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ABSTRACT 
 
The Terrace Tunnel forms an essential lifeline for the road infrastructure in Wellington, New Zealand. 
The safety of the tunnel is being upgraded by the Wellington Tunnels Alliance. The stability of the 
tunnel structure under strong earthquake shaking has been assessed. The review included numerical 
modelling of the tunnel using input time histories based on historic earthquake records. The 
assessment provided the owner with predictions of potential damage during differing severities of 
earthquakes. This paper summarises the geotechnical conditions and some of the challenges during 
the assessment of the tunnel stability. 
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1 INTRODUCTION 
 
The Wellington Tunnel Alliance includes the New Zealand Transport Agency, AECOM, Leighton 
Contractors and SKM. The Alliance is delivering the refurbishment of the Mount Victoria and Terrace 
Tunnels in Wellington, New Zealand. These refurbishments are driven by improvements in the fire and 
life safety and traffic safety performance of the tunnels. An important part of this process is to 
understand the likely performance of the tunnel structures in a significant earthquake. The Alliance 
also considered the performance of the portal walls, buildings, systems, services and controls. 
 
This paper focuses on the assessment of the performance of the tunnel lining, foundation and invert 
slab, as these are considered to be the highest risk elements in terms of tunnel operations. The input 
physical parameters for the analysis of the performance of the tunnel structure were derived from 
physical investigation works, as built drawings and documented geological records. 
 
Two dimensional non-linear elastic-plastic dynamic finite difference modelling was carried out for 
several cross sections through the tunnel. This provided a representation of the varying cross section 
geometry, construction and ground conditions. Sensitivity analyses were carried out to evaluate the 
influence of the input parameters. The resulting stresses and strains in the structural elements from 
the modelling results were compared to the theoretical capacity. Where the capacity was exceeded, 
the results were examined in more detail to assess the likely level of damage and the impact on the 
overall tunnel structure. 
 
 
2 TERRACE TUNNEL DESIGN AND CONSTRUCTION 

 
The Terrace Tunnel was completed in 1978 as part of the Wellington Urban Motorway and carries 
State Highway 1 from Wellington City to the north. The tunnel is approximately 460m long and has a 
kerb to kerb width of approximately 11m. The tunnel carries three traffic lanes, two northbound and 
one southbound. The tunnel comprises two cut and cover sections of 65m and 24m length at the 
northern and southern ends respectively, and the main central bored section. Both the bored and cut 
and cover tunnel sections have a horseshoe shape, i.e. curved walls and crown with a flat invert. 
 
The tunnel lining is cast in place reinforced concrete with a thickness of around 600mm. In the central 
bored section steel sets were used to provide support during construction and contribute to the 
permanent load carrying capacity. The sets generally sit within the depth of the cast in place lining.  
The foundation is 750mm thick and the invert slab is 450mm thick. The cross section geometry is 
shown in Figure 1. 
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Figure 1. Typical bored tunnel cross section 

 
3 GEOLOGY 

 
The geological model and geotechnical parameters for the seismic assessment were established 
based on a through desk study and visual inspections from walkovers. The existing information 
included tunnel construction information and pilot tunnel geological logs. No site specific intrusive 
investigations were carried out, as the existing information was considered sufficient to establish 
parameters for the seismic assessment. 
 
The geology and rock mass qualities vary significantly over short distances due to the deposition, 
tectonics and active seismicity in Wellington. The main challenge was to simplify the wide variety of 
material along the tunnel alignment to optimise the number of sections that needed to be analysed 
and the range of material parameters to be considered. Typically the rock, except for the unweathered 
greywacke, is disturbed. The rock material is heterogeneous, fractured, and interbedded with argillite 
and bands of clay. Based on the information available, rock mass properties were estimated and 
Mohr-Coulomb parameters were derived following Hoek-Brown and RMR evaluation methods. The 
ground conditions were simplified into five geological units: 
 
Table 1: Geological Units 

 
Based on the topography and stress history of the site, it was assessed that the major principal stress 
direction was vertical and that the horizontal stress equalled the vertical stress (i.e. K0=1). Faulting, 
clay seams and the local topography would have provided stress distribution and release. A range of 
K0 was considered in the sensitivity analyses, from 0.8 to 1.2. The results were not sensitive to K0.  
 
Where the accuracy of the assessed parameters was doubted or believed to have a major influence to 
the seismic model sensitivity analyses were carried out and analyses parameters were confirmed 
between the modeller and the geotechnical engineer. For example, the stiffness of the rock mass used 
in the models was varied between 500 MPa and 5000 MPa. As the results were sensitive to this 
range, a characteristic value was used where the rock mass conditions were expected to be relatively 
poor. In the central section of tunnel, where rock conditions are better, a higher stiffness was used. 

Description GSI UCS Rock mass 
modulus 
(MPa) 

Cohesion 
(kPa) 

Friction 
(degrees) 

Fill at cut and cover sections   25 2 32 

Highly weathered to completely 
weathered sandstone / 
greywacke 

  500 10 35 

Unweathered sandstone / 
greywacke 

50 200 5857 0.602 56 

Clayey breccia 8 50 1248 0.041 35 

Moderately weathered 
sandstone 

20 75 1500 0.030 35 
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4 SEISMIC HAZARD 

 
Wellington is crossed by many active faults and the earthquake hazard is considered to be high. There 
have been large earthquakes within the last 200 years, notably a M7.5 on the Awatere Fault in 1848 
and the 1855 M8 Wairarapa Earthquake (Begg and Johnston, 2000). Project specific and site specific 
seismic hazard parameters were established. A site specific seismic hazard assessment (SSSHA) for 
the tunnel was undertaken by GNS Science to provide a more accurate understanding of the likely 
earthquake shaking than that derived from the New Zealand Standard NZS1170.5. Historic time 
history records specific to the type of earthquake associated with the dominant Wellington Fault (i.e. 
strike slip) were compiled to use in the analysis of the tunnel performance. 
 
Seven representative accelerograms were considered. They were filtered to reduce the low and high 
frequency content (typically <0.05 Hz and >20 Hz). The acceleration time histories were formatted to 
m/s

2
 units, scaled to match the appropriate peak acceleration and baseline corrected to remove the 

drift in displacement. The input velocity time history was obtained by integrating the acceleration time 
history. NZS1170.5 stipulates that the scaling factor (k1) must be between 0.33 and 3. Two of the 
records were discounted on this basis. Two further records were discounted due to concern regarding 
uncertainties relating the baseline correction and format of the original data. This was to obtain the 
most valid seismic input to the numerical modelling. These steps are necessary when undertaken time 
history analyses to avoid calculation errors or model instability. For example, high frequencies in the 
input time history can resonate in the model resulting in very high attenuation, which results in extreme 
accelerations. Filtering avoids this problem.  
 
In the absence of a specific New Zealand Standard or a NZTA design guideline for the seismic 
assessment of tunnel structures, project specific performance parameters were established. The 
underlying philosophy set out in the NZTA Bridge Manual was used to derive the return periods for the 
design earthquakes. The project specific performance criteria are included in the table below. Note 
that a period of closure of the tunnel may be required following a ULS or MCE event. 
 
Table 1: Seismic Performance Parameters 

Design Earthquake Return 
Period 

Acceptable Performance Factor 

Serviceability limit state 
(SLS) 

50 years No structural damage 0.26 

Ultimate limit state (ULS) / 
Design earthquake 

1,000 
years 

Some structural damage tolerable. The 
tunnel must be usable by emergency 
services directly after the event. Repairs 
must be feasible. 

1 

Maximum credible 
earthquake (MCE) 

2,500 
years 

Tunnel structure must not collapse. 
Significant structural damage tolerable. 
Repairs should be possible. 

1.3 

 
 
5 NUMERICAL MODELLING 
 
Detailed static and dynamic analyses of the tunnel using FLAC were undertaken and the results 
compared to the calculated tunnel element capacities. FLAC version 6 is a two dimensional explicit 
finite difference software package for engineering mechanics analysis. It simulates the behaviour of 
structures comprising soil, rock or other materials that may undergo plastic flow when their yield limits 
are reached. The appropriate levels of earthquake action used in the analyses were from the 
recommendations of the SSSHA. The dynamic analysis was modelled using a user specified 
horizontal stress at the base of the model. A typical input time history is shown in Figure 2. It is 
necessary to make reasonable approximations for numerical modelling to simplify the model to 
maintain numerical stability and reasonable analysis run times. The simplifications and assumptions 
are discussed below. 
 
The geology was simplified to a homogeneous model. Only one rock unit was modelled for the bored 
tunnel and two (rock and fill) for the cut and cover tunnel. The rock unit parameters were based on the 
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characteristic parameters for the weakest rock unit. Stronger rock conditions were evaluated through 
the sensitivity analyses. The ground surface was modelled as horizontal. Groundwater was not 
modelled in most analyses as the results of sensitivity analyses, where FLAC models included 
groundwater, showed its effect was negligible. The rock stiffness was based on rock mass properties 
determined using standard Hoek-Brown and GSI methods. The stiffness determined for static analysis 
was also used in the dynamic analysis, which was considered appropriate but slightly conservative 
The dynamic loading phase included stiffness degradation based on strain, i.e. strain softening, 
through hysteretic damping.  
 
The tunnel lining was modelled as linear elastic. The primary support mainly comprised steel sets. The 
secondary liner was a reinforced concrete lining cast in-situ, which incorporated the steel sets (i.e. the 
sets were cast into the lining). The secondary liner for the bored tunnel assumed a combined section 
which included the contribution of the steel sets. The stage construction included installing the sets 
during excavation and therefore the stress was locked in and included in the permanent liner. All joints 
were fully fixed. 
 
The in-situ stress state of a rock mass in the vicinity of a tunnel is altered by tunnel excavation. The 
majority of the stress release occurs ahead of the excavation face and before installation of the 
primary support. If the support is flexible, then further deformation of the rock mass can occur resulting 
in further relaxation. In most rock types, long term deformation can result in an increase in the load of 
the tunnel lining with time during the life of the structure. For the base model, it was assumed that 50% 
of the relaxation occurred before the primary support was installed and 90% relaxation before the 
secondary lining was completed. The excavation sequence was simplified to a single heading, 
compared to actual excavation which included a pilot tunnel and multiple headings.  
 

 
Figure 2. Example of input time history for dynamic analysis 

 
FLAC calculates the stresses and displacements on the tunnel lining. This is strongly influenced by the 
geotechnical and structural parameters, and the construction sequence. The calculations include dead 
loads, earth pressures, and construction loads. Earthquake effects were modelled in the dynamic 
analysis phase. Live loads, for example traffic, and superimposed loads, for example ventilation 
equipment were not included. Load factors were not applied. 
 
The static analysis phase included the construction sequence: excavation, primary liner installation, 
secondary liner installation, and invert slab. The dynamic phase followed the excavation phase and 
comprised evaluating three earthquake time histories factored to the three limit states (SLS, ULS and 
MCE). The model response was checked to confirm that the target peak acceleration was achieved. 
 
A variety of sensitivity analyses were carried out, including minimum overburden, sloping ground level, 
coefficient of lateral pressure, strength, stiffness, density and the proportion of in-situ stress relaxation. 
The sensitivity of the structural input parameters was also investigated. Checks were also made on 

Duration, Seconds 

Velocity, m/s 
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the construction sequence and the influence of groundwater. Several models investigated the potential 
influence of assumptions relating to the boundaries, constitutive model and the method of analysis. 
 
The base models were analysed using all three earthquake time histories for all three earthquake 
levels. The results of the early analyses indicated that the time history based on the Izmit earthquake 
resulted in the most adverse effects. Initial models assumed the connection between the invert slab 
and foundation was rigid. The results of these models indicated that the flexural demand in some 
sections exceeded the member capacity. Following a review of the reinforcement detailing, the model 
was revised to a hinge connection which more accurately model the connection. 
 
 
6 ASSESSMENT OF ACTIONS AND CAPACITY 
 
Axial and flexural capacities of the sections were determined based on interaction diagrams for 
reinforced concrete columns. The interaction diagrams for different sections were plotted with the 
demand determined from the FLAC analyses. Example of the capacity demand plots are shown 
below. 
 

 
Figure 3. Examples of capacity demand analyses 

 
Where this initial assessment indicated that demand exceeded capacity, the nature of the potential 
damage was considered in more detail to understand the consequences. The type and extent of 
structural damage predicted in the earthquakes is summarised below.  
 
Table 2: Structural damage due to the design earthquakes 

Limit State Bored section – highly 
weathered rock 

Bored section – 
unweathered rock 

Cut and cover section 

SLS 
(1 in 25 years) 

No damage predicted No damage predicted No damage predicted 

ULS 
(1 in 1000 
years) 

Possible damage expected 
to foundation as shear 
capacity exceeded. Moderate 
damage to invert slab. 

Possible damage to 
invert slab. 

Possible cracking of 
lining. Moderate damage 
to invert slab. 

MCE 
(1 in 2500 
years) 

Cracking of foundation. 
Severe damage to invert 
slab. 

Moderate damage to 
invert slab. 

Cracking of lining. Severe 
damage to invert slab. 

 
No structural damage was predicted due to a SLS event and normal operation of the tunnel would be 
expected. The SLS performance was therefore considered acceptable. 
 
Whilst a ULS event may cause damage, particularly to the invert slab, access by emergency services 
immediately afterwards should be possible. Repairs were considered feasible but the tunnel may need 
to be closed to undertake the repairs. ULS performance was considered acceptable. 
 
A MCE event may cause extensive damage, particularly to the invert slab. To model the potential 
failure of the invert slab, further analysis was undertaken where the contribution of the invert slab was 
ignored. It was found that the tunnel structure remains stable during the MCE earthquake, i.e. collapse 
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is unlikely. However, significant deformations are possible. Whilst repairs may be possible, they may 
not be economic. MCE performance was considered acceptable. 
 
 
7 CONCLUSIONS 
 
Finite difference analysis of the Terrace Tunnel, and capacity demand assessment of the results, has 
determined acceptable performance of the existing tunnel structure during seismic loading predicted 
by a site specific seismic hazard assessment. Whilst some damage may occur during more severe 
earthquakes, access for emergency vehicles is expected to be possible and collapse is unlikely.  
 
Several key decisions regarding the assessment were required. These influenced how conservative 
the approach should be: 
 

 An elastic-plastic model was used. Elastic models are often used for dynamic analyses, 
especially for rock. Allowing plastic failure is more conservative. It was considered that this 
was more appropriate as failure is possible within the highly fractured rock mass. 

 The peak ground acceleration was used. As accelerations attenuate through the ground, lower 
accelerations may occur at the tunnel alignment. Whilst this may be considered slightly 
conservative, there are significant uncertainties regarding the attenuation of accelerations as 
well as the wider aspects of predicting peak accelerations.  

 The most adverse result out of the three earthquake time histories was used. It may be more 
reasonable to use the average of the results, although more time histories would probably 
need to be considered.  

 A fully coupled geotechnical / structural model where the failure envelope of the structural 
lining was included would be possible. However, this would have added significant complexity 
to the model and resulted in very slow run times. An alternative approach would have been to 
approximate the rock loads on the lining and run the dynamic analysis in a structural software 
package. The approach of obtaining more accurate lining loads and approximating the lining 
behaviour was considered the most reasonable method of determining the structural 
performance. 

The results of the assessment would appear to be in accordance with case histories of tunnels that 
have been subject to major earthquakes, where most have not been severely damaged. A recent 
example is the Lyttleton Tunnel near Christchurch that was subjected to a M6 earthquake (with the 
epicentre less than 1km from the tunnel) causing very high ground accelerations, as well as several 
other earthquakes larger than M6 within a few kilometres. Lyttleton Tunnel has not been severely 
damaged and normal operation has continued. However, the earthquake loading was probably lower 
than the design earthquake required for the Terrace Tunnel.  
 
A dynamic analysis of this type requires significantly more resources compared to simple forms of 
assessment. However, the authors believe that the uncertainties and complexity of the problem, as 
well as the potential consequences, lead to a detailed assessment providing a more thorough 
understanding. This provides value in that greater confidence in the existing asset is obtained. 
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