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ABSTRACT: The M7.8 Kaikoura Earthquake on 14 November 2016 severely damaged a
vital highway and railway corridor on the east coast to the South Island of New Zealand.
Intense ground shaking triggered large rock avalanches and rock falls from steep rock slopes
which totally blocked the transport corridor. Total cost of the insured damage was about
$NZ1.8 Bn.This paper outlines the geotechnical input required to ensure the safe and resilient
reinstatement of the transport route along the coastal margin of steep rock slopes. The works
themselves included; removal of large rock avalanches and rock falls, installation of extensive
areas of rock fall mitigation measures, highway and railway realignments and tunnel repairs
that will take until late 2019 to complete. On 6 November 2018, it was announced that this
project had been voted the ICE People’s Choice Award for International Civil Engineering
Projects in 20183.

1 INTRODUCTION

At 12.02 am, 14 November 2016 a Mw 7.8 earthquake triggered near the township of Waiau
in North Canterbury. It then progressed north about 170 km along at least 22 faults before
ending 120 seconds later near the town of Seddon in Marlborough Province south of the cap-
ital city, Wellington (Figure 1). Peak horizontal ground accelerations of 1g were recorded.
Modified Mercalli shaking intensities of 8–9 were observed.
Numerous landslides and rock falls and rock avalanches were triggered Thousands of land-

slides and 196 landslide dams occurred in a 10,000 km2 area (Dellow et al, 2017). The most
significant rock avalanches that disrupted transport links, were those along the mountainous
coastal margin in a 16 km long section north of Kaikoura and a 6km long section to the south
(Figure 2). These buried and cut off the main north railway line and State Highway 1. This is
the main transport corridor for freight between New Zealand’s North Island and Christ-
church; the largest population centre in the South Island. Important tourist towns like Kai-
koura, along the route, were cut off from the rest of NZ in terms of land transport. As well as
blocking an important section of NZ’s infrastructure and the economic impact of that, access
to important tourist destinations along the east coast, were also disrupted. Tourism has
become one of the largest sectors of the NZ economy at about $NZ35Bn annually. Conse-
quently, towns like Kaikoura were badly affected by both the direct effects of the earthquake
and the economic impact of losing its road and railway links to the rest of NZ.
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Despite the earthquakes intensities and large scale rockfalls/avalanches there was minimal
loss of life. A 350 m long freight train on the line north of Kaikoura became trapped by rock-
falls but was not struck directly. Given the early morning timing few if any vehicles were using
the highway and none were struck by falling rocks. Had the earthquake occurred 8 hours earl-
ier a much larger loss of life would likely have resulted from the rockfalls as the highway had
been packed with holiday makers returning to Christchurch following a public holiday
weekend.

2 REGIONAL SETTING

The east coast of New Zealand’s South Island is part of the tectonic plate boundary of the
colliding Pacific and Australasian Plates. Numerous strike slip and normal faults traverse the
area. Two major mountain ranges: the Seaward and Inland Kaikoura Ranges, have been pro-
gressively uplifted to around 2600 m above sea level – a process that continued during the
recent earthquake when the coastal margin lifted between 2 to 4 m. The first major ridge lines
of the coastal slopes rise up to 600 m above sea level. The upper slopes are often incised by
gulleys with steep bluffs rising above them. Groundwater is limited by the small catchment
area although the slopes receive a typical annual rainfall of 900 mm to 1500 mm. Rainfall
intensities during storms can reach 150 mm in 24 hrs for a 10 year return period.
The rock types north and south of Kaikoura along the coastal margin are predominantly

well indurated Greywacke rocks with some areas of Tertiary age limestones and mudstones in
the North. The largest rock avalanches and rockfalls occurred in colluvium overlying well

Figure 1. Seismicity a. Peak Ground Accelerations; b. Faulting (Source, Stirling et al 2017).

Figure 2. Transportation Routes Most Effected. Figure 3. Lidar Hillshade Model.
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jointed greywacke rocks north of Kaikoura that completely buried the corridor with large vol-
umes of debris. South of Kaikoura the steep slopes close to the corridor yielded smaller failure
volumes but still blocked the railway and put rock onto the highway.
Large areas of the steep (35 – 45+°) slopes are mantled by significant depths of colluvium

derived from past slope failures. The colluvium materials range from silt size up to large angu-
lar rock blocks. Failure of over-steepened colluvium masses also occurred and deposited large
volumes of material onto the corridor.
The study of hillshade photos derived by Lidar surveys (Figure 3) often revealed well devel-

oped scarps on the slopes which served as evidence of large scale and deep seated global slope
movement. Study of similar photos of the coastal slopes illustrate that large slope areas have
undergone long term slope movement processes. The remarkable fact about the large areas of
slope failure present along the Kaikoura Coast probably less than 5% of the slopes failed cata-
strophically onto the transport corridor, although large areas suffered some degree of disturb-
ance that has not immediately impacted the corridor. One of the concerns during design of the
reinstatement measures is that some of these “disturbed” slopes will be the source of future
events that do eventually impact the corridor, likely triggered by heavy rainfall.

3 ROCK AVALANCHES AND ROCKFALL DAMAGE TO INFRASTRUCTURE

Prior to the earthquake the slopes were covered by coastal shrubbery much of it native to NZ.
The earthquake triggered nine major rock avalanches or landslides affecting a total corridor
length of 2750 m north of Kaikoura over about 16 km section of the corridor and about 31
discrete rockfall or landside sites on the 6 km length of corridor between Peketa and Goose
Bay south of Kaikoura. In addition to the large slope failures there were numerous discrete
rockfall events that landed on or crossed over the corridor as shown in an example cross-sec-
tion (Figure 4). The failure material ranged from soil to very large discrete rock blocks in the
order of 75 tonne.
The largest rock avalanches occurred around Ohau Point on SH 1 north of Kaikoura and

immediately north of the Point (Figure 4). The avalanches completely buried the highway
down to sea level and extended back upslope at about 37°. Access for earthmoving equipment
to begin clearing the corridor was problematic from a staff safety perspective as there were
likely to be further rockfall events and the threat of strong aftershocks was present.
South of Kaikoura, the rock slopes rise steeply from near sea level leaving the corridor on a

narrow raised coastal rock platform about 40 m wide. Often rock falls were from steep rock

Figure 4. Typical Cross Section.
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faces or descended narrow, incised channels within the steep hill slopes. The proximity of the
railway/road corridor to the toe of the steep slopes resulted in most rock falls or colluvium
slope failures entering the corridor blocking the railway (which is located at the slope toe) and
often reducing the highway to a single lane.

4 STRATEGIC RESPONSE

4.1 Emergency phase

In the immediate aftermath of the earthquake the emergency response focused on such activ-
ities as; evacuating tourists trapped in Kaikoura by the highway closures out of the town,
evaluating the safety of residential and commercial buildings and reinstating essential infra-
structure such as water, sewage and power services.
The scale of the smaller rock slope failures on the inland highway west of Kaikoura and the

State highway south of Kaikoura permitted highway maintenance crews to clear single lanes
by mid December 2016 that would enable use of both routes under strictly controlled condi-
tions (to manage road user safety) during daylight hours. The railway and State Highway One
(SH 1) north of Kaikoura to Picton. The scale of works on these routes and to reinstate all
highways to dual lane was going to take much longer and require a significant construction
effort over a long period of time.

Figure 5. Rock Avalanches; A, B & C Ohau Point North Kaikoura, D & E South Kaikour
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4.2 Multi-organisational recovery phase

Planning began in December 2016 for a multi-organisational response to design and construct
the full engineering works required to reinstate the transport routes to full service. The scale
of the slope hazard i.e. against future rockfalls and debris flows was going to require a large
team of geotechnical staff and construction contractors drawn from across New Zealand. The
work demands were too large for any single New Zealand based engineering consultancy or
construction contractor. Further, as both the Main North Railway line and SH 1 occupied the
same corridor, the two NZ Government owned bodies responsible for management of these
networks. KiwiRail and the NZ Transport Association (NZTA) agreed to work together as
an alliance with the contractors on the reinstatement works. They set the criteria for the
reinstatement works.
For KiwiRail the key criteria for the works focused on ensuring that the completed works

provided an adequate level of running serviceability with defined durations of future closures
that prevented train running from rockfalls. Their primary objective was to mitigate slope haz-
ards for slopes judged to have a Slope Hazard Rating greater than 250 based on an internally
developed rating system.
For NZTA their design criteria focused on achieving adequate highway user safety from

future rockfall events. Two thousand vehicles per day using the highway, under normal condi-
tions, which results in a much higher likelihood of injury from uncontrolled rockfall than the
railway experiences where a single driver controls a whole train. NZTA’s objective was to
treat geohazards to road users that had an Assessed Risk Level (ARL) less than 3 using the
NSW slope hazard assessment methodology (New South Wales Roads and Maritime Services,
2014).

5 GEOTECHNICAL CHARACTERISTICS OF SLOPE FAILURES

The greywacke rock mass is well jointed, most likely due to the tectonic stresses but it retains
a high rock mass shear strength. The basic greywacke rock mass could be generalised as
having a Geological Strength Index (Marinos et al 2005) GSI = 55 to 75 (very blocky to
blocky with good to very good, rough unweathered joints.
Undisturbed, the rock masses can stand near vertically and, in some locations, are over-

hanging. Many overall slope angles are in the range of 30 to 70 degrees. Insitu, the rock
masses often have tight to slightly open joints. Where large rock mass failures occurred, the
source was often high up the slopes on or just below the ridgeline. Possibly, topographic amp-
lification of the ground motions assisted the triggering process.

Figure 5a. Debris Flows in Rainfall after Earthquake. Figure 5b. New Bridges at Debris Flow.
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The rock avalanches comprised disaggregated rock blocks 100 mm to several meters across,
with most sizes in the 300 mm to 1 m range. Typical deposition angles were 35 – 45 degrees
representing the angle of repose for the lose rock blocks. Colluvium slopes that failed are typ-
ically soil derived from the underlying rock mass and transported down slope over geological
time scales (Figure 5a). The limited catchment areas precluded development of deep water
tables in the slope so that groundwater pressures did not, for most slope failures, play any
significant part in the events triggered by the earthquake. Later on the exposed slopes were
impacted by heavy rainfalls from the remnants of several tropical cyclones (named Cook,
Debbie and Gita) that passed over the area in the first half of 2017 and 2018, triggering more
rockfalls and landslides in colluvium slopes and several debris flow events (Figure 5b) includ-
ing one with a volume of about 100,000 m3 in February 2018 which again buried the highway
and railway north of Kaikoura.
The largest rock avalanches occurred around Ohau Point on SH 1 north of Kaikoura where

about 100,000 m3 of rock debris and completely buried the highway. At this location the rail-
way passes through a tunnel and this portion of the railway was largely undamaged. Typic-
ally, where the railway passed through tunnels it was isolated from the slope events outside,
although some damage to tunnel portal areas was sustained and required repair. The highway
only utilizes two short sections of tunnel south of Kaikoura and so was directly exposed to
slope failures along the entire length of the corridor.

6 CLEARING THE CORRIDOR – HOW IT WAS DONE

Reopening the highway and railway would require removal of the large volumes (approx. 1
million m3) of rock and soil debris blocking the corridor and putting in place mitigation meas-
ures to protect the reinstated corridor from future rockfall and slope failures. The section
below sets out the methodology adopted to geotechnically clear the corridor and then to
secure it against the risk of new events.

6.1 Safety issues

The high, steep slopes, with abundant loose rock and the ever present threat of strong after-
shocks, dictated prioritisation of safety considerations in all aspects of the clearance method-
ology. The adopted strategy had, as a key objective, the safe removal of debris. This required
an exacting sequence of debris removal with regular review of whether the safety objectives
were being met. Consequently, the critical path of the clearance program was governed by the
safety requirements which set the order clearance would take place.

Figure 6. Debris Removal; A. Helicopter Sluicing and Abseil Scaling, B. Earthworks
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6.2 Clearance method

Aerial reconnaissance by helicopter confirmed that the slope heads above the failure paths of
the rock falls and rock avalanches contained copious quantities of loose unstable rock that
threatened crews attempting to clear the corridor at the base of the slopes. Consequently, a
top down methodology was developed for removing the loose rock debris. The basic clearance
steps were:

• Firstly, sluice as much of the loose debris as practicable from the slope head areas using
monsoon buckets slung from a fleet of helicopters. Up to 15 helicopters at a time were used
on rotation carrying 1000 li of seawater up to the slope heads then dropping it onto the
slope area under the direction of engineering geologists positioned on safe vantage points
adjacent to the slope. This process continued over several days to a week or more on spe-
cific areas until it was judged that the process was no longer removing sufficient quantities
of material or the remaining material was adequately stable (Figure 6).

• Sluicing was supported by hand scaling of loose rock using specialist abseilers skilled in the
use of ropes and climbing around on the steep slopes safely. North of Kaikoura, following
the sluicing work, large 20 to 30 T hydraulic excavators cut themselves narrow, single lane
access tracks up the steep slopes to the head of the debris fans. From the top of the fans
they then cut a bench across the fan head and then began progressively tossing the material
down the hill to where it could be removed by a conventional truck and shovel type oper-
ation. This process of fan reduction took many weeks on most slides and there were several
variations of this process according to the specific geological and topographical characteris-
tics of the slide or rock avalanche. In some cases, control of drainage from the upper slope

Figure 7. Example Mitigation Works. A. Road Realignment, B. Anchored Netting, C. Rockfall

Attenuator, D. Rockfall Fences protecting Railway and Road Tunnel Portals
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area dictated the need to cut new drainage paths to direct water from the slope area to
nearby suitable gulleys for disposal

• At corridor level the rock debris was picked up into dump trucks and taken to permanent
storage areas along the coast or left in neat stacks along the base of the slope where suffi-
cient area existed, and the stacks could be shaped to help with the overall reduction of
future rockfall risk to the corridor.

7 LONG TERM PROTECTION OF THE CORRIDOR

Long term protection of the corridor is being achieved by a variety of techniques to mitigate
the risk that future rockfall and debris flows impact the safety and serviceability of the railway
and highway (Figure 7). The mitigation measures include:

• Realignment of the highway and railway away from the slope toes onto the coastal plat-
form raised up by the earthquake. In some locations the rock platform had been raised by
2 to 4 m providing a new base for the railway and highway.

• Gabion and earth bunds to trap large volumes of debris.
• Rockfall fences and attenuators to trap and control small volumes of rockfall or discrete

rockfall events.
• Netting/meshing/bolting of whole slopes or individual rocks to prevent rockfall trigger

The design of these measures involves extensive rockfall analysis to determine the required
placement, height and energy dissipation requirement for intercepting 95% or more of events
on each rockfall path or area.

8 REOPENING OF THE CORRIDOR

The total cost of the works to reopen and to secure the safety and serviceability of the coastal
highway and railway corridor north and south of Kaikoura is approximately $NZD1.2 Bn.
Over 2,000 staff have been involved in the design and construction works since January 2017
to the present day.
Key reopening dates for various portions of the corridor have been:

• The highway South of Kaikoura was reopened in daylight hours only on 21 December
2016.

• The Railway was reopened for nighttime passage of freight traffic between Picton and
Christchurch on 15 September 2017.

• The highway North of Kaikoura was reopened to cars in daylight hours only on 15 Decem-
ber 2017.

The highway and railway were fully reopened to unrestricted traffic flow day and night in
April 2018. They do still operate under a weather-based control system which checks the rain
forecast and can result in additional controls if severe rain is expected that could lead to fur-
ther slope failures.
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