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ABSTRACT: The Pukerua Bay Overbridge crosses the North Island Main Trunk railway line 33 km 
north of Wellington on SH1. The bridge spans a cut forming the two abutment slopes on each side of 
the rail corridor. The 3 span bridge is 41.2 m long and is supported by driven concrete piles. The 
bridge alignment is at a skew of 45 degrees to the railway and abutment slopes. A previous assessment 
determined a seismic retrofit of the bridge is required to protect this lifeline route.   

A soil nailed slope was designed and constructed to bring the performance of the structure up to an 
acceptable ultimate limit state design level. The end design was 102, 10 m long passive soil nails in 
the abutment slopes and strengthening of linkages in the bridge deck.  

This complex soil-structure interaction problem was critically assessed using a simplified procedure. It 
compared the relative stiffness of the soil nailed slope to that of the bridge piers. The analysis 
indicated that the soil nail response was significantly stiffer. The effect of the soil nail response on the 
bridge was considered separately by applying displacements of the slope to the structural model. 

The retrofit design is a balance between cost and design level. The design was technically driven by 
the stiffness and length of the soil nails influencing the structures response. Feasibility wise the design 
was driven by the remaining design life and replacement cost of the bridge. 

1 INTRODUCTION 

The Pukerua Bay Overbridge carries State Highway 1 (SH1) over the North Island Main Trunk 
(NIMT) railway line 33 km drive north of Wellington. The bridge was built in the late 1930’s and is 
one of only a few access corridors out of Wellington. The rail corridor is in a cutting. The bridge spans 
across this cutting at a skew of 45 degrees (See Figure 1). The 41.2 m long bridge has 3 spans and is 
supported by driven concrete piles (400 mm diameter) at both the abutments and the two piers. The 
capping beams and piles for the piers and abutments are parallel with the rail. The deck is a reinforced 
concrete diaphragm joined to 4 main longitudinal beams. The bridge is supported immediately either 
side of the rail by the 5 columns (See Figure 2) extending from the pier capping beams to the deck.  

A preliminary assessment in 2003 indicated a risk of seismic induced instability of the abutment 
slopes. Instability of the abutment slopes was a risk to the integrity of the structure as it would lead to 
unacceptable damage to the piles supporting the bridge. The typical buttressing of the slope, usually 
provide from the bridge deck spanning between the two abutments, was not available due to the skew 
of the bridge. At the preliminary assessment stage the options considered to mitigate the risk were:  

 Gravity retaining wall at toe of slope 

 Additional pile and beam support for the abutments 

 Soil nailed slope stabilisation 
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Figure 1: Aerial Photo of Site (Porirua City 
Council) 

  

Figure 2: Photo of Bridge Structure and Abutment 
Slopes Looking East 

 

The assessment progressed to the detailed design statement stage in 2009 where the option chosen was 
the soil nailed slope stabilisation. The soil nail option was selected as it was the only option to offer a 
full technical solution that dealt with the critical mechanism at both the piers and the abutments.   

Detailed design was completed in 2010 and concluded 102, 10m long soil nails. These soil nails 
extend from bearing plates on the slope face back behind the abutment piles. The soil nails were 
evenly distributed across the two slopes. Structural strengthening work consisted of installation of 
linkages to the deck longitudinal beams. The retrofit works were undertaken over the 2010/2011 
construction season. 

Throughout the project Holmes Consulting Group was the Structural Engineers and Tonkin and Taylor 
the Geotechnical Engineers both working on behalf of New Zealand Transport Agency the Client. 

2 GROUND MODEL AND INVESTIGATIONS 

The abutment cut slopes consist of granular  fill, over loess sand and silt, over marginal marine sands. 
The geological cross section in Figure 3 shows the relative thickness of each layer. Also shown is the 
relative deck height with supporting pier and abutment piles and capping beams. A perched ground 
water table in the loess layers was evident from investigations. The water table at the toe of the slope 
was found to be just below rail level.  

Ground investigations included: 

 2 wash boreholes at the preliminary investigation stage 

 2 window samplers (driven hollow soil sampling tubes) and 1 hand auger borehole with Scala 
penetrometer testing to access difficult locations. Undertaken at the design statement stage  

 2 standpipe piezometers  
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Figure 3: Geological Cross Section 

 

3 SOIL NAILS 

Soil nails differ from anchors as they are not stressed during construction. They are bonded over their 
full length i.e. no free length. Soil nails are a passive system, not providing any resisting force until 
slope deformation causes the bar to stretch. Therefore they do not require regular periodic 
maintenance to ensure the stress load is maintained. 

The soil nails provide increased stability to a slope as the slope deforms by: 

1. Developing a normal load on the soil failure surface increasing shear resistance 

2. Developing a resisting force parallel to the soil failure surface 

The yield acceleration (the seismic acceleration at which plastic soil deformation occurs) is increased 
by the resistance of the soil nails and displacement of the slope reduced. 

A soil nail works by having a length bonded to the ground either side of the failure surface. The 
potential failure surfaces within the soil nail mass are therefore no longer critical due to the additional 
resistance. The critical failure surface is behind the reinforced soil.  The soil nails were placed at 3m 
horizontal and 1.5m vertical centres to provide enough resistance. 

For shallow failure surfaces there is limited bonded length to the face from the failure surface. To 
improve resistance a bearing plate is used. For this project reinforced concrete pads 700mm square 
were specified. Between the bearing plates potential erosion and shallow slumping of the soil slope 
still had to be considered. Slumping/erosion protection was provided by a facing. This facing 
comprised sprayed concrete beneath the bridge and steel mesh beyond the bridge. The steel mesh 
facing was used beyond the bridge to allow vegetation to be established and thus improve aesthetics. 

4 SOIL STRUCTURE INTERACTION  

The Pukerua Bay Overbridge is located 15 km from the Wellington Fault, 3.3 km from the Ohariu 
Fault and a few hundred metres from the Pukerua-Shepherds Gully Fault all producing earthquakes of 
magnitude 7.2 or greater (McVerry, 2003). Resistance of the bridge to the effects of ground shaking 
during an earthquake are provided predominantly by the bridge abutments in both longitudinal and 
transverse directions. The interaction of the bridge abutments, bridge piers and the abutment slopes are 
an important consideration in the overall response of the bridge. Despite the bridge’s age, the main 
structural components of the bridge were assessed as being adequate to provide a satisfactory overall 
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response, for the design level adopted, provided the lateral resistance at the abutments was not 
compromised. 

Potential instability of the abutments slopes, at relatively low levels of seismic acceleration, would 
have significant implications on the overall response of the bridge to seismic shaking. Movements of 
the abutment slopes would also impose significant loads and deformations on the abutment and pier 
piles. The loads and deformations imposed on these piles would have led to significant damage to 
these members and potential for loss of support to the bridge. 

To determine the overall response of the bridge the critical interaction between the soil and the 
structure needed to be evaluated and understood. To further the investigation and understand the 
interaction between the bridge and the slope response, two questions are proposed: 

1. How much displacement can the bridge piles take before critically compromising the 
structure’s integrity? 

2. How much does the resistance of the bridge structure reduce the slope movement? 

The challenge in answering these questions was how to model this complex system of the soil-
structure interaction. 

5 ANALYSIS 

An analysis was undertaken to assess the displacement of the slope as a consequence of the ultimate 
limit state (ULS) design earthquake and the interaction of this displacement with the bridge structure. 
To simplify the analysis separate slope and structural models were used. The slope model predicted 
the displacements of the soil nailed slope and the structural model determined the force-displacement 
response of the bridge. The interaction between the slope and the bridge was considered through 
examining the displacement at the bridge abutments and piers. 

In assessing the soil-structure interaction the abutments were initially assumed to provide no resisting 
load to the slope. To assess the influence of any resisting force from the bridge piers, a load 
representing a reaction from the bridge was applied in the slope model to the toe of the slope (same 
relative position as the top of the pier piles). The reduction in slope displacement with increasing load 
is represented by the dashed line in Figure 4. Similarly using the structural model the displacement at 
the top of the pier pile heads was determined for the reaction load on the structure. This is represented 
by the solid line in Figure 4. When compared, the point of equilibrium showed little resistance is 
provided by the bridge pier to the slope. This indicated that the soil nailed slope was stiffer than the 
bridge pier response and for the slope analysis, the resistance of the bridge could therefore be ignored. 

Figure 4: Load Displacement Plot at the Pier Capping Beam 
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5.1 Slope Model 

The slope model was used to determine the displacements of the soil nailed abutment slopes under 
seismic loading. Two mechanisms make up the total soil nailed slope displacement: 

1. Displacement on the critical failure surface behind the soil nails 

2. Displacement due to bar stretch as load develops in the soil nails 

To analyse, each were considered separately.  

 

Figure 5: SLOPE/W Model 

 

Figure 6: Displacement vs. Acceleration 

 

5.1.1 Critical Failure Surface 

For the critical failure surface a limit equilibrium type analysis was coupled with Newmark sliding 
block theory to determine the resulting displacements. This was done by calculating the yield 
acceleration of the slope on the critical failure surface, dividing it by the peak ground acceleration 
(PGA) to give the critical acceleration ratio. This critical acceleration ratio was the input parameter to 
determine displacement using  the relationships proposed by Ambraseys and Menu (1988).  

To calculate the yield acceleration a limit equilibrium model was implemented in the software 
SLOPE/W by Geo-Slope International (2011) as shown in Figure 5. SLOPE/W calculates a factor of 
safety (FOS) for a selected range of failure surfaces by determining the total resisting force over the 
driving force. The yield acceleration is assessed by adjusting the horizontal seismic coefficient until 
the factor of safety (FOS) is equal to unity.  

For this project a site specific hazard earthquake spectra was estimated by McVerry (2003) of 
Geological Nuclear Sciences (GNS) to assess the design PGA’s. The PGA’s for the site are indicated 
in Table 2. 

Ambraseys and Menu (1988) used Newmark block displacement theory on a selection of available 
earthquake time histories to determine displacement in relation to critical acceleration ratio. Figure 6 
shows the critical acceleration ratio/displacement relationship developed. The displacements on the 
critical failure surface were assessed by applying the calculated critical acceleration ratios to the 
Ambraseys and Menu relationship. The total displacements which included the displacement on the 
critical failure surface are shown in Table 2.  

5.1.2 Bar Stretch  

Displacements also occur due to bar stretch as load develop in the soil nails. This displacement occurs 
within the soil nailed mass. To assess, the load profile along the soil nail was determined using 
SLOPE/W. Knowing the load profile in the bar the stretch of the bar was calculated. This stretch was 
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then related geometrically to displacement on the face of the slope. The stretch of the soil nail is 
dictated by its stiffness. This is dependent on the bar used. Table 1 indicates the relative face 
displacement due to bar stretch for the two Ischebeck Titan Bars considered for the soil nails.  

Table 1: Bar Stretch Displacements 

Bar Type Face Displacement Due to Bar Stretch 

Ischebeck Titan 30/11 13mm 

Ischebeck Titan 40/16 7mm 

5.1.3 Total Displacements  

The total displacements are the addition of the displacements on the critical failure surface and the 
horizontal component of the displacement from the bar stretch. The total displacement predictions are 
shown in Table 2. The total displacements were applied in the structural model to determine the soil 
nail length required to reduce displacements to an acceptable level. Soil nails 10m long were required.   

Table 2: Pier and Abutment Displacements 

Design Level Earthquake 
Return Period 

Ambraseys & Menu (1988) Displacements for 16% Probability of Exceedance 
Including Bar Stretch Displacements* 

No Anchors 
(ay=0.08g) 

6m (ay=0.16g) 8m (ay=0.24g) 10m (ay=0.29g) 

100yr (PGA=0.25g) 200mm 20mm 5mm 5mm/ 10mm 

SLS 150yr (PGA=0.29g) 250mm 40mm 5mm 5mm/ 10mm 

ULS 500yr (PGA=0.45g) 600mm 150mm 50mm 20mm/ 30mm 

1000yr (PGA=0.55g) 900mm 250mm 90mm 50mm/ 60mm 

MDE 2500yr (PGA=0.62g) 1000mm 300mm 125mm 70mm/ 80mm 

*Underlined values assume Titan 30/11 bars. All other values assume Titan 40/16 bars. 

5.2 Structural Model 

The structural capacity of the bridge was found to be adequate assuming the abutment slopes were 
secured and no significant structural upgrades were required to the bridge. Any potential 
displacements of the abutment slopes would affect the performance of the bridge, larger displacements 
potentially causing damage which could result in collapse.  

A combination of 2 and 3 dimensional structural models were used to assess the performance of the 
structure and evaluate the effects of any slope movements on the bridge piles. A combination of 
modal, static and non-linear push-over analyses were used through the project to determine 
fundamental period, force-displacement response and effects of slope displacements on the piles. 

The required soil nail lengths to minimise permanent residual slope displacements were determined, as 
shown in Table 2. These displacements were imposed on the pile members of the structural model to 
determine potential damage to critical elements. This included: 

 Shear and flexure of the abutment piles  

 Shear and flexure of the pier piles  

 Flexure of the pier columns  

The structural analysis found that 10m long soil nails were required to reduce slope displacements to 
an acceptable level that would not compromise the capacity of the bridge structural elements at the 
ULS design level adopted.  

The main lateral load path for seismic loads was to the abutments. To secure this loadpath, new 
structural linkages was specified to be installed to the longitudinal deck beams at each pier location. 
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6 MODIFIED DESIGN LEVEL  

The original brief specified a ULS design return period for the retrofit works of 1000 years. This was 
modified through detailed design to 500 years. Considerations driving this reduction were: 

 Remaining life of the retrofitted bridge 

 Cost of the retrofit works  

 Replacement cost of a new bridge  

Given the age and condition of the existing bridge, a design life for the retrofit works of 50 years was 
adopted compared to a 100 year design life requirement for new bridge construction. The cost of 
retrofit works to secure the bridge for a ULS 1000 year event were considered economically unviable, 
as they approached the cost where the option of a replacement bridge would be chosen.  

7 RETROFIT SUMMARY 

The end retrofit design was 102, 10m long soil nails evenly distributed across the abutment slopes at 
3m horizontal by 1.5m vertical centres. The 10m long soil nails were chosen as they reduce slope 
displacements so the structure performance meets a ULS design return period of 500 years.  

Each soil nail has a bearing plate to develop capacity right to the slope face. A spray concrete facing 
beneath the bridge and a steel mesh facing either side of the bridge prevent erosion and shallow 
slumping.  

Ischebeck Titan bars were specifically chosen for the soil nails due to their ability to reduce crack 
widths within the grout enhancing corrosion protection to the bars. Titan 30/11 bars were chosen over 
Titan 40/16 bars as the reduction in bar stretch was not necessary to reach the ULS design level.  

Installation of new structural linkages in the deck, at each pier, secured the main lateral load path to 
the abutments. 

8 CONCLUSIONS 

The coordination between structural and geotechnical engineers was important in assessing the 
performance of the bridge and the design of the retrofit work. For this project displacement of the 
slope was critical to the structural performance of the bridge. Soil nail slope stabilisation was designed 
as an effective remedial solution to reduce slope displacement. An early appreciation that the soil 
nailed slope was stiffer than the bridge piers allowed a separate analysis of the slope. This enabled the 
analysis to be furthered simplified saving time and cost.  
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