacements predicted. The toe level of the piles is located above the predicted failure plane. 

Because of this, no shear forces are directly applied to the piles as would be the case had they crossed 

the failure plane. Increased pile demands do arise however due to the propping action of the deck. This 

situation is illustrated in Figure 7. 

Lower bound ground conditions were assumed to exist when considering ground movements. The 

SAP2000 model for this case was altered to include the larger plastic hinge rotations allowable when 

considering ground failure. The possibility of embankment failure occurring before the end of strong 

shaking was assumed to be the governing case.  We undertook ground failure (kinematic) analyses 

with the model incorporating ULS deformations predicted by the seismic (inertial) analysis.  

The case where both embankments fail simultaneously was assessed. Ground displacements of 50mm 

per abutment were expected in the longitudinal direction under ULS conditions. For this embankment 

failure load case pile displacements were acceptable, i.e. below levels causing a hinge rotation of 0.06 

radians defined by NZS 3404. 
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Figure 7 - Longitudinal ground movements 

4.7 Non-linear pushover analysis for integral bridges 

Seismic loads will be generated from lateral earth pressures (static and dynamic) and bridge deck 

inertia. Embankment movements are also considered in both the longitudinal and transverse directions. 

The level of the maximum embankment displacement (critical slip plane) is expected to be at around 

the base of the MSE block or near the bottom of the ground improvement. 

 

  

Figure 8 - Longitudinal seismic action Figure 9 - Transverse seismic action 

Pushover analyses have been undertaken to establish the capacity of the bridge under several loading 

scenarios in both the longitudinal and transverse directions. Longitudinal and transverse analyses were 

typically considered separately. Two cases were considered, described in the following sections;  

4.7.1 Full embankment movement occurring first before peak seismic inertia 

A scenario was considered whereby the full embankment movement occurred prior to the bridge being 

subjected to peak ground acceleration. To analyse this scenario a 2D longitudinal frame model of the 

bridge with potential plastic hinges was developed. The potential plastic hinges were determined by 

iteration process. The model was then subjected to incrementally increasing loads under several stages 

of loading: 

 Stage 1: Dead Load only 

 Stage 2: Embankment movement or static / dynamic earth pressure occurring after dead load 

 Stage 3: Seismic inertia load occurring after dead load + embankment movement or earth pr. 
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Figure 10 - Longitudinal pushover curve Figure 11 - ADRS Longitudinal Emb+EQx 

At Stage 1 the bridge was subjected to dead load only and the displacements recorded. At Stage 2 a 

pushover analysis using the full embankment movement was completed, and the capacity curve 

recorded. Formation of plastic hinges at this stage was monitored. At Stage 3, the pushover analysis 

was continued using a seismic inertia loads distribution until the maximum rotation of any of the 

plastic hinges was reached. 

Figure 10 represents the force (embankment thrust plus seismic base shear) and displacements 

pushover curve. The base shear and displacement from the pushover due to only the seismic load case 

(stage 3) are shown as capacity curve in figure 11. The ductility capacity and damping for the seismic 

inertia load was calculated based on the lateral distance between the critical plastic hinges and an 

allowable rotation of 0.04 rad when there is inertia loading only and 0.06 rad when there is 

embankment displacement as well (refer NZS3404:1997).  

In the longitudinal direction the mechanism is a plastic hinge first forming at the top of the piles and 

followed by another plastic hinge approximately 1 to 2 m below it. The demand curve (Acceleration-

Displacement Response Spectra, ADRS) is derived from the Site-specific Seismic Hazard Assessment 

spectra modified by the structural damping as evidenced from the behaviour of the structure during the 

pushover analyses.  

4.7.2 Embankment movement and seismic inertia occurring simultaneously 

For this scenario, and analysis methodology, an elastic model of the bridge was first subjected to a 

separate set of load cases / effects, i.e. combined elastic inertial load and earth pressure or 

embankment movement.  From this analysis the total displacement demand was established and the 

potential plastic hinge locations in the piles identified.  

A second pushover was then undertaken by inserting plastic hinges in the model at the locations of 

maximum moment and then subjecting the model to an incrementally increasing, but otherwise 

identical, load pattern as that applied to the elastic model. This second model captured the inelastic, or 

actual, behaviour of the bridge.  The model was then pushed until maximum rotation of any of the 

plastic hinges were reached.  The displacement achieved at this stage is the actual displacement 

capacity of the bridge for this loading scenario. This process was repeated for all other loading 

scenarios. See Figure 12 for pushover curves for critical scenarios. 

The design was considered acceptable if the displacement capacity (established from the second 

pushover) exceeded the displacement demand (the first pushover).  This criterion is justified by 

appealing to the equal-displacements assumption, which forms the backbone of ductile seismic design. 

Provided the inelastic structure can displace sufficiently to achieve the elastic displacement, the 

structure has demonstrated it possesses sufficient ductility and the design is deemed adequate.  

The reason for this criterion being adopted is the difficulty in separating the displacements that result 

from a cyclic loads (seismic inertia) from those due to monotonic loads (soil pressures and kinematic 

loads). The displacement-based design spectra is a criteria that applies only to the cyclic component of 
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seismic loading.  In a typical application (such as a building) cyclic components of seismic load are 

the only lateral loads that need to be considered, and so the overall displacement of the structure can 

be directly attributed to cyclic loads.   

 

Figure 12 - DL+EQ+EMB Longitudinal Displaced Shape (Left) and Pushover Curves (Right)  

This displacement capacity can be compared to the displacement demand from the appropriate design 

spectra. However in this case in order to apply the spectra as the design criterion a means of 

disaggregating the overall displacement of the bridge into components due to cyclic and monotonic 

loads is required. This disaggregation is not able to be undertaken because the loading is coincident 

and the structural behaviour is non-linear (invalidating a superposition of loads approach, such as 

arranging for one load to follow another in the analysis). The spectra could be adopted if the 

monotonic loads were insignificant compared to the cyclical loading, however here the monotonic soil 

load is large enough that it will influence the ductile mechanism of the structure. 

The overall displacement of the structure is made up of the displacement due to the cyclic seismic load 

and due to the monotonic soil load. These loads, when occurring at the same time, form a failure 

mechanism that is not the superposition of the failure mechanisms that would occur were the loads 

applied individually.  As the mechanisms that form under each loading individually interact the 

seismic displacement from the overall displacement and the displacement due to soil loads cannot be 

recovered.  If the mechanisms did not interact, the seismic component could not obtain the 

displacement-based design spectra used as our design criterion. 

4.7.3 Comparison between Force-based and Displacement-based Approach 

The “equal-displacements” and “equal-energy” approach are both Force-based Design (FBD) methods 

adopted from the loading standard NZS 1170.5:2004.  While equal-displacement compares elastic 

displacement demand against ductile displacement capacity, equal-energy compares the area under the 

elastic demand curve against the area under the ductile capacity curve.  These methods have shown 

that the structure has significant spare capacity for the loadings considered. The Displacement-based 

Design (DBD) method, which adopts a damping-reduced spectral displacement demand to be 

compared against the ductile displacement capacity, had produced significantly higher demands than 

the FBD methods for these bridges. Observations have been made by others that the DBD method 

seems to be more stringent than FBD methods for short-period high-ductility structures. 

5 CONCLUSIONS  

The key role of the MacKays to Peka Peka Expressway is to provide a modern, safe and reliable route, 

and a resilient lifeline in the event of natural disaster. Key conclusions from this paper are: 

 The high seismicity and complex geotechnical conditions presented a number of unique chal-

lenges to the Alliance, along with ensuring urban design requirements were able to be incorpo-

rated  
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 Development of innovative performance based seismic analysis and design methodologies 

was necessary, with a key component being the detailed assessment and understanding of non-

linear soil structure interaction effects 

 The Draft NZTA Bridge Manual Deflection-Based Design Appendix was implemented in the 

seismic design of the bridges on the M2PP Expressway 

 Various methods of ground improvement were developed and implemented on the project to 

mitigate liquefaction of the soils beneath the abutments, however significant displacements are 

still anticipated for bridge abutments under ULS and MCE design cases 

 A risk-based approach to liquefaction was adopted to determine the appropriate level of 

ground improvement for each bridge 

 Direct displacement based design methods allow structures to be designed to more realistic 

levels of performance. The method allows for limit states to be defined through material strain 

levels as opposed to the more traditional force-based approximate method of limiting structur-

al ductility, giving the designer greater control, and the client greater confidence in how their 

structure will perform under a specific design event. 

 Direct Displacement Based Design requires modifications to account for the combined effects 

of foundation flexibility and monotonic embankment movement. Because of this, the design 

used an iterative or staged approach that combined the use of non-linear pushover capacity 

curves and Acceleration – Displacement Response Spectra (ADRS) curves. These approaches 

were considered valid when considering equal displacement theory, and allowed the structural 

response to be evaluated at each limit state.  

 The visual appearance of the bridges is of smooth continuous lines, blending in with the local 

environment. The bridge forms were established to optimise whole of life costs. 
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