
Paper Number 6 

Seismic Performance of the Terrace Tunnel Approach 

Walls, Wellington 

F.J. O’Riley,  P. Brabhaharan  &  D.L. Stewart 

Opus International Consultants, Wellington, New Zealand. 

 
2006 NZSEE 

Conference 

ABSTRACT   The approaches to the Terrace Tunnel on the Wellington Urban Motorway 

(State Highway 1) have large retaining structures that support the cuttings.  The retaining 

structures are supported by a system of anchors tied back to anchor drive tunnels 

constructed in the hillside behind the walls.  The retaining walls were designed in the 

1970’s using a peak ground acceleration of 0.25g. 

Transit New Zealand commissioned Opus International Consultants to develop a 

maintenance strategy for the large approach walls.  The strategy identified the need for a 

seismic performance assessment of these structures.  The seismic performance of the 

walls was assessed for earthquakes with return periods of 475 years (operating level, 

0.38g), 1000 years (design level, 0.48g) and a maximum credible earthquake (MCE) 

(contingency level, 0.75g).  The factor of safety against slope instability was found to be 

less than one for the design level and MCE events.  The resulting slope displacements of 

up to 350 mm are likely to be accommodated by ductile behaviour of the high capacity 

MacAlloy anchors.  The assessment therefore concluded that collapse of the structures is 

not likely.   

The structure therefore meets its performance expectation of minimum damage in a 

design earthquake event and no collapse in a contingency level MCE event.   

1 INTRODUCTION 

The Wellington urban motorway is a key link into the city and is important as a post-disaster 

transportation lifeline. The Terrace Tunnel is located at the southern end of the motorway with two 

northbound lanes and one southbound lane.  The tunnel was designed as the first of two tunnels and 

was opened in 1978.  The planned second tunnel did not proceed. 

The urban motorway has been recognised by Transit as a key post earthquake transportation lifeline.  

The motorway structures to the north of the tunnel have been subject to detailed seismic studies 

resulting in the seismic retrofit of the Thorndon Overbridge and Shell Gully bridges. 

A maintenance strategy for the high approach walls at the southern and northern end of the tunnel 

were developed by Opus International Consultants (2004a & 2004b) for Transit New Zealand.  The 

strategy identified the need for a seismic performance assessment of these structures.   

The northwest wall is between 17 and 19 metres high and 130 m long, see Figure 1.  The highest 

section of the wall has a 2 m high rock anchored wall.  The southwest wall is approximately 12 m high 

and 20 m long, see Figure 2.  The approach walls are predominantly tied-back concrete walls.  

Anchors tie the wall face to a concrete beam located within anchor drive tunnels constructed in 

bedrock approximately 20 m behind the walls, see Figure 3.  The northern most 60 m section of the 

Northwest approach wall (north of the tied-back walls) is relatively low in height and is tied-down 

with anchors grouted into bedrock. 
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Figure 1 Northwest Wall Figure 2 Southwest Wall 

 

Figure 3 Cross section at Northwest tied back wall 

2 ORIGINAL DESIGN   

The walls were designed by the Ministry of Works and Development in the early to mid 1970’s.  A 

summary of the wall and anchor details is provided in Table 1. 

The original design was based on finite element analyses and this provided the design anchor loads.  

The output was checked using limit equilibrium analyses assuming planar failure.  A design pseudo 

static acceleration of 0.2g was adopted for the working load analyses and checked to ensure ultimate 

limit capacity at a pseudo static acceleration of 0.25g.   

The design records indicate that an ultimate capacity of 0.3g was achieved in most sections as the 

working load analyses controlled the design.  The seismic accelerations were based on international 

practice at that time rather than knowledge of the seismicity of this area. 
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Table 1 - Wall Type and Anchorage Details 

Wall Type 
Height / 

Length 
Anchor Type 

NW Tied-Back 

Wall 

Lower Wall 

Tied-back to 

Anchor Drive 

16.5 m / 129 m 

Two 32 mm Macalloy Bars at each anchor 

location located in separate 100 mm drilled 

holes lined with 75mm diameter PVC pipe, 

450 mm apart vertically at wall face. 

NW Upper Rock 

Anchored Wall 

Upper Wall 

Rock Anchored 
2 m / 65 m 

35 mm Macalloy Bars grouted into 200 mm 

diameter holes, 14 m long 

SW Tied-Back 

Wall 
Tied-back Wall 12.2 m / 21 m 

Twin 32 mm Macalloy Bars inside a 125 

mm diameter PVC pipe lining a drilled 200 

mm diameter hole. 

NW Tied-Down 

Wall 
Tied-down Wall 3 m / 65 m 

Drawings indicate 35 mm Macalloy Bars.  

Inspections indicate a mix of 35 mm 

Macalloy bars and strand anchors    (6 No 

12.9 mm diameter) 

3 SITE SEISMICITY 

Knowledge of the seismicity of New Zealand and the Wellington area has improved significantly over 

the past 25 years.  Recent site-specific seismicity studies for this area were carried out as part of the 

Wellington Inner City Bypass Project (IGNS 2001) and the Shell Gully Retrofit project (IGNS 2000).  

These studies have indicated the expected ground accelerations which are summarised in Table 2. 

 

Table 2 - Peak Ground Accelerations from Site-Specific Seismicity Studies & Design Loading 

Standard NZS 1170.5 

Return Period 
Site Specific Study / 

Design loading standard 150 yrs 475 yrs 1000 yrs 2500 yrs 
MCE 50

th
 

percentile 

MCE 84
th

 

percentile 

Shell Gully 0.22g 0.38g - - 0.48g 0.75g 

Wgtn Inner City Bypass 0.30g 0.51g 0.68g - 0.64g 1.00g 

NZS1170.5 0.26g 0.44g 0.57g 0.79g - - 

 

The seismic response of the Terrace Tunnel approach walls is expected to be characterised as a 

bedrock site, similar to that of nearby Shell Gully.  Hence the site-specific seismicity study for Shell 

Gully is considered to be more representative of the ground conditions at the Terrace Tunnel approach 

walls than the Inner City Bypass study. 

It is clear that the seismicity of the area is much higher than the accelerations used in the design of the 

Terrace Tunnel approach walls (0.25g).  The design accelerations could be exceeded in earthquake 

events with return periods less than 475 years, and the characteristic rupture of the Wellington Fault 

would give accelerations much higher than those that the walls have been designed for. 

4 PERFORMANCE CRITERIA 

Transit does not have specific standards or guidelines for the required performance of tunnels, 

associated portal walls, or approachway retaining walls.  However, the Transit “Bridge Manual” sets 
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out seismic performance criteria for bridges and associated retaining walls that provides some 

guidance.  The following criteria were adopted from those required for bridges and applied to the 

assessment of the seismic performance of the Terrace Tunnel approachway walls: 

(i) After an event with a return period significantly less than the design value, damage should be 

minor, and there should be no disruption to traffic. 

(ii) After the design return period event, the motorway shall be usable by emergency traffic, 

although damage may have occurred and some temporary repairs may be required.  

Permanent repair to reinstate the design capacities for subsequent seismic loading should be 

feasible. 

(iii) After an event with a return period significantly greater than the design value, the walls 

should not collapse, although damage may be extensive.  The motorway should be usable by 

emergency traffic after clearance and temporary repairs to the walls.  Permanent repair of the 

walls should be possible, although a lower level of design loading may be acceptable. 

The return period of the design event corresponds to approximately 1,000 years (0.48g).  The 

maximum credible event is associated with a Wellington Fault event of magnitude 7.3 and average 

recurrence interval of about 600 years, with a peak ground acceleration of 0.75g (84th percentile 

value).   

5 SLOPE STABILITY ANALYSIS 

5.1 Methodology 

The following potential types of instability were considered for the approach walls: 

• Slope instability involving failure of the overall wall through the rock mass between the wall 

and the anchor drive tunnel 

• Slope instability involving failure of the overall wall through the rock mass beneath the anchor 

drive tunnel 

• An earth slide originating on the slope above the wall through alluvium / colluvium or fill 

• Overturning failure of the crib wall above the Southwest tied-back wall 

• Overturning, sliding or wall flexural failure at the Northwest tied-down wall 

Stability analysis of the potential rock and earth slides was carried out using Slope/W software.  The 

software uses limit equilibrium theory and has the ability to model heterogeneous soil types, complex 

stratigraphic and slip surface geometry and porewater pressure conditions.  External loads such as rock 

anchors and horizontal acceleration can be modelled. 

The factors of safety for stability at the critical wall sections were computed using the Morgenstern-

Price limit equilibrium theory and the Mohr-Coulomb soil strength model.  The following load cases 

were analysed: 

• Static loading with groundwater conditions inferred from boreholes and construction records. 

• Seismic loading for the 475 year and 1000 year return period peak ground accelerations. 

• Seismic loading for the 84th percentile maximum credible earthquake (MCE) peak ground 

acceleration. 

For seismic load cases where the factors of safety were less than one, the expected slope 

displacements were calculated.  The Ambraseys & Srbulov (1995) and Wood & Elms (1990) 

displacement models were used assuming that no decrease in material strength occurs with 

deformation.  The validity of this approach to a relatively brittle rock mass is uncertain and this 

uncertainty needs to be taken into account in the assessment of seismic performance.  Hoek (2000) 

indicates that the loss of rock mass strength after failure is highest for high quality rock mass.  For the 
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fair to poor quality rock mass at this site, a potential loss of 50% of shear strength may occur with 

severe deformation.  Further loss of strength will occur with repeated or excessive deformation. 

5.2 Ground and Ground Water Conditions at the Northwest Wall 

The Northwest wall has predominantly been formed at the toe of the hillside slopes below Kelburn 

Park, which are about 50 m high and slope at about 35°. 

The logs and core photographs from the investigation drilling conducted in 2005 indicate a thin layer 

of colluvium up to 2 m thick underlain with rock material that is generally weak to moderately strong 

and variably weathered. The rock within 12 m to 17 m of the surface is generally highly weathered 

and weak with soil (gravel/silt) infilled defects.  The rock at depth is generally moderately weathered 

with some soil infilled defects (either crushed zones or highly weathered joints). These defects appear 

to be mainly moderately steeply to steeply dipping but their orientation with respect to the slope is not 

known.  

Based on the review of the available information and knowledge of the rock mass quality at Shell 

Gully (200 to 500 metres north of the tunnel), it was inferred that the rock mass has randomly 

orientated and non persistent jointing with some shear and fault defects but few which are adversely 

oriented.  Therefore, this suggests the mode of failure would not be structurally controlled by 

dominant defect planes, but rather failure would occur through the rock mass (i.e. isotropically).  The 

soil and rock strength parameters are presented in Table 3. 

 

Table 3: Soil Strength Properties Used for Analysis of Northwest Tied- Back Wall 

Material Cohesion  

(kPa) 

Internal Angle of 

Friction 

Moderately to Highly weathered closely 

fractured greywacke sandstone 

70 34º 

Slightly to Moderately weathered closely 

fractured greywacke sandstone 

120 36° 

Residual Soil  10 30° 

 

Water levels in the lower piezometer installed in the borehole drilled in 2005 between the wall and the 

anchor drive were approximately equivalent to the level of the toe of the wall.  Water levels in the 

piezometers installed upslope of the anchor drive are approximately 5 to 10 metres above the toe of 

the wall. 

5.3 Stability Assessment at the Critical Section 

The critical cross section for the NW tied-back wall occurs where the wall has an additional 2 m high 

rock anchored wall above.  The Slope/W model is shown in Figure 4. 

The critical acceleration (Factor of Safety = 1.0) using the preferred soil properties was found to be 

0.42g.  The critical failure surfaces were assessed to pass through the wall at about mid-height and 

along the base of the highly weathered rock.  This failure surface reaches the ground surface 80 m 

behind the wall at the edge of the Kelburn Park fields.  Decreasing the cohesion of the moderately 

weathered (lower) rock or increasing the cohesion of the highly weathered (upper) rock lowers the 

critical failure surface to the base of the wall with the failure propagating upslope through the 

moderately weathered rock. Due to the uncertainty in actual strength parameters for the rock mass, 

daylighting of the failure surface may occur between the base and mid height of the wall.  

Analysis of potential failure surfaces beneath the anchor drive tunnel indicated higher factors of 

safety, therefore deformation of the anchor drive from slope movement is considered unlikely. 
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where Cohesion of Soil 3 and Soi l 4 
is within about 30kPa, the cri tical fai lure surface 
moves into lower rock (Soi l 4) to toe of wall

Critical Failure Surface
(FOS = 1.0 Kcrit = 0.42g)

Soil : 3
Description: Moderately to Highly Weathered Rock
Unit Weight: 25
Cohesion: 70
Phi: 34

Soil : 4
Description: Moderately Weathered, Highly Fractured Greywacke
Unit Weight: 26
Cohesion: 120
Phi: 36

Soil : 2
Description: Col luvium / Residual Soil
Unit Weight: 20
Cohesion: 10
Phi: 31

Slope/w model: Chainage 11600: 
File Name: NW tied back wal l.slz
Analysis Method: Morgenstern-Price
Seismic Coefficient: Horizontal

Soil  4

Soil  3

Soil  2

Three rows ungrouted anchors
Two 32mm Macalloy Bars @ 3m Horiz. Ctrs
Yield strength:  1410 kN
Prestress: 60% Yield
Model Working Load = 463 kN/m

Anchor drive tunnel

Design Water table

One row grouted anchors
One 35mm Macalloy Bar @ 3m Horiz. Ctrs
Yield strength:  800 kN
Prestress: 60% Yield
Model Anchor Force: 262 kN/m

High Water table
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Figure 4:  Slope Stability Model at Northwest Tied-Back Wall 

5.4 Sensitivity Analysis 

A sensitivity analysis of the model was undertaken by altering the strength properties for the 

moderately weathered greywacke and highly weathered greywacke and increasing the groundwater 

level in the toe of the slope (between the wall and the anchor drive) to 10 m below the ground surface.    

The critical acceleration was found to decrease by 24% (0.32g) when cohesion was reduced by 30% 

for both rock layers as well as decreasing phi slightly.  However, the preferred strength parameters are 

considered conservative values for the rock mass and the low rock strength parameters giving a critical 

acceleration of 0.32g are considered to be unlikely. 

A high groundwater level was modelled to indicate the importance of drainage in the anchor drive 

tunnels.  If groundwater were well above the anchor drive tunnel as a result of inadequate drainage or 

blocked drains, the critical acceleration would decrease by 5% to 0.40g, which is just above the 475 

year return period earthquake (0.38g).  Hence the stability of the slope is moderately sensitive to the 

performance of the drains. 

6 SEISMIC PERFORMANCE ASSESSMENT 

6.1 Structural Capacity of Tied-Back Wall and Anchor Drive Bearing Beam

Structural capacity checks including the reinforced concrete walls and bearing pads on the tied back 

wall and anchor drive tunnel were checked and found to be non-critical as they could develop the 

ultimate capacity of the anchors. 
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6.2 Wall Displacement and Anchor Performance 

The total displacement of the wall comprises two components.  The first component is the yield 

extension of the anchors to develop the yield capacity of the bars.  The yield capacity develops at the 

critical acceleration when the factor of safety for the slope equals one.  Given the total yield extension 

of a 32 mm diameter Macalloy bar over a 20 m length is 115 mm, and the bars are prestressed to 60% 

of the yield capacity, the bar elongation to bring the bar from its current prestress level to yield 

capacity would be approximately 45 mm.  The second component of displacement is the rock mass 

displacement when the peak ground acceleration exceeds the critical acceleration (factor of safety <1).  

The Wood & Elms method indicates slope deformation in the order of 5 mm and 135 mm for the 1000 

year and 84th percentile MCE event respectively.  Adding the two displacement components together, 

the total displacement for the 1000 year and 84th percentile MCE event for the preferred and lower 

bound soil properties are summarised in Table 4. 

 

Table 4: Soil Strength Properties Used for Analysis of Northwest Tied- Back Wall 

Preferred Soil Properties Lower Bound Soil Properties 

Event Wall 

Displacement 

(mm) 

Anchor 

Performance 

Wall 

Displacement 

(mm) 

Anchor Performance 

1000 yrs 50 Axial elongation 180 

Axial elongation and moderate 

bending about the intersection 

with the rock- mass failure plane 

84% ile 

MCE 
90 

Axial elongation 

and minor bending 

about the 

intersection with 

the rock-mass 

failure plane 

350 

Axial elongation and severe 

bending about the intersection 

with the rock-mass failure plane, 

see Figure 5.  Localised crushing 

of the rock in the vicinity of the 

intersection of the anchors and 

failure surfaces is also likely. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  Intersection of duct and rock mass failure plane 

 

Failure Zone 

Rock mass 

displacement 

Initial position of 

duct/anchor 

PVC tube 

To tied back wall 

32 mm Macalloy Bar 

To anchor 

drive 

Deformed PVC duct 
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If the lower bound soil properties are used to compute the rock-mass displacement, the total 

displacement of the wall is significantly greater as shown in Table 4. 

The rock mass in this area is highly fractured and weathered and assessed to be of poor quality. 

Therefore during displacement of the slope, the rock mass is not be expected to behave in a highly 

brittle manner.  However some loss of strength may occur, and the reduced post-displacement strength 

properties could be perhaps similar to the lower bound rock parameters.  Therefore the total 

displacement is expected to of the order of the range of displacements presented in Table 4. 

6.3 Summary 

Table 5 summarises the likelihood of structural damage to the walls and disruption to the motorway 

lanes due to debris blocking the road lanes.  The classifications for the likelihood and consequence are 

in accordance with the standard AS/NZS 4360: 2004 Risk Management. 

 

Table 5:  Likelihood of Structural Damage and Disruption to Motorway Lanes 

Likelihood of Consequence 
Scenario 

1000 Year Event MCE Event (84%) 

Northwest Tied-Back Wall 

Structural damage to tied-back wall and anchors Unlikely to Possible Possible to Likely  

Failure debris blocking one lane of motorway Unlikely  Possible 

Failure debris blocking all lanes of the motorway Rare Unlikely 

 

The performance of the other walls was similarly assessed, and was less critical than the northwest 

tied back wall discussed in this paper.   

Overall the performance of the Terrace Tunnel approach walls generally meets the performance 

criteria set out in Section 4.  The motorway will be fully functional in an event smaller than the design 

event, with some repairable damage in the design 1000 year earthquake.  In an 84
th
 percentile MCE 

earthquake, significant damage could occur, but the wall is unlikely to collapse and close the 

motorway.  

7 CONCLUSIONS 

Satisfactory performance of the main Northwest tied-back wall is expected in the 1000 year return 

period design earthquake (0.48g).  Some deformation in the order of 50 mm to 90 mm is expected in 

the highest section of the tied-back walls.  If no significant loss of strength occurs then the 

deformation would be expected in the lower end of the range indicated above and should occur in a 

ductile manner, possibly with yielding of some of the anchors.  If a loss of rock mass strength occurs 

with slide deformation, then the deformation may be at the high end of the indicated range, but this is 

likely to be accommodated by bending and yielding of the anchor bars. 

There is potential for large slope movements to affect the Northwest tied-back walls in an earthquake 

larger than the design event.  Analysis of the MCE earthquake (0.75g) indicates potential slope 

movements in the order of 180 mm to 350 mm.  Such deformation would lead to yielding and bending 

of the anchors, but is unlikely to lead to failure of the wall and slope.  Significant repair would be 

required after the event.  Inspection and replacement of some of the anchors may be required to ensure 

long term performance. 

Consideration of the stability of the wall, the displacement in large earthquake events, and the ductile 

performance of the anchors has enabled the performance of the walls and the impact on this key 

lifeline road to be assessed. 
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