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ABSTRACT: Tunnels provide critical access for people and utilities in cities with 

rugged terrain such as Wellington City, where relatively short tunnels provide crucial 

access for vehicles, pedestrians, and water supply. The performance of a number of 

tunnels have been assessed and where necessary strengthened both to provide day to day 

safety and reliability, and resilience in earthquake events. This paper illustrates this 

through case studies of the seismic performance assessment and retrofit of the Hataitai 

bus tunnel and the Northland road tunnel. 

Seismic performance assessments of these tunnels that are largely constructed in 

Wellington Greywacke rocks, show that despite the rocks being tectonically deformed 

and highly fractured, the tunnels would perform well in earthquakes. However, the portal 

structures were found to be vulnerable to damage in earthquakes, and pose a safety hazard 

and the potential for blockage of access.   

The Northland Tunnel has recently been assessed and retrofit options have been 

developed, but these are yet to be implemented. The Hataitai bus tunnel was retrofitted 

using reinforced concrete buttresses, ground beams and rock anchors, to strengthen the 

portal structures. Since the portal structures have heritage value, the strengthening was 

carried out in a manner sensitive to preserve the heritage aspects as far as possible. The 

very steep rock slopes above the eastern portal was also assessed to be vulnerable to 

failure and posed a safety hazard, and hence was strengthened using rock bolts and mesh. 

 

1  INTRODUCTION  

Wellington’s rugged terrain has meant that numerous relatively short tunnels form part of the region’s 

infrastructure that provide critical access for vehicles in buses, water supply pipelines and drainage 

systems.  Over the past decade, Opus has assisted the local authorities and the NZ Transport Agency 

in the earthquake performance assessment, and where necessary retrofit of a variety of these tunnels in 

the Greater Wellington area.  These include the Orongorongo water supply tunnel, Carey’s Gully 

stream tunnel at the landfill, the Mt Victoria and Terrace state highway tunnels, the Hataitai Bus 

Tunnel and the Northland local road Tunnel.   

These tunnels are constructed largely through tectonically deformed and highly fractured rocks 

associated with Wellington’s greywacke sandstones and argillite.  While the assessments have 

indicated that the tunnels would generally perform well, with in some cases strengthening of the sub-

standard lining or management of rock fall risk associated with unlined tunnels, the portal structures 

are generally highly vulnerable to damage and possible collapse in moderate to large earthquake 

events.  This has required strengthening of the portals of some of the tunnels.  This paper focuses on 

the assessment and strengthening of local road tunnels for the Wellington City Council. 

The case studies illustrate the seismic performance assessment of the Northland Tunnel including its 

portals (which are yet to be strengthened), and the earthquake strengthening of the Hataitai Bus Tunnel 

which was completed in 2015.  These tunnels also have heritage values which were taken into 

consideration in the development of the strengthening schemes. 
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2 NORTHLAND TUNNEL ASSESSMENT 

2.1 Description 

The Northland Tunnel was built around 1927.  It is a 90 m long, vehicle and pedestrian tunnel located 

on Northland Tunnel Road, in Northland, Wellington. The tunnel passes beneath Putnam Street and 

connects the suburbs of Lower Karori and Northland. 

The history of the Northland Tunnel is a somewhat chequered one. As an order-in-council was not 

applied beforehand, the tunnel was not inspected by the Public Works Department during the course of 

construction. The original design was modified during implementation by a Contractor, to achieve a 

better road and tunnel grade.  However, this caused numerous issues during construction including 

errors in the alignment of the tunnel and setting out of the portals. The design modifications resulted in 

the tunnel being an additional ~36 m in length and ~0.3 m in width and resulted in an additional ~14 m 

cut and cover section. The completed arch was also flatter than the original design.   

There are also reports that fill was overloaded on top the tunnel, resulting in a slip, which overloaded 

the then recently cast tunnel arch, causing cracking in the tunnel lining.  Figure 1 shows photographs 

of the tunnel looking from the north and south ends. 

(a) North portal and wing walls         (b)  South portal and tunnel  

Figure 1 - Northland Tunnel 

The tunnel lining comprises an approximately 2.5 m height reinforced concrete wall on either side of 

the tunnel, with a reinforced concrete arch above. At each end of the tunnel, there are reinforced 

concrete portal walls. 

The north portal wall extends about 1.75 m to 3.5 m above the crown of the arch, and is flanked by 

oblique tapered wing walls. On both sides of these wing walls, staircases and footpaths lead to houses 

on either side.  

The south portal wall is supported by tapered concrete buttresses on both sides, and extends about 

1.75 m to 4 m above the crown of the arch. The portal extends to the east as a tapered wing wall which 

varies in height from 8 m near the portal to 2.8 m further east, and has a slope above and below.  The 

western Karori side of the portal is flanked by a steep 14 m high rock cut slope. 

The tunnel lining was strengthened immediately after construction, using steel sets and an overlay of 

reinforced concrete, because of safety concerns over the quality of the lining and the observation of 

cracking, see Figure 2. The concrete cores on the walls and roof of the tunnel confirm the increased 

thickness of lining because of this historic strengthening shown on the drawings.   
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Figure 2 - As constructed detailing of tunnel barrel 

2.2 Site Investigations  

Site investigations comprising visual inspection, engineering geological mapping, boreholes, machine 

auger holes, concrete cores, CCTV inspections of the cored holes, laboratory tests were carried out to 

determine the ground conditions over the tunnel, at the portal walls and at the wing walls, and to 

assess the condition and strength of the lining.  

Concrete coring was carried out through the tunnel lining, the portal face walls and the wing walls 

over a 0.5 m to 1.5 m length, to confirm the tunnel wall thickness, ground conditions behind the lining 

and the presence and size of any voids and the competency of the rock behind.  The coring also 

provided samples for concrete strength tests.  The cores on the tunnel wall were taken along the spring 

line of the tunnel.    

Voids were found within and behind some concrete cores taken along the roof, and were inspected 

with a CCTV camera. The compressive strength of the concrete varies from 32 MPa to 77 MPa. The 

concrete along the southern half of the tunnel lining, where there was a greater thickness of soil 

overburden, was generally found to be higher than the strengths of concrete along the northern half of 

the tunnel lining, which the overburden was mainly rock.  

There are a number of both natural and cut slopes in the vicinity of the tunnel. A visual assessment 

during engineering geological mapping identified that these are currently performing well and no 

significant failures were observed with the exception of a soil slump east of the southern portal and a 

number of minor wedge failures along the 15 m+ high cut slope west of the southern portal. This steep 

rock slope has the potential to experience some failures blocking the road in a large seismic event due 

to its height, steep slope angle and immediate proximity to the road.  

2.3 Geology, Seismicity and Ground Conditions 

The geology maps indicate that the Northland tunnel site has weathered alluvium deposits underlain 

by Wellington Belt Greywacke rock. According to the most recent maps (GNS, 1996), the alluvium 

consists of undifferentiated weathered, poorly sorted and loess covered gravel deposits. The 

greywacke rock consists of alternating bedded sandstone, siltstone and mudstone/argillite.  

The site investigations show that the ground conditions generally comprise loose gravel with minor silt 

and sand overlying highly weathered Greywacke rock. The thickness of loose fill/colluvium varies at 

along the tunnel and at the portal walls. Soil and rock parameters were established based on site 

investigations results and local geological knowledge.  

The Wellington region, where the tunnel is located, is an area of high seismicity in New Zealand.  The 

region has a number of major active faults and a subduction zone associated with the active plate 

boundary between the Pacific and Australian plates. These fault structures are capable of generating 

large earthquakes of magnitude 7.5 to 8+, and together these sources contribute significantly to the 

seismic hazard in the Wellington region. The active trace of the Wellington Fault is indicated on 

geological maps to lie approximately 250 m from the Northland Tunnel (Institute of Geological and 

Nuclear Sciences, 1996). The fault has a recurrence interval of 610 to 1,100 years and characteristic 

rupture of the fault can give large earthquakes of magnitude 7.5 with typical surface fault 

displacements of 5 m horizontally and 1 m vertically (Little et al., 2010).  Given the distance from the 

Wellington Fault, fault rupture is not considered to be a hazard to the performance of the tunnel, 

although it will affect access routes between the city and the suburbs of Northland and Karori. 
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2.4 Seismic Loads 

As an important route in the network, we have assumed that the structure has a design life of 100 years 

and an importance level of 2, in accordance with the Bridge Manual (New Zealand Transport Agency, 

2014). The site has generally more than 3 m of soil overburden over completely weathered rock. 

Therefore, the site is assessed as Class C in accordance with NZS 1170.5, for the portals, wing walls 

and southern half of the tunnel barrel.  The northern half of the tunnel barrel and portals are founded 

on rock, and hence have a Site Class B.    

The earthquake accelerations were assessed on this basis for the seismic performance assessment of 

the tunnel.    

2.5 Seismic Performance Assessment 

2.5.1 Tunnel Barrel 

The seismic performance of the tunnel was assessed for the following failure mechanisms: 

a) Axial deformations - this will lead to tension and compression in the tunnel lining (see Figure 3A), 

and this will be dominant when the incidence of the seismic waves is in a direction parallel with 

the tunnel alignment, leading to tension and compression in the tunnel lining 

b) Curvature deformations – this will lead to curvature of the tunnel and lining as shown in 

Figure 3B, and will be dominant when the seismic waves propagate in a longitudinal direction, 

and the curvature strains will be dependent on the angle of incidence of the seismic waves. 

c) Ovaling deformation – this type of deformation occurs when the seismic waves propagate in a 

direction across the tunnel, see Figure 3C. 

d) Collapse of overburden / rock onto the tunnel lining if there are large cavities above. 

The above mechanisms were considered in the assessment. 

 

 

 

 

Figure 3 - Tunnel Deformation; Axial and Curvature (L) and Ovaling (R) (after Wang, 1993) 

The overburden soil above the tunnel varied significantly along the tunnel, with a large depth of fill 

with a small rock thickness along the southern half of the tunnel and predominantly rock overburden 

along the northern part of the tunnel.  Because of this difference, the tunnel was assessed for two 

different ground profiles representing the southern and northern parts of the tunnel.  

The stresses in the tunnel lining due to axial, curvature and ovaling deformations were assessed as 

C. 
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proposed by Wang (1993).  The voids in the roof lining were taken into consideration to assess an 

effective lining thickness for use in the assessment. The assessed stresses on the tunnel barrel lining 

due to these actions were compared with the compressive strength of the lining. The demand on the 

tunnel lining was assessed at earthquakes with different return periods, and are summarised in Table 1. 

Table 1. Summary of output from tunnel barrel assessment  

 

Earthquake 

Return 

Period 

Compressive Stress in tunnel lining (MPa) 

Allowable Compressive 

Stress in lining (from 

laboratory tests on 

concrete cores) 

Axial /Curvature Deformation Ovaling Deformation 

South Section 

(fill over 

tunnel) 

North Section 

(rock over 

tunnel) 

South Section     

(fill over 

tunnel) 

North Section 

(rock over 

tunnel) 

25 8.1 0.9 0.7 0.5 Compressive strengths: 

South section 61 MPa to 

77 MPa. 

North section 32.5 MPa 

to 52 MPa.   

250 24.3 2.7 2.1 1.5 

500 32.4 3.6 2.7 2.1 

1000 42.1 4.6 3.6 2.7 

The max demand on the lining concrete during a 1,000 year return period earthquake from the 

different mechanisms is about 42 MPa along the south section of the tunnel overlain by significant fill 

thickness, and 5 MPa along the northern section of tunnel overlain by largely rock.  The concrete 

strength is much higher than these demands on the southern and northern sections of the tunnel.  The 

stronger concrete and the steel ribs at closer intervals along the southern section (see Figure 2) may 

have been used to resist the higher loads from the greater thickness of fill along the southern part of 

the tunnel. 

The analysis results show that the compressive stresses caused by earthquake actions are less than 

strength of the tunnel lining. Therefore, the tunnel lining is assessed as likely to perform adequately in 

the seismic events.  

There are no voids found between the in situ ground and the tunnel lining. Therefore, the risk of 

collapse of rock or fill over the tunnel lining is very minimum or negligible. Given that the northern 

part of the tunnel is overlain by rock and the southern part of the tunnel is predominantly overlain by 

soil fill, differential deformations in the tunnel may cause some cracking at the interface between the 

tunnel sections overlain by rock and predominantly soil.  However, this is not likely to cause collapse 

of the tunnel, and the tunnel is likely to remain functional or be able to be brought back into use after 

limited scaling of cracked concrete or limited repairs. 

2.5.2 Portals and wing walls 

A series of geological cross-sections were developed across the portal face walls, wing walls and the 

adjacent slopes with all the available information.    

Local stability of the retaining walls were checked for sliding, overturning and bearing type of failures 

at various heights of the walls, considering the connectivity to the tunnel barrel. Factor of safety was 

computed as the ratio of resisting forces to the disturbing forces. Earthquake earth pressure forces 

were considered as acting on a rigid wall as all the portal walls and wing walls are connected to tunnel 

barrel and founded on rock. The inertia forces were considered with sloping locked in soil at the back 

of the walls. In these analyses, the wing walls were considered as propped at one end because of the 

connection to the tunnel portals. The adequacy of the structural reinforcement of the walls were 

checked for the overturning moments computed. 

The portal parapet walls at both ends of the tunnel were found to be critical in overturning in seismic 

events over 100 years return period. There is no structural connection between the portal parapet wall 

and the tunnel barrel. Structural assessment of the portal wall indicates that the wall has inadequate 

capacity to resist the overturning moments.  Deformation and cracking of the portal walls are therefore 
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expected in earthquakes of return periods greater than 100 years. 

Both portals wing wall sections away from the portal were found to be critical in overturning in 

seismic events or even in large storm events.         

2.5.3 Slopes above portals 

The global stability of the slope across the wing walls and portal face walls was analysed.  Where the 

slope is critical in design PGAs, the lateral displacements were predicted based on the Jibson (2007) 

and Ambraseys and Srbulov (1995) methods. Earthquake-induced ground displacements were 

predicted by computing the critical acceleration at which a factor of safety of 1 is achieved, and then 

predicting the displacement based on the ratio of critical acceleration to the full PGA. The fill slopes 

above the wing wall is marginally stable in static and serviceability seismic events.  The failure of the 

south portal wing wall and slope above may not affect the access to the tunnel as it is set back away 

from the portal.  However, it may affect Putnam Street. 

2.5.4 Cut slope on the western side of the south portal  

The cut slope was mapped, assessed and found to have unfavourable defects. Rock fall and planar or 

wedge failures in an earthquake can impact access to the tunnel in seismic events. The size of failures 

were assessed to have the potential to block the footpath and one lane width. This can be cleared and 

access to the tunnel can be restored quickly. Therefore no mitigation measures were considered 

necessary. 

2.6 Proposed strengthening works 

The following strengthening works are proposed: 

a) Strengthening the portal parapet walls at both portals, by tying it to a reinforced concrete 

ground beam cast behind the portal, spanning between the wing wall buttresses anchored back 

using rock anchors. 

b) Strengthening the portal wall by installation of rock anchors to support the portal wall, with 

their heads set back into recesses in the wall. 

c) Strengthening of the south portal buttressed with a reinforced concrete overlay and rock 

anchors cast into the concrete overlay. 

d) Strengthening the wing walls using buttress walls supported by reinforced concrete piles.   

e) Stabilising the slope behind the portal parapet walls, by soil nailing and Tecco mesh netting.      

There were other solutions considered to be feasible, but were discounted due to the heritage features 

of the tunnel and its portal structures. The detail design and construction will be carried out soon.      

3 HATAITAI BUS TUNNEL 

3.1 Case Study 

The case study of the Hataitai Bus Tunnel in Mt Victoria is presented in this paper to illustrate the 

detailed design and implementation of the tunnel portal strengthening works. Opus International 

Consultants was commissioned by Wellington City Council to carry out detailed design of the portals 

strengthening works, obtain resource and building consents and procure and manage the construction 

works, after the seismic assessment of the tunnel and the portals had been carried out.   

Previous assessments had concluded that the tunnel barrel is structurally adequate and will perform 

well in the design seismic events.  The portals and wing walls at both end of the tunnel were assessed 

to be vulnerable to damage from earthquake events, and strengthening of the portals were considered 

necessary based on this assessment.  Strengthening of the portals and wing walls using reinforced 

concrete buttresses were proposed, and had been agreed in principle with the heritage team. 



7 

3.2 Description of the Tunnel 

The Hataitai Bus Tunnel connects the suburbs of Mt Victoria (west portal) and Hataitai (east portal) in 

Wellington. It is a single lane, bus only tunnel, with traffic lights controlling the bus traffic, and it 

provides access for trolley buses, powered by overhead wires, as well as normal diesel buses. The 

tunnel is 310 m long with an arch tunnel about 5.25 m high and 4 m wide, and is lined with a 450 mm 

thick brick lining.  The portals at each end comprise mass concrete portal walls and wing walls.  The 

eastern portal is constructed on rock while the western portal is located on fill.  

3.3 Strengthening Works  

3.3.1 Portal Walls and Wing Walls 

The portal and wing walls were strengthened to resist the increased earthquake induced earth pressure 

forces and the inertia forces associated with a design earthquake event. The portal wall at the west end 

in Mt Victoria also resists potential instability of the soil slope above the portal structure.  

The strengthening works for the portals comprised the following elements (see Figures 4 and 5): 

a) A reinforced concrete ground beam above the tunnel arch and immediately behind each of the 

tunnel portal and parapet, to provide support to these elements. 

b) Reinforced concrete buttresses at the corners of the portal wall and each of the wing walls, 

with the buttresses being socketed into rock at their bases. 

c) A further reinforced concrete buttress at each wing wall, further away from the portal wall 

interface, again founded into rock at their bases. 

d) Rock anchors, 6 m to 14 m long, through the reinforced concrete buttress elements to tie the 

buttresses into rock.  The rock anchor heads were cast into the reinforced concrete buttress 

structures to provide an attractive finish. 

The strengthening works were designed to provide good earthquake performance. 

 

Figure 4 -  Elevation of West Portal in Mt Victoria, showing Strengthening Elements 

3.3.2 Heritage and Architectural Features 

An important part of the detailed design and construction was giving due recognition to the heritage 

value of the tunnel portals that were listed in the Wellington City Council’s district plan.  The 

strengthening works were developed to minimise the effects on the appearance of the portals and to be 

sympathetic to the heritage status of the portals. The existing architectural features were preserved, 

and the new wing wall buttresses and extended wall elements were provided with features such as the 

capping slab to be consistent with the existing portal wing walls.  

The new concrete elements were plastered to provide a consistent appearance with the existing tunnel 

portal and wing wall surface finish.  
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The wing walls that existed at the east portal in Hataitai had different heights and were visually 

inconsistent with the west portal structure.  These wing walls were raised to provide an architecturally 

consistent and attractive appearance, after this was agreed with the Council’s heritage team during 

detailed design, see Figure 5. 

The existing portals were laser scanned to develop a three dimensional model of the portals, and early 

three dimensional views of the strengthened portals were prepared by the architects at Opus, and were 

discussed and agreed with the Wellington City Council’s heritage team. Resource consents were 

applied for and obtained for the strengthening works, given the heritage listing of the structures. 

 

Figure 5 -  Elevation of East Portal in Hataitai, showing Strengthening Elements and Raised Wing Wall 

3.3.3 Rock slope above East Portal 

During the design stage, the slopes above the portals were assessed and it was found that the rock 

slope above Hataitai portal posed a rock fall safety hazard to tunnel users in operational conditions, 

and also posed a risk of failure in earthquake events. Mitigation measures were developed and 

implemented for the rock slope, and comprised: 

a) Scaling of loose rock blocks by abseiling. 

b) Trimming of trees that posed a hazard. 

c) Installation of 31 rock bolts across the rock face. 

d) Installation of high strength Tecco mesh over the rock face. 

The scaling was carried out and the installation of the rock bolts and mesh were carried out by 

abseiling techniques. The completed rock fall protection works are shown on Figure 6. 

 

Figure 6 -  Rock Slope Protection Works above East Portal in Hataitai 
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3.4 Construction Features and Challenges 

3.4.1 Construction Contract 

The construction was procured through open tender considering the attributes as well as the price, to 

obtain a contractor who is experienced in the specialist construction works.  The successful contractor 

for the strengthening works was BBR Construction Techniques, with Juno Civil as sub-contractor for 

the concrete works, and Abseil Access as sub-contractor for the rock slope protection works. 

3.4.2 Double Corrosion Protected and Post-grouted Rock Anchors 

The rock anchors were double corrosion protected by pre-grouting the Macalloy anchor bars into a 

ribbed HDPE sheath, and the installing the assembly into the anchor hole and grouting the anchor. 

This provided long term durability and design life for the anchors. 

Given the weak highly weathered rock encountered in the site investigations carried out at the site, the 

design included a special feature of post-grouted rock anchors, using the post-grouting approach 

developed by Opus (Brabhaharan, 2007).  

The rock anchors incorporating post-grouting were installed using the following approach: 

a) Preliminary grouting of the bars into an HDPE sheath, to provide double corrosion protection. 

b) Drilling of the anchor hole and installation of the pre-grouted anchor assembly into the hole 

together with a post-grout tube (with node valves) and grout tube. 

c) Primary grouting of the anchor through the grout tube, using a bottom-up approach. 

d) Cracking the primary grout after 8-12 hours to primary grouting, by applying high water 

pressures at each node using a tube-a-manchette (TAM) through the post-gout tube. 

e) Post-grouting using a TAM, node by node, through the post-grout tube, placing a controlled 

amount of grout, and flushing the post-grout tube after each round of post-grouting. 

f) Repeating the cracking of the grout (step d above) and post-grouting (step e above) until 

sustained pressures of 400 psi to 500 psi were achieved to demonstrate a tightly grouted rock-

grout interface.  Usually 2 to 3 rounds of post-grouting were used. 

The post-grouted anchors had the following design and construction benefits: 

 Post-grouting provided a greater rock-grout bond capacity for the rock anchors, through 

pressure grouting the primary grout-rock interface. 

 Post-grouting enabled any potential voids around the anchors to be filled by pressure grouting 

during the post-grouting stage. Given the use of post-grouting, the water test criteria was 

relaxed, and therefore reduced the number of anchors that required preliminary grouting and 

re-drilling, where the water test did not meet the criteria.  This provided construction 

programme savings and hence minimised disruption. 

The anchors heads were recessed into the reinforced concrete buttress elements. 

3.4.3 Overhead Wires 

The tunnel had overhead wires to power the trolley buses, which posed a challenge to the construction 

works, and in particular the installation of the anchors.  The rock anchors were oriented and inclined to 

minimise the potential conflict with the overhead wires.  This together with the small rig, installation 

method and hoarding erected by the contractor, ensured that most of the strengthening works were 

able to be carried out safely while maintaining the live wires and keep the trolley buses running.   

Limited weekend closures of tunnel were put in place with bus diversions, to facilitate critical works 

including repairs to the tunnel arch and plastering. 

3.4.4 Repair of Concrete and Plastering 

The portal strengthening works allowed for repair of the crack and damage to the portal concrete 

elements. Strengthening a 90 year old heritage structure presented some challenges with discovery of 
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additional cracks, unsecured components of the portal and some poor quality concrete and plastering. 

These were remediated effectively with the specialist concrete knowledge of Opus Research and the 

agility of the Contractor during the works. 

The repair works including drilled and grouted tie bars to secure elements of the structure, injection of 

cracks in the concrete, and removal of deteriorated plaster and re-plastering of sections of the existing 

portal, in addition to plastering of the new elements.  This was followed by painting the portals. 

3.4.5 Strengthened Portals 

Photographs showing the strengthened portals are presented in Figure 7. 

 

(a) West Portal in Mt Victoria         (b)  East Portal in Hataitai  

Figure 7 -  Hataitai Bus Tunnel Portals after Strengthening 

4 CONCLUSIONS 

Tunnels provide access for roads and utilities given the rugged terrain in the Wellington Region, and 

the earthquake performance of these tunnels are important for the resilience of the community.  

Assessments of a number of tunnels to consider operation safety and earthquake performance, and 

strengthened have highlighted common vulnerabilities of these tunnels.  The assessments have 

indicated that these tunnels, generally constructed in Wellington’s greywacke rocks, would themselves 

perform well with limited cracking or rock falls.  However, the portals of these tunnels have generally 

been assessed to be vulnerable to damage in earthquakes, posing a safety hazard as well as blockage of 

access after a moderate to major earthquake event. 

The paper illustrates this through twin case studies, with the assessment being presented for the 

Northland Tunnel, and the strengthening design and construction being presented for the Hataitai Bus 

Tunnel. These road tunnels also have heritage values, and the paper illustrates how the strengthening 

can be carried out while minimising the effect on its heritage.  The case study illustrates how carefully 

thought out design approaches and innovative techniques such as post grouted rock anchors help 

achieve a practical and economical outcome despite challenging ground and operational constraints. 

The rock fall hazard mitigation at the east portal of the Hataitai tunnel illustrates the need for 

considering the operational safety hazards while considering strengthening for earthquake resilience. 
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