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ABSTRACT: The Kaikōura earthquake resulted in significant damage to major transport
networks from large scale rockfall and rock avalanches, cutting off all land routes into the
coastal town of Kaikōura and inundating approximately 24 km of the main freight transport
corridor with landslide debris. While there is extensive literature on the design of robust rock-
fall and landslide protection measures through rockfall modelling, this is mainly directed to
the design of protection against hazards that pose a future risk to the public or infrastructure
when time is available for the careful investigation, design, and installation of protective meas-
ures. This paper describes the application of rockfall modelling in the design of protective
works in a post-disaster recovery, time-critical environment, where multiple aspects of the
recovery process were occurring simultaneously; and the key challenges in understanding,
modelling, and effectively mitigating rockfall risk during the initial recovery phase of the
project.

1 INTRODUCTION

On November 14th 2016, a Magnitude 7.8 (Mw) earthquake occurred in the South Island of
New Zealand, originating 60km south-west of the coastal town of Kaikōura, then travelling
northeast, ultimating involving over 20 faults and with a peak vertical ground acceleration
measured up to 3g (Geonet 2018). The mountains of the Kaikoura Range rise abruptly from
the adjacent coastline, with a limited platform along the coast forming the narrow transport
corridor.The complex earthquake sequence resulted in significant damage to major transport
networks from large scale rockfall and rock avalanches, cutting off all land routes into the
town of Kaikōura, located between Christchurch and Picton (Figure 1). The North Canter-
bury Transport Infrastructure Recovery (NCTIR) Alliance was formed to rebuild the rail and
road network after the earthquake. Initial recovery efforts focused on removal of the nearly 1
million cubic metres of debris to allow access for repair of the transport corridor. Rockfall
modelling was used extensively to assist risk assessments, design decisions and construction
safety management, but encountered a number of challenges in the initial recovery phase due
to the number of large complex slips, limited site information, and rapidly evolving rockfall
problems.
Extensive literature exists on the topic of design of rockfall and landslide protection meas-

ures through rockfall modelling (e.g.Volkwein et al. 2011, Dorren 2003). These studies and
guidelines are typically tailored towards large scale, well identified hazards and rely on having
adequate time to spend gathering site information, carrying out trajectory modelling, and cali-
bration of results with historic observations. Significant research has gone into the develop-
ment and improvement of testing methodologies and computational models for predicting the
behaviour of falling rocks, and the procedures of back calculating these parameters based on
real world rockfall tests (e.g. Giani et al. 2004). Typically these solutions are geared towards
the use of commercially supplied passive and active protection measures, which can take sig-
nificant time to design and install. These standard approaches are appropriate in the design of
protection against hazards which pose a future risk to the public or infrastructure, where
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sufficient time is afforded to the investigation, design, and installation process of the protect-
ive measures.
In contrast, in a post-disaster recovery setting, work is typically carried out in a very time

critical environment, where multiple aspects of the recovery process are occurring simultan-
eously. This requires rapid response for the design and adaptation of robust temporary protec-
tion measures in order to keep personnel on site safe, and to allow recovery works to progress
as the hazards associated with the earthquake land damage evolve. This process necessitates a
significantly expedited design process, and the efficient gathering of available information
from site, to reduce the time from hazard identification to design and construction.
This paper summarises key challenges and innovations in understanding, modelling, and

mitigating rockfall risk during the initial recovery phase of the NCTIR project which was
charged with re-establishing an operational transport corridor within 12 months of the
earthquake.

2 SITE BACKGROUND

The basement rock of the area around Kaikōura is dominated by the Pahau terrane formation,
mainly formed from indurated, grey, quartzofeldspathic, thin- to medium-bedded and commonly
graded sandstone and mudstone, and poorly bedded, very thick-bedded sandstone. These rocks
are collectively (and loosely) termed greywacke (Rattenbury 2006). The greywacke in the site area
is typically highly fractured and blocky, often with open jointing, and was significantly affected
(loosened) by shaking associated with the Kaikoura earthquake, particularly along ridge crests.
The slopes in the area are covered by varying thicknesses of colluvium. Widespread ancient (slow-
moving or inactive) landslides and accumulations of colluvium and landslide debris have been
mapped on the slopes above the transportation corridor. Recent (earthquake-induced) landslides
are primarily shallow translational debris slides and rock wedge failures. The topography of the
Kaikoura Coast is dominated by the north-east trending Seaward Kaikoura Range. The slopes
rise from the sea along the coastline, with the transportation corridor located on a narrow width
of flat land between the foreshore and the toe of the hillslopes. The steep and rugged slopes adja-
cent to the corridor rise to over 300 m above sea level. Slope angles are typically 35° to 50°, with
localised short sections of near-vertical cliffs along the coastline.

Figure 1. Ohau point landslide debris covering SH1.
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Over 80 landslides occurred along the transport corridor surrounding Kaikōura as a result of
the initial earthquake, with numerous additional failures in the weeks afterwards. These landslides
severely impacted State Highway 1 (SH1) and KiwiRail’s Main North Line (MNL), with approxi-
mately 10km to the south and 14km to the north of Kaikōura most heavily affected (Figure 2).
Large landslides at several locations completely inundated road and rail, blocking access to sites
along the coast. The main recovery effort could not commence until safe access past active rock-
fall sites could be created to allow work crews to begin initial clearing and recovery works.
Further to the initial earthquake-generated mass failures, the earthquake shaking resulted

in extensive fracturing and ground damage in the colluvium and rock slopes above the trans-
port corridor. The ground damage resulted in ongoing large, active rockfall source areas as
the fractured and loosened slopes released material downslope as a result of rainfall events
and aftershocks, in addition to continued “fair weather” releases. Such failures are typical
after significant earthquakes in areas of steep topography and weathered rock (Huang, 2010);
with failure rates peaking after an earthquake, gradually decaying to background levels over
time (Marc, 2015).
Initial efforts at removing the unstable on-slope rocks focused on intensive, targeted heli-

copter sluicing. The close proximity of the work area to the ocean allowed teams of 3-4 heli-
copters to work in rotation on a slope to saturate and dislodge unstable debris. Once the most
hazardous areas and features were treated and the slope was deemed safe for access from the
crest, targeted removal of rocks was undertaken by abseil teams using hand tools, airbags,
and explosive/non-explosive charges. The combined sluicing and scaling resulted in large vol-
umes of material transported downslope in a semi-controlled environment (Figure 3). In order
to allow safe removal of debris from the slope base, design and construction of temporary
protection measures was needed.

3 TYPICAL DESIGN PROCESS

A critical component in a typical rockfall protection design process is the time spent gathering
background information about the characteristics of site and its failure history. The more
high quality data that can be gathered prior to rockfall modelling, the greater accuracy and
reliability of the results. Typically this information will include observations and measure-
ments such as accurate surveys of the failure area and runout zone, descriptions and photos of
surface materials across the site, potential rock sizes in the source area, and observations such

Figure 2. (a) Active faults and locations of surface rupture following November 2016 earthquake, (b)

Mapped failure sites along the transport corridor to the North and South of the Kaikoura Peninsula
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as impact scars and damage to vegetation which indicate rockfall behaviour and preferred
pathways. Historical information may include the scale and frequency of rockfall generating
trigger events, previously observed failure modes, and observations of rockfall runout or
bounce heights. Rockfall models are then created to attempt to replicate the behaviour of fall-
ing rocks at a particular site or from a particular source area. Travel paths for the rocks can
be determined based on site observations, historical records, or through 3D modelling
(Crosta, 2003). Empirical methods for assessing rockfall runout such as shadow angles can be
used, however this requires the user to be aware of the effects of topography and geomorph-
ology on their accuracy (Frattini, 2013).
Initial assessment can be carried out using slope material properties determined from

literature accompanying the specific design software, or from published empirical relation-
ships for attributes including normal and tangential coefficients of restitution, coefficients
of friction, and surface roughness (Chau, 2002; Wyllie, 2013). These model properties are
then tailored to best reflect the observations and known behaviour of the site in question.
Site-specific information is then compared with model predictions in order to calibrate the
rockfall model to accurately reflect the behaviour on site (Azzoni, 1995). With sufficient
time and budget, full scale field trials can be carried out to compare real world observa-
tions with those predicted from the rockfall model in order to increase the reliability of
the model. This is especially useful in determining the effectiveness of on-slope features
such as catch ditches or benches.
Once modelling has been carried out, the results are used to determine the type of protec-

tion required, as well as optimisation of the location, dimensions, and impact energy capacity
of the structure. Where possible this process will follow established design guidelines for con-
struction of an engineered solution, such as rockfall specific barriers/fences, or protective
reinforced embankments (Lambert, 2013). Some protective structure types have minimum per-
formance criteria set by approval guidelines such as the European Guideline for Flexible
Rockfall Protection Kits European Technical Approval Guideline 027 (ETAG 027). Guide-
lines such as this are important to assess performance criteria of protective structures, as sys-
tems from different suppliers can vary widely, therefore comparison across all systems can be
made based on specific performance characteristics (Volkwein, 2019). Following this extensive
design and calibration process, design drawings are produced for the final solution, and the
structure can be constructed on site.

Figure 3. Abseil scaling and targeted sluicing.
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4 PROJECT SPECIFIC LIMITATIONS AND REQUIREMENTS

Due to the nature of the terrain, the earthquake-induced slope failures around Kaikōura
effectively cut off all land access to this coastal town, which relies heavily on tourism. As SH1
and the Main North Rail line form the main freight transport corridor linking the North
Island to Christchurch, time was a critical factor in the recovery process. With so many indi-
vidual sites spread across a linear corridor, getting safe access to these sites as soon as possible
to allow the process of debris removal to begin was of utmost importance. This focus on time
severely constrained the process of investigation and design typically afforded to the develop-
ment of solutions to rockfall problems, requiring adaptations to the typical design process.
The other main limitation on recovery works was the lack of space available on the narrow

coastal platform that holds the transport corridor. At each significant failure, temporary pro-
tection was needed to divert construction traffic safely around or over debris to bring recovery
equipment to the landslides further down the corridor. Helicopter transport was required to
reach sites which had been completely cut off from ground access, and to transport site staff
to work each day.
The combination of a lack of space and tight time-frame for recovery works meant that

rockfall related site investigation, information gathering, and design of protective measures
had to occur in tandem with the removal of debris and construction of these temporary meas-
ures. The busy nature of the site, and the significant volume of heavy plant travelling beneath
active landslides meant that strict operation controls need to be developed and implemented
on site, comprising spotters, traffic control, coordinated staging for helicopter access and
heavy plant movements, TARP (Trigger Action Response Plans) thresholds for rainfall and
seismic activity, and a system for recording slope movement observations to inform the level
of risk at each areas of site.
To facilitate the safe and efficient undertaking of clearing works, protective measures

needed to provide a robust level of protection from falling rocks and shallow landslides. The
works needed to be quick to install, easy to maintain, easy to relocate and adapt to changing
requirements, where possible constructed from materials available on-site, easy to form using
reinforced plant (i.e. reinforced excavators) and/or involve minimal exposure time to unpro-
tected slopes.
Specific limitations to the design process were lack of available time for the design and test-

ing process, and limited information on these newly formed hazards. The rockfall modelling
process needed to develop strategies for designing robust, reliable, and testable solutions to
rockfall problems, with limited survey information, little site information for calibration of
parameters, limited time and space for construction, and site hazards which changed daily as
works progressed.

5 CONDENSED DESIGN PROCESS

Immediately after the earthquake, teams of engineers and geologists accessed the damaged
area by helicopter, carrying out initial assessments on the damage sustained. Following this
initial assessment, a list was compiled of primary and secondary slip sites (those which fully
inundated the road/rail bench, and those which did not, respectively). Once the extent of the
damage was better understood, helicopters were deployed to the most critical slope areas to
begin intensive sluicing of the unstable source areas. LiDAR surveys were flown to enable pre
and post-earthquake DEMs (Digital Elevation Models) to estimate failure volumes and map
slope failures.
Typically in a normal rockfall modelling scenario, the main travel paths and source areas

for falling rocks are relatively well defined, and historic information in the form of rock run-
outs or impact scars give an indication of the type of behaviour modelling is expected to repre-
sent. In this instance rockfall was occurring on previously heavily vegetated slopes, with little
known history of major rockfall events. With the widespread damage to hillsides, removal of
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vegetation, and deposition of failed rock and colluvium on the lower slopes, rockfall was
occurring on brand new slopes, freshly exposed and changing on a daily basis.
The initial task for modelling was to design temporary protection for each primary failure

site sufficient to allow safe formation of single-lane temporary access around or over the
debris lobe. Due to the available debris and equipment, initial temporary protection focused
on the construction of earth bunds, catch ditches and benches. Following this, models were
refined and used to inform earthworks to create more robust protection so that general con-
struction traffic could safely access site and excavated debris could be transported to stock-
piles along the alignment. These models were continually updated as debris was excavated
from each site, ensuring staff clearing the slopes were protected until the slope could be cleared
enough to install semi-permanent protection in the form of anchored ballasted shipping con-
tainers, block walls, and earth bunds (Figure 3). This protection allowed for repair works on
the road to begin, whilst the design and installation of more permanent protection was car-
ried out.
3D rockfall modelling was initially considered, however due to the time needed to accur-

ately build and calibrate these models, and the speed with which on-slope features were chan-
ging with continued failures, this was not deemed an efficient approach for this stage of
recovery. Instead, simple cross sections were developed from the DEM contour plots. For
more complicated sites, ‘adjusted water drop’ analysis was carried out using the post-earth-
quake DEMs, determining the horizontal rockfall trajectory on the X-Y plane, and then trans-
lating this into a 2-D profile for use in the traditional 2D modelling program RocFall v5.0, in
order to develop 2.5D or “quasi-3D” modelling (Chen, 2013). Initial rockfall modelling
parameters were developed using coefficients of restitution based on rock impact angle
(Wyllie, 2013), from which more representative parameters could be developed with calibra-
tion. As no historic information was available to back-analyse, gathering relevant, good qual-
ity information from site was crucial.

5.1 Rockfall observations

Teams of geologists and site engineers worked alongside helicopter sluicing teams and abseil
scaling crews to ensure sites were kept clear of personnel whilst scaling and sluicing of the

Figure 4. Recovery works underway beneath semi-permanent rockfall protection measures in the form

of a mid-slope catch bench and ballasted shipping container wall.
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upper slopes was being undertaken. These staff were positioned in safe areas adjacent to the
slope failures, with a good view over the lower debris slopes and extended rockfall runout
zones, placing them in good positions to gather information from the artificially generated
rockfall events caused by scaling and sluicing. Prior to the installation of rockfall protection,
safe access limited initial observations to video capture of rocks travelling along the lower
debris slopes and onto the foreshore. This provided information for estimations of bounce
heights and velocity ranges for rocks travelling down the debris slopes, the different behav-
iours exhibited by differently sized rocks, runout distances along the debris cone, and the
gradual progradation of the debris cone. For the development of initial temporary protection,
these observations were sufficient to greatly refine the modelling parameters used for slope
materials, whilst highlighting the degree to which aspects such as coarseness of debris surface
relative to the falling rock size had an effect on the behaviour of discrete rockfall. Once the
initial protective bunds and catch ditches were in places, site staff were able to secure better
vantage points and gather significantly more information, which became critical to calibration
of rockfall models as clearing works progressed.
Key outputs from modelling include the bounce height and trajectories of rocks at various

points along the slope, and the kinetic energy of falling rocks. In order to accurately model
the trajectories of falling rocks, site staff recorded a number of key observations and
estimations:

• Approximate bounce heights of rocks at various positions on the slope, including how the
coarseness of slope affected rock trajectories.

• Stopping points of falling rocks, with general indications of the percentage of rocks coming
to rest at various sections of the slope and debris fan, translated as “contour lines” of per-
centage of rocks passing a certain point, annotated on site photos and aerial images

• Any observations on rockfall translational or rotational velocity, with specific notes on if/
how these factors affected the travel of the rocks downslope or their final resting point, and
any observed links between these velocities and the size/shape of rocks.

• Rock sizes form a key component of the rockfall modelling, and the accuracy of impact
energy predictions from this modelling is heavily dependent on understanding the range of
rock sizes which are likely be generated at a certain site. Site staff provided estimations on
a number of aspect related to rock size from their observations during scaling and sluicing,
and from flyover inspections of the upper slopes. These included:

• Estimated distribution of boulder sizes remaining in the source area (overall size
range, 50th, 95th and 99th percentile boulder sizes, as well as the weighting of the
distribution);

• Estimates of coarseness of the debris cone at slope toe (related to the level of detail of the
initial slope surveys and the level of ‘roughness’ applied to the debris slope in modelling);

• Estimates of boulder sizes reaching the toe of slope, and any observations which indicate
different behaviour for different rock sizes (e.g. larger rocks roll with low bounce heights
and high rotational velocity, small rocks have higher bounce heights, with lower rotational
velocity)

• Rock sizes at source and at point of deposition, to determine whether the rock quality in
this area means large rocks travel down the slope intact, or fragment as they travel

Where possible, boulders were measured to give accurate volume estimates. Initially, it
was neither practical nor safe to measure rocks in the runout zone. Estimations of indi-
vidual boulder volumes by eye proved highly subjective, with little frame of reference for
staff to estimate volumes against. Consequently, rocks were grouped into more easily
identifiable sizes to bring more consistency to the process by developing a range of
equivalent boulder size estimates (ranging from lunchboxes and microwaves to cars and
caravans) allowing for more rapid, repeatable estimation of boulder sizes and ranges,
when individual large releases upslope could result in hundreds of boulders reaching the
slope toe at the same time.
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5.2 Visual media

A major lack of information in the initial modelling process resulted from the absence of
useful site imagery. Site photos were limited to the wide angle overview photos taken during
initial flyover inspection of the site, which lacked close detail and very quickly became redun-
dant as sluicing and natural failures continued; and close range photos taken by site staff
using mobile phone cameras, which lacked the overall context of the wider slope. The signifi-
cant processing and capture time involved in flying LiDAR surveys meant these were spaced
months apart. UAV surveys could be used to capture images of site much more cheaply and
with a faster turnaround than LiDAR; however, planning around helicopter operations, pro-
cessing times and demand on resources meant that survey request to delivery of the created
model could take up to three weeks.
In order to capture up-to-date images with a both a high level of detail and wider context to

the individual site, staff were trained to capture images to build 3D photogrammetry models
of sites from helicopters without causing delays to site activities. Simple models, intended to
give a quick update of earthworks progress on a slip, were captured from as little as a 10
second mobile phone video of the slip, taken from a helicopter window while travelling to
another site, and sent to the design office. These photos or extracted video frames could be
converted to 3D models in minutes using a 3D photogrammetry program (e.g. Bentley Con-
textCapture), and gave a significantly better overview of the whole slip than could be con-
veyed using photos alone. For more detailed models, a GPS enabled DSLR camera was used
to capture images. The higher resolution and sensitivity allowed for more detailed models to
be created, and GPS tagging of photos allowed the photogrammetry models to be fully scaled,
with accuracy in the range of <10mm in detailed areas. These models typically consisted of
approximately 50-400 individual photos depending on site size, and were taken over 2-3
passes of the slip in a helicopter at different elevations, capturing images of the slope and its
features from a range of angles. The flight time required to capture these images varied with
the size of site, but was typically less than 5 minutes, with processing in the office typically
carried out on the same day. This allowed for a wide range of applications including precise
measurements of rocks within a source area or debris pile, dilation of tension cracks, distances
on-slope, or the estimation of volumes in a debris fan or stockpile. Many of these measure-
ments would be impossible to obtain on-site without putting staff at extreme risk.

6 TESTING AND CONFIRMATION OF DESIGNS

The final part of each design step during the initial recovery phase involved assessing the
effectiveness of the temporary protection structures and the accuracy of the developed rockfall
models. Once the design for temporary protection had been translated to site and constructed,
the actual trajectories and end points of rock runouts were compared to the predictions in the
model for that site. Typically this involved “rock-roll trials” where abseilers spray painted a
number of rocks in the upslope source areas so that they could be easily seen in videos and
easily located once they had come to rest. In instances where site observations indicated differ-
ent behaviour for different rock sizes, rocks to be tracked were grouped into size ranges and
spray-painted different colours to differentiate between behaviour of rocks of different sizes.
These rocks were then scaled from the source area, and their downslope trajectories and

final resting points observed and compared to predictions in the rockfall models. Once this
had been completed, the dimensions of the feature could be adapted as required, and provided
the level of protection afforded was deemed adequate, work could continue behind this pro-
tective feature. Capture of photos and videos of these rock-roll trials enabled estimations of
rock velocity and impact energies, with post-test 3D modelling allowing for accurate measure-
ment of rocks and their final locations without exposing staff to risk by measuring in person.
After the area was reopened to site traffic, detailed notes were kept on any rockfall events
which impacted or passed the protective measures, enabling the accuracy of the modelled
results to be assessed over time, and the frequency of rockfall events to be monitored to
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ensure the accurate consideration of risk to staff working in the area, and the required level of
operational controls to ensure their safety.

7 LESSONS LEARNED FROM ADAPTATIONS TO MODELLING PROCESS

Due to the various constraints imparted by the nature of the post-disaster recovery setting, a
number of adaptations had to be made to the typical design process in order to deliver the
most accurate and reliable results within the necessary timeframes. Lessons learned from this
project which may assist the development of post-disaster processes for future natural disas-
ters include:

1. The accurate and consistent recording of information during sluicing and scaling was of
critical importance in the development and calibration of rockfall parameters.

2. Structured field notes, with specific estimations of rock sizes and distributions, brought a
much greater level of consistency, greatly expediting the tabulation of data for comparison
with modelling outputs.

3. The development of a boulder volume estimation system, with volumes related to identifi-
able sizes of everyday objects, proved significantly more reliable than volume estimates
from estimation of rock dimensions. This greatly increased confidence in both site observa-
tions and therefore in the results from calibrated models.

4. Carrying out rock roll trials further allowed for specific information to be captured in a
semi-controlled manner, with coordinated releases of material and highlighted individual
boulders allowing for tracking of individual rocks as they travelled down the slope face.

5. The results of rock roll testing acted both to confirm modelling assumptions and to prove
the effectiveness of simple earthworks formations (catch benches, ditches etc.). These tem-
porary solutions were very effective in both reducing the number of rocks reaching the
transport corridor and in absorbing significant impact forces from large rocks. These learn-
ings were the incorporated in the design of the semi-permanent and permanent protection
structures.

6. In the early stages of the project, the majority of the slip areas were unsafe for access and
the team was unable to gather critical information about on-slope materials and rock sizes
in the source area. The use of 3D photogrammetry allowed for the most up-to-date imagery
to be viewed by the design team, in an easy to use format, which provided a very high level
of detail, whilst allowing areas of slopes to be viewed in the wider context of the site.

7. The 3D view from these models was also very useful in identifying features for targeted
sluicing and scaling, and for translating this information to the crews carrying out the
works.

8. This information proved valuable to a number of different disciplines within the wider
recovery effort, enabling teams to map and monitor fractures and tension cracks from a
safe vantage point, to compare slopes directly before and after significant rainfall events, to
inspect slope surface materials, and to carry out detailed measurements on features ranging
from rocks within the source areas to volumes of stockpiles and debris lobes.

Lessons from this disaster recovery effort show that with the appropriate level of detail in
recorded data, useful sources of site information including capture of high quality photos, and
a robust process of calibrating and testing rockfall models and constructed solutions, it is pos-
sible to develop a safe and effective design process within significant time and resource
constraints.
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