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Abstract 

The Canterbury Earthquake Sequence (CES) of 2010-2011 produced large seismic moments up to Mw 

7.1. These large, near-to-surface (<15 km) ruptures triggered >6,000 rockfall boulders on the Port Hills 

of Christchurch, many of which impacted houses and affected the livelihoods of people within the 

impacted area. From these disastrous and unpredicted natural events a need arose to be able to assess 

the areas affected by rockfall events in the future, where it is known that a rockfall is possible from a 

specific source outcrop but the potential boulder runout and dynamics are not understood.  

The distribution of rockfall deposits is largely constrained by the physical properties and processes of 

the boulder and its motion such as block density, shape and size, block velocity, bounce height, impact 

and rebound angle, as well as the properties of the substrate. Numerical rockfall models go some way 

to accounting for all the complex factors in an algorithm, commonly parameterised in a user interface 

where site-specific effects can be calibrated. Calibration of these algorithms requires thorough field 

checks and often experimental practises. The purpose of this project, which began immediately 

following the most destructive rupture of the CES (February 22, 2011), is to collate data to characterise 

boulder falls, and to use this information, supplemented by a set of anthropogenic boulder fall data, 

to perform an in-depth calibration of the three-dimensional numerical rockfall model 

RAMMS::Rockfall. 

The thesis covers the following topics: 

 Use of field data to calibrate RAMMS. Boulder impact trails in the loess-colluvium soils at 

Rapaki Bay have been used to estimate ranges of boulder velocities and bounce heights. 

RAMMS results replicate field data closely; it is concluded that the model is appropriate for 

analysing the earthquake-triggered boulder trails at Rapaki Bay, and that it can be usefully 

applied to rockfall trajectory and hazard assessment at this and similar sites elsewhere.  

 Detailed analysis of dynamic rockfall processes, interpreted from recorded boulder rolling 

experiments, and compared to RAMMS simulated results at the same site.  Recorded 

rotational and translational velocities of a particular boulder show that the boulder behaves 

logically and dynamically on impact with different substrate types.  Simulations show that 

seasonal changes in soil moisture alter rockfall dynamics and runout predictions within 

RAMMS, and adjustments are made to the calibration to reflect this; suggesting that in hazard 
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analysis a rockfall model should be calibrated to dry rather than wet soil conditions to 

anticipate the most serious outcome. 

 Verifying the model calibration for a separate site on the Port Hills. The results of the RAMMS 

simulations show the effectiveness of calibration against a real data set, as well as the 

effectiveness of vegetation as a rockfall barrier/retardant. The results of simulations are 

compared using hazard maps, where the maximum runouts match well the mapped CES fallen 

boulder maximum runouts. The results of the simulations in terms of frequency distribution 

of deposit locations on the slope are also compared with those of the CES data, using the 

shadow angle tool to apportion slope zones. These results also replicate real field data well. 

Results show that a maximum runout envelope can be mapped, as well as frequency  

distribution of deposited boulders for hazard (and thus risk) analysis purposes. The accuracy 

of the rockfall runout envelope and frequency distribution can be improved by comprehensive 

vegetation and substrate mapping. 

The topics above define the scope of the project, limiting the focus to rockfall processes on the Port 

Hills, and implications for model calibration for the wider scientific community. The results provide a 

useful rockfall analysis methodology with a defensible and replicable calibration process, that has the 

potential to be applied to other lithologies and substrates. Its applications include a method of analysis 

for the selection and positioning of rockfall  countermeasure design; site safety assessment for scaling 

and demolition works; and risk analysis and land planning for future construction in Christchurch. 
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Chapter One: Introduction 

 

1.1 Background and Objectives 

Wherever rock is exposed on a slope above assets there is the potential for damage to those assets 

from rocks detaching from the exposure. Thus the hazards due to rocks moving down slopes are 

widespread, although the severity of the hazard can be underestimated if the nature of the rockfall 

trigger is not completely understood. This situation occurred in Christchurch, New Zealand in 2011 

when an earthquake of unexpected intensity caused widespread rockfall in the Port Hills suburbs; 

prior to this, rockfall was considered to be a very occasional hazard due to weathering or rainfall. 

Consequently many properties were damaged and some lives lost to rockfall in that event. This 

generated a great deal of scientific and management-related interest, and this thesis is one outcome 

of that situation. It attempts to calibrate and test a state-of-the-art numerical rockfall model in order 

to provide a reliable tool for future earthquake-induced rockfall hazard analysis. 

Rockfall is the term used to describe the rapid movement of boulders down a slope, mostly through 

the air, by free fall, bouncing, rolling or sliding (Bozzolo and Pamini, 1986; Varnes, 1978). The size of 

boulders or rock blocks can range from cubic centimetres to thousands of cubic metres, however they 

are usually of relatively small volume (Hungr et al., 2013), and are termed fragmental rockfall if they 

are less than 105 m3 (Hungr and Evans, 1988a). The sizes of rock blocks are usually controlled by 

discontinuities within the original rock mass, such as bedding planes, joints and faults. Interaction 

between moving fragments is assumed to be negligible and boulders are assumed to move as 

independent rigid bodies (Hungr and Evans, 1988a; Hungr et al., 2013). Slope angle controls the 

rockfall modes; rocks tend to bounce when encountering surfaces inclined at between 70 and 45° to 

the horizontal. When moving over surfaces at steeper slopes they tend to be in freefall, and when 

moving over surfaces at lower slopes they are usually rolling or sliding (Dorren, 2003; Ritchie, 1963). 
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Although rockfalls are typically small in volume, they can travel for long distances downslope, 

accumulating a lot of kinetic energy, and can have catastrophic consequences if impacting assets on 

the slope (Hungr and Evans, 1988a). 

Evidence of catastrophic consequences of rockfall can be found in the literature. Evans and Hungr 

(1993a) studied two case histories of rockfall accidents in British Columbia, both of which were small 

towns at the base of mountain and talus slopes. The first occurred in Hedley, in 1939. Several 

limestone blocks between and 1 and 2 m reached the township, impacting four houses and killing two 

people. In Sunnybrae, in 1983, a 6 x 6 x 2 limestone block impacted a house, killing two people and 

narrowly missing a third.  Neither fall was attributed to any specific triggering event.  

The Mt Coltignone area in Lecco, Italy has had many disastrous rockfall events in the last century, 

impacting houses and transportation routes. The most severe of these occurred in 1969, when a total 

of 15,000 m3 of boulders killed 7 people and destroyed 2 houses (Crosta and Agliardi, 2003).  

At an open cut mine in Mantos Blancos, Chile, 2003, a rockfall occurred on a waste-dump pile, 

impacting a mine vehicle and killing a person (Wang, 2009).  

In New Zealand a person has been killed as recently as March, 2014, whilst driving along a precarious 

stretch of road when a boulder fell from the cliffs bordering the road and impacted the vehicle (Utiger, 

2014).  

Seismically-induced rockfall is a serious issue that threatens the livelihood of humans and settlements 

in most earthquake-prone steepland areas of the world. There are many examples of infrastructure 

destroyed and people endangered or killed by the phenomenon (Bozzano et al., 2011; Dai et al., 2011; 

Porter and Orombelli, 1981; Varnes, 1978; Wasowski and Gaudio, 2000). The Sichuan earthquake of 

2008 is reported to have caused ~15,000 landslides, killing ~20,000 people (the total death count of 

the event was >69,000), many of which were rockfalls (Dai et al., 2011; Qi et al., 2010). Earthquakes 

in the Caramanico Terme region of Italy have been triggering rockfall since the 1490s (Wasowski and 
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Gaudio, 2000). The latest event, the 2009 L’Aquila earthquake , caused widespread slope failures 

leading to structural damage.  

Keefer (1984) was the first to quantitatively study the relation between earthquakes and landslides. 

Using 40 historical earthquakes, he identified rock avalanches and rockfall as the most dangerous to 

human life, and rockfall as being the most common type of seismically-triggered landslide. He found 

that the smallest earthquake able to trigger rockfall was Mw 4.0.   

The Canterbury Earthquake Sequence (CES) of 2010-2011 produced some large seismic moments, up 

to Mw 7.1. These large, shallow (Bannister and Gledhill, 2012) ruptures were the trigger for >6000 

rockfall boulders on the Port Hills of Christchurch, many of which impacted houses and affected 

livelihoods of people within impacted areas (Massey et al., 2014). From these disastrous and 

unpredicted natural events a need arose to be able to analyse the distribution of rockfall hazards in 

future earthquakes, where it is known that a rockfall is possible (i.e. a potential source outcrop has 

been identified) but the boulder dynamics and runout are not understood.  

Improved understanding of this physical process aids scientists and engineers to develop accurate 

analytical models used to evaluate rockfall as a hazard to people and structures (Hungr, 2005), which 

policy-makers can then incorporate in land-use planning to reduce risk. 

The distribution of rockfall deposits is largely defined by topography, physical properties of the 

boulder (block shape, size and geology), boulder dynamics (block velocity, rotations, bounce height 

and impact and rebound angle), and substrate properties (Wyllie and Mah, 2004; Wyllie, 2007). 

Numerical rockfall models go some way to accounting for all the above processes in an algorithm, 

commonly parameterised in a user interface where site-specific effects can be calibrated. The 

calibration of these algorithms to reality is an essential process that can only be done with thorough 

field checks and user expertise (Berger and Dorren, 2006). The purpose of this project, which came 

about immediately following the most destructive rupture of the CES (February 22, 2011), is to analyse 
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the processes that are specific to rockfall  in the Port Hills, and to create a rockfall prediction tool by 

detailed calibration of the three-dimensional numerical rockfall. 

 

1.2 The Canterbury Earthquake Sequence of 2010-2011 

Prior to the CES earthquake-triggered rockfall was not largely considered a hazard in Christchurch. 

given that the contemporary seismic model predicted <0.35g in acceleration. A review of New Zealand 

case studies in the literature reveals that significant landsliding occurs at Mw's 6.2 - 8.2 in shallow (<45 

km) earthquakes, and that these occur in a maximum affected area ranging from 100 km2 to 20,000 

km2 (Hancox et al., 1997). Furthermore, the most common of these landslides are soil and rockfalls on 

slopes of 20-50° occurring within 100 km2. 

Pettinga et al (2001) conducted a review on ~90 known fault traces in the Canterbury region, as well 

as significant historical earthquakes within the region, and those outside of the region that have in the 

past or may in the future affect Canterbury. Pettinga et al (2001) concluded that despite the absence 

of large earthquakes in Canterbury for at least 70 years prior to 2001, the region is capable of 

generating large and frequent earthquake events. A Mw 7.2 earthquake was allowed for i n the 

national seismic hazard model (Stirling et al., 2002),  and the expected Peak Ground Accelerations 

(PGA) in Christchurch were 0.25, 0.37 and 0.47 for earthquakes of 150, 475 and 1000 year return 

periods (Stirling et al., 2001). 

The CES, spanning from September 2010 to December 2011, included several large close-to-surface 

(<15 km; Bannister and Gledhill (2012)) ruptures with unexpectedly large (>0.5 g) ground accelerations 

(Stirling et al., 2002; Beavan et al., 2011; Fry et al., 2011; Kaiser et al., 2012). The consequences of such 

large vertical and horizontal accelerations were widespread liquefaction, building collapse and 

structural damage, and major slope instabilities including cliff collapse, landsliding and rockfall 
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(Cubrinovski et al., 2011; Dellow et al., 2011) and caused 181 fatalities. The event sequence (Figure 

1.2.1) was as follows: 

 The Darfield earthquake. This occurred on September 4 2010 with a mixture of strike-slip 

and reverse movement on the previously unknown Greendale Fault (Beavan et al., 2010; 

Sibson et al., 2011 Figure 1.2.1). The event had a moment magnitude (Mw) of 7.1, centred 

30km west of Christchurch at a depth of 9 km (Bannister and Gledhill, 2012). The 

maximum peak vertical acceleration at the epicentre was recorded at 1.26 g (Bannister 

and Gledhill, 2012; Cousins and McVerry, 2010; Fry et al., 2011b; Wood et al., 2010). The 

PGA in Christchurch was ~0.3 g, although lateral object displacement on the hills indicated 

that topographic amplification increased this by up to an order of magnitude more in 

elevated areas than was recorded instrumentally (Khajavi et al., 2012). Some localised 

rockfalls occurred during this event (Massey et al., 2012b, c). 

 The Christchurch earthquake. This occurred on 22 February 2011, with a moment 

magnitude of 6.2 at 6.3 km depth, centred ~6 km south-east of the city (Bannister and 

Gledhill, 2012). The Port Hills fault is thought to be a complex structure, but has no surface 

expression. Three fault segments including a north-north-east-striking reverse segment 

have been modelled (Bannister et al., 2011; Beavan et al., 2012). The earthquake occurred 

directly under the Port Hills, and caused unparalleled structural and ground damage, as 

well as 181 fatalities (Cubrinovski et al., 2011; Dellow et al., 2011; Reyners, 2011). The 

PGA reached 1.41g horizontally and 2.21g vertically (Beavan et al., 2011; Fry et al., 2011 

b; Fry et al., 2011; Holden, 2011; Kaiser et al., 2012). The event caused widespread 

rockfalls (Massey et al., 2012b, c). 
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 Several other large earthquakes occurred in 2011 following the February 22 event (Figure 

1.2.1) including the Mw 5.3 16 April event (causing localised rockfall; Massey et al., (2012 

b)), the Mw 6.0 June 13 event (causing widespread rockfall; Massey et al., (2012 b)) and 

the Mw 5.8 and 5.9 December events (Bannister and Gledhill, 2012; GNS Science and the 

Earthquake Commission, 2011). 

 

Figure 1.2.1. Map of CES epicentres, aftershocks and fault locations, as well as other active fault lines. (Image taken from 
http://www.gns.cri.nz/Home/Our-Science/Natural-Hazards/Recent-Events/Canterbury-quake/Recent-aftershock-map). 

The extreme ground accelerations of February 22, 2011 are the highest currently recorded in New 

Zealand (Fry et al., 2011a; Kaiser et al., 2012) and triggered large slope failures in the Port Hills 

(Brehaut, 2012; Cubrinovski et al., 2011; Dellow et al., 2011; Massey et al., 2014) . These slope failures 

can be categorised using the Keefer (1984) scheme, into rockfalls, rock avalanches, rock slides, soil 

slumps and soil avalanches (Massey et al., 2014). Of these, rockfalls were the most abundant and 

posed the highest risk, the majority occurring as a result of the 22 February 2011 event. It is estimated 
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that over 6000 rockfall boulders were generated in the 2011 events. These were subsequently mapped 

to create a very large inventory of 5,719 deposited boulder locations and geometrical details. Of the 

181 fatalities of the February 2011 event, only 5 were from rockfall or cliff collapse. This is assumed 

to be a result of the timing of the event - it occurred in the middle of the day when most Port Hills 

residents were at a place of work (Massey et al., 2014). 

1.3 Geological Setting 

The Port Hills form part of Banks Peninsula, a volcanic edifice situated to the south east of Christchurch 

City (Figure 1.3.1). It was volcanically active in the mid-late Miocene, 11-5.8Ma (Hampton and Cole, 

2009). The Peninsula was originally an island separated from the South Island by ocean, that was later 

infilled by outwash gravels that formed the Canterbury Plains (Bell and Crampton, 1986; Coates, 2002). 

Hawaiian-style eruptions resulted in conical basaltic lava flow deposits radiating outwards from three 

principal eruptive centres and associated local vent structures (Brown and Weeber, 1992; Hampton 

et al., 2012; Hampton and Cole, 2009). Volcanic activity ended in the mid-Pliocene, after which the 

area remained tectonically stable allowing widespread deposits of aeolian silt, the Banks Peninsula 

loess, to accumulate (Goldwater, 1990a; Griffiths, 1973). 
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Figure 1.3.1. 15 m Digital Elevation Model of Banks Peninsula. Image of New Zealand 
taken from Google Earth. The Port Hills are the curving ridgeline south of the central city, 
separated from the rest of Banks Peninsula by Lyttelton Harbour.  

Christchurch City is bounded to the south-east by the Port Hills (Figure 1.3.1). The suburbs that have 

experienced rockfall are situated on the Lyttelton Volcano, the oldest volcanic sequence of Banks 

Peninsula, which underwent prehistoric sector collapse forming the current Lyttelton Harbour, leaving 

slope faces open to sea-cutting and other erosional processes (Hampton and Cole, 2009). Andesitic 

and basaltic lava flows radiate from the caldera northwards towards Christchurch City, forming a 

series of valleys, later covered by loess (Hampton et al., 2012; Hampton and Cole, 2009).    

Loess is a product of proglacial fluvial systems (Davies, 2013). Silts are transported fluvially and 

deposited as outwash, to be picked up later by strong winds during low river flows and transported 

aerially.  The Port Hills loess originated from the Southern Alps during the Pleistocene, and reflects 

the mineralogy of the greywacke-schist basement rock (Claridge and Campbell, 1988; Griffiths, 1973). 

The silt was transported aerially across the Canterbury Plains by strong NW winds and deposited on 

the slopes of Banks Peninsula. Port Hills Loess deposits typically consist of accumulated layers of clayey 
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slit, up to 40 m thick in some valleys (Claridge and Campbell, 1988; Jowett, 1995; McDowell, 1989). 

The New Zealand Geotechnical Society Engineering Geological description of loess is: Yellow brown 

clayey SILT with some find sand, typically dry-moist, firm-stiff, gross layering on a scale of metres. In 

some locations the soil is more correctly described as a fine sandy SILT with some clay.  

Loess soil properties, such as clay content and moisture content, are controlled by the two varying 

loess-types seen on the Port Hills: primary loess, from original aeolian deposition; and secondary loess, 

which has been altered by slope processes such as reworking and erosion, and typically contains 

around 10% volcanic fragments. The percentage of colluvial elements increases with proximity to 

source (Bell and Crampton, 1986; Bell and Trangmar, 1987).   
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1.4 Rockfall in Christchurch 

The CES rockfall boulders were mapped by the Port Hills Geotechnical Group (PHGG), a fast-response 

group of teams mobilised immediately following the 22 February 2011 earthquake to cover the 

inhabited areas of the Port Hills, mapping boulder locations and assessing damage and ongoing hazard 

to houses and infrastructure posed from rockfalls, cliff collapse, landslides and and other mass 

movement processes. The information that resulted is a repository of data including 5,719 boulder 

locations (Massey et al., 2014; Figure 1.4.1), with their associated earthquake event, volumes, sources, 

impact trails in soil, impact scars on trees, and much more.  

Prior to the CES, historical rockfall events in the Port Hills have been infrequent, and minor in their 

impact. According to written (mainly newspaper) records over the past 100 years, there have been 

several historic rockfall events causing minor damage to public and private property, and only slight 

inconvenience to livelihoods; most are associated with urbanisation of the hill suburbs and none were 

earthquake-generated directly. Seismicity was considered a contributing factor in only two events, 

where recent (at the time) distal earthquake events combined with prolonged storm events were 

thought to have been the trigger (Lundy, 1995). Through the use of cosmogenic helium dating of pre-

CES boulders, Mackey and Quigley (2014) have identified the approximate date of prehistoric 

earthquake-triggered rockfalls. Results show a 7 (± 1) ka recurrence interval, the most recent occurring 

at 6-8 ka and 13-14 ka. 

The association of rockfall with seismicity has long been identified (Keefer, 1984), and the potential 

for a catastrophic earthquake in the Canterbury area was recognised over a decade ago, (Pettinga et 

al., 2001; Stirling et al., 2001, 2002); however the devastating effects of mass movements from slopes 

in Christchurch were never fully anticipated and planned for. Some pre -emptive measures were taken, 

such as benching, fencing and small pine forest plantations (David Bell, pers. comms., 2014), however 

these were designed to withstand small discontinuous rockfall boulders likely to be produced from 

accelerations <0.35g, as this was the accepted seismic hazard estimate at the time (Stirling et al., 
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2001), not the volume triggered from much larger accelerations in the CES, particularly February 22, 

2011 (Fry et al., 2011a). Keefer (1984) suggests that rockfall can be triggered by weaker shaking than 

is required to trigger other landslide types, and that rockfall can occur at a correspondingly greater 

distance from the epicentre of the earthquake.  

Rockfall is most likely to occur in closely-jointed or weakly-cemented material on slopes of ≥40° 

(Keefer, 1984). The columnar jointed lava flows of the Port Hills are generally dominated by three to 

four joint sets (Brideau et al., 2012) which vary somewhat between sites, attributed to variations in 

the paleotopgraphy (Massey et al., 2014). Scoria layers are interbedded with lava in some sites, and 

these have more widely-spaced discontinuities than the lava. Although it appears that many of the 

released rock blocks are structurally controlled by joints and discontinuities in the parent rock mass, 

local variations in discontinuity spacing and geology have made analysis of this factor impossible 

(Massey et al., 2014).  Clusters of boulders can be attributed to source areas constrained by 

topographical features such as ridges and gullies (Figure 1.4.1), but cannot be attributed to specific 

sections of source rock mass. Much information can be taken from this data set, for example Massey 

et al (2014) analysed the CES rockfall data (Figure 3) for boulder size distribution and determined that 

the 50th percentile boulder is approximately 0.7 m3
 and the 90th percentile boulder is 6 m3 (although 

this is an average, as the 90th percentile boulder varies between sites from 1.5-10 m3).  
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Figure 1.4.1. 3 m LiDAR hillshade of the Port Hills, with CES deposited boulder locations in red. Site 1 is Rapaki Bay, used 
in chapter 3 of this thesis. Site 2 is the location of in-situ rockfall experiments, discussed in chapter 4. Site 3 is the area 

RAMMS calibration is applied to, for verification purposes, in chapter 5.  
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1.5 Thesis scope, format and questions to be addressed 

1.5.1 Research aim 

The purpose of this project is to use earthquake-generated rockfall data to analyse the processes that 

are specific to rockfall, and to use this information to perform an in-depth calibration of a three-

dimensional model, creating a future earthquake-triggered rockfall analysis tool.  

1.5.2 Research questions 

 What empirical information can be taken from data sets collected following the earthquakes, 

to analyse the nature of the rockfalls? 

 How can this empirical information be best used to accurately calibrate a rigid-body three-

dimensional rockfall model on realistic terrain? 

 What influences do varying substrate type, rock size and rock shape  have on the outcome of 

a rockfall event? How can these variations and seemingly stochastic processes be accounted 

for within a rockfall model? 

 Is this [calibrated] rockfall model applicable to areas other than the calibration site? How can 

it be used as a rockfall prediction tool for the future? Can it be used as an engineering tool  for 

the design of rockfall protection structures? 

 What contribution does this calibration methodology make to current scientific 

understanding, and what questions follow on from this research? 

The above questions define the scope of the project, limiting the focus to coseismic rockfall processes 

on the Port Hills, and implications for model calibration for the wider scientific community. To address 

these questions, the thesis adopts the following framework. 

1.5.3 Thesis format 

Chapter two provides a review of current understanding of natural rockfall processes, as well as 

current available models and methods of hazard analysis described in the literature. 
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Chapter three details the methodology of field work and data collection for this thesis. It provides the 

basis for chapters four, five and six, which are the main body of work of this thesis.  

Chapter four is primarily focused on the use of empirical interpretation of CES field data to calibrate 

RAMMS. Boulder impact trails in the loess soils at Rapaki Bay have been used to generate empirical 

estimate ranges of boulder velocities and bounce heights for model comparison purposes. Slopes have 

been separated into four zones for model analysis to highlight the influence of slope angle change and 

energy distribution on boulder travel.  

Chapter five describes detailed analysis of dynamic rockfall processes, interpreted from recorded 

boulder rolling experiments, and compared to RAMMS simulated results at the same site. Video and 

accelerometer data provide confirmation of rotational and translational velocities. Seasonal changes 

in soil moisture alter rockfall dynamic and runout predictions within RAMMS and adjustments are 

made to the calibration to reflect this. 

Chapter six uses the findings of Chapters four and five to verify the model calibration for a separate 

site on the Port Hills. The results of the RAMMS simulations show the effectiveness of calibration 

against the original data set in matching trajectories at the new site, as well as in representing the 

effectiveness of vegetation as a rockfall barrier/retardant. The results of simulations are compared 

using hazard maps, where the maximum runouts match well with the mapped CES fallen boulder 

maximum runouts. The results of the simulations in terms of frequency distributions of deposit 

locations on the slope are also compared with those of the CES data, using the shadow angle tool to 

apportion slope zones.  

Chapter seven presents synthesis, discussion and conclusions, including recommendations for future 

research. 
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Chapter Two: Literature review 

2.1 Introduction 

Rockfall is a complex process, governed by gravity, laws of motion and material properties (Scheck, 

2010). A rockfall can be divided into a series of phases, including detachment at the source, 

topographic impacts and rebounds, ballistic trajectory, rolling, sliding and stopping (Figure 2.2.1). The 

behaviour of a rock during these phases is driven by gravity and described by angular and linear 

momentum, velocity, potential energy and kinetic energy. External factors also influence the rock 

behaviour, particularly the slope characteristics: substrate material, inclination and irregularities 

(Wyllie, 2007).  

Analysing rockfall behaviour requires some mathematical assumptions about the rockfall process. 

These assumptions have been developed within numerical rockfall models from observations of field 

data and laboratory experiments (Volkwein et al., 2011). There are many available numerical models 

that simulate rockfall behaviour. These range in complexity from empirically-derived runout models 

such as the rockfall shadow angle (Evans and Hungr, 1993), to two-dimensional models that simulate 

the rockfall process in two-dimensions across a slope profile (Stevens, 1998), to models that simulate 

the rockfall process in three-dimensions across a Digital Elevation Model (Agliardi and Crosta, 2003; 

Andrew et al., 2012; Lan et al., 2007; Leine et al., 2013). 

This chapter is a review of the current understanding of rockfall as a natural process, and current 

literature detailing numerical models that aim to simulate these natural processes.  

 



 

 

Figure 2.1.1 Schematic slope profile illustrating rockfall processes. A) Detachment. B) Initial impact and initiation of 
bouncing. C) Ballistic trajectory. D) Impact. E) Ground contact and interaction. F) Launch. G) Rolling. H) Sliding. I ) Stopping. 

 

2.2 Rockfall processes 

2.2.1 Detachment 

Rockfalls initiate when a rock block detaches from outcropping rock (Figure 2.2.1a). Detachment most 

often occurs from in-situ bedrock, but can also occur when isolated boulders embedded in soil or talus 

are remobilised. Whether or not a rock block detaches is dependent on its susceptibility and the 

triggering mechanism (Dorren, 2003). Triggering is the mechanism by which a rockfall is initiated. 

Susceptibility, or kinematic feasibility, describes whether the block detaches or not; it is a function of 

the structural properties of the rock mass - the type, roughness, joint orientation, spacing, aperture, 

filling and weathering of rock discontinuities (Palma et al., 2011).  

  



 

2.2.2 Susceptibility and rock mass characteristics 

All rock observed in outcrops and cut-slopes has discontinuities of some form, created during or after 

formation, such as bedding planes and cooling joints, or deformation, such as stress-induced fractures, 

joints and faults (Wyllie and Mah, 2004).  

The orientation of discontinuities, or sets of discontinuities, plays a large part in determining if it is 

kinematically feasible for the rock mass to fail (i.e. a block to detach; Wyllie 2007; Wyllie & Mah 2004). 

These sets, in the right orientation, can form unstable blocks of rock. The dip and dip direction of 

discontinuities relative to the open rock face define the potential for the discontinuities to result in 

slope failure (Figure 2.2.1). Discontinuities dipping out of the face can form planar or wedge-shaped 

blocks that can slide from the face, while planes dipping into the face can form toppling blocks (Wyllie, 

2007). 

If the upper and lower bounding joints of a rock block within a rock mass are dipping in the direction 

of the open rock face, gravitational forces will allow the block to slide from its socket if they are 

stronger than the shear strength of the basal plane. If the base of a block is formed by a plane that has 

lower dip angle than the slope face, the block may slide outwards and fall. The potential for sliding 

therefore increases with increasing slope inclination. If a plane dips at a steeper angle than the face it 

is more likely remain stable. If planes dip into the face, sliding is difficult but toppling failure is possible 

(Figure 2.2.1; Wyllie & Mah (2004)). 

The orientation of discontinuities is a very important, large-scale factor in the susceptibility and failure 

mode of the rock mass. However the nature of the discontinuities also plays a significant role (Wyllie 

and Mah, 2004). 

Types of rock discontinuities are characterised by how they form (faulting, bedding, foliation, jointing 

and cleavage) and will dictate how easy it is for a block to fail (Wyllie and Mah, 2004). For example a 

fault plane is defined as a plane on which relative displacement has previously occurred (Wyllie and 



 

Mah, 2004). The fault surface will exert less shear friction on the block as it moves, because the joint 

roughness will be low (Figure 2.2.2b) due to previous shear action. A joint is a discontinuity with no 

relative displacement (Wyllie and Mah, 2004) and may have a rough surface. Additional shear stress 

is required to overcome the small irregularities of the rough surfaces as they move relative to one 

another (Figure 2.2.2a).  

 

Figure 2.2.1 Schematic diagram of a source cliff, showing three types of 

discontinuities. If φAB < φF, sliding is possible. If φAC ≥ φF, sliding is unlikely. If 
φBD dips into the slope at a high angle, toppling is possible. Modified after 
Wyllie & Mah (2004). 

Roughness of a discontinuity describes the shape and inclination of irregularities of the surface. It is 

an important component of shear strength of the discontinuity, where the rougher the surface, the 

more shear stress is required to displace the block by overcoming the interlocking nature of 

irregularities (Wyllie & Mah (2004)). 



 

 

Figure 2.2.2 Joint roughness. A) Joint roughness = high. Note the interlocking of the irregular surfaces. B) Joint roughness  
= low. 

Discontinuity spacing will define the dimensions of the material that is released (Palma et al., 2011). 

A highly fractured rock mass with closely-spaced joints will accordingly produce small rock blocks. 

However, if the rock mass discontinuities are widely spaced it is possible that the rock block will be 

large (Figure 2.2.3).  The discontinuity orientations relative to one another will define the basic shape 

of the block in terms of axis lengths. The three variations of rock shape when working with three 

primary axes are: equidimensional, two short and one long, one long and two short. These form rock 

blocks that are cubic, rectangular and flat respectively.  

While discontinuities control the size and shape of the rock block, the properties of the parent rock 

mass, such as lithology, density and induration (the processes whereby rocks are hardened during 

formation or metamorphism), will also have some control on the block size. These properties will 

influence whether a block will break up on impact with the slope.  

 

 

 



 

 

Figure 2.2.3 Outcropping rock, Morgans Valley. The pale 

patches show exposed fresh rock where rock blocks have been 
released during the CES. Note the control of the columnar 

jointing over the dimensions of the released material. 

The aperture is the distance between adjacent rock block walls along a discontinuity. Aperture is 

important as it affects the hydraulic conductivity of a rock mass. If water input to a rock mass exceeds 

the conductivity-determined outflow rate, then water will accumulate, increasing pore pressure which 

can induce slope failure through a reduction in mean effective shear strength. Aperture also influences 

how effective the joint surface roughness is on the shear strength of the discontinuity. A large aperture 

(>1 mm) reduces the effective joint roughness, because the surfaces are less likely to be interlocking. 

Large aperture is often a result of weathering, because the joint al lows water to infiltrate the rock 

mass and dissolve or weaken the rock material, or scour infilling material (Wyllie and Mah, 2004). 

Weathering or faulting will transform exposed feldspar minerals to clay. This reduces the shear 

strength of the joint and the block then requires less force to cause it to slide. This weathering of a 

rock mass will cause the rock material to deteriorate so that its shear strength reduces over time. It 



 

can also have the added effect of rounding the edges of the rock block, making it less angular, which 

influences the interaction with the ground during motion, and thus the runout.  

2.2.3 Triggering mechanisms 

Rockfalls can be triggered by a variety of processes. These include natural process: weathering, rainfall 

and freeze-thaw, debuttressing of slopes, earthquakes, root wedging and volcanism (Wyllie, 2007). 

Human-induced triggers include deforestation, earthworks that alter slope morphology, vibrations 

from machinery and blasting (Dorren, 2003). The focus of this thesis is on earthquake-induced rockfall. 

This is a well-documented phenomenon (Bozzano et al., 2011; Porter and Orombelli, 1981; Schweigl 

et al., 2003; Topal et al., 2007; Varnes, 1978; Wasowski and Gaudio, 2000), as described in Chapter 

One. Ground accelerations caused by earthquakes can loosen and release rock blocks from a 

susceptible rock mass (Dorren, 2003), displacing them laterally from their source (Khajavi et al., 2012). 

This often occurs in mountainous areas due to the presence of steep rock slopes and topographic 

amplification, a process by which the ground accelerations are amplified on the upper parts of slopes 

(Khajavi et al., 2012). Blocks are displaced from their source if the source moves a sufficient distance 

away, so that the centre of mass of the rock block is outside of the rock mass. [From personal 

experience during field data collection at Rapaki Bay during the 13 June 2011 event, rocks appeared 

to crack and break during the shaking, and in this case it was not until after the shaking stopped that 

the blocks left their sources. This suggests that the series of accelerations during this seismic event 

moved the block slightly with every movement back and forth, so that the final push moved the centre 

of mass over the edge of its socket. By the time shaking stopped, gravity was acting on the block so 

that it tipped from its socket and fell. This may have been coincidence, so that in other situations rocks 

may have fallen before the shaking stopped; the impression may also have resulted from the shaking 

itself focussing attention, so that not until it ceased were the falling blocks able to be noticed ]. 

There is some evidence that during a sequence of earthquakes rock blocks are mobilised in small 

amounts, as described above. During the 2010 Darfield earthquake minimal rockfall occurred, 



 

however it is likely that damage was sustained by the Port Hills rock masses in terms of crack ing and 

fracturing due to ground accelerations. During the subsequent 22 February 2011 event there was 

severe rockfall, considered to be a function of the proximal epicentre and large ground accelerations 

together with the Darfield earthquake preconditioning the rock mass. Following this, the 16 April 

event did not produce much rockfall, but the subsequent 13 June event did. During an earthquake 

sequence the rock mass can be considered as a conveyor belt. Material is fractured and moved 

towards the open face during an initial event. As the block is moved forward it cannot move back due 

to dislodged material filling the void behind it. A subsequent event may move the block far enough so 

that it is able to fall, whilst the material behind it is cracked and moved towards the open face. 

2.2.4 Initial impact 

As the rock leaves the source, it may enter into a period of free-fall (Figure 2.1.1a-b). This occurs when 

the slope angle is in excess of 70° (Dorren, 2003; Ritchie, 1963). If the source cliff is <70°, the block 

will likely travel down the cliff face in a series of bounces. The first ground contact ( Figure 2.2.1b) is a 

critical moment in the rockfall process. If the block is sourced high above the impact location, the high 

potential energy is converted to high kinetic energy that ensures that the block continues its travel, 

and the block will run out. Low potential energy converted to low kinetic energy may allow the block 

to stop on impact or shortly thereafter. If the block slides or is thrown from its socket it will have little 

or no angular momentum component during free fall, and will continue to only be translated linearly 

until the first ground contact. Studies show that the overall angular momentum increases during the 

first few impacts of the rockfall, until it reaches maximum rotational velocity- at this point it will vary 

within a small range (suggested to be 12-30 rad s-1) as it increases or decreases at every impact due to 

the different impacting attitudes of the block (Wyllie, 2007). 



 

 

Figure 2.2.4 Rotational (Vr), normal (Vn) and tangential (Vt) velocity of a block, determined by block attitude as it impacts 

the slope. Modified after (Wyllie, 2007). 

Ground conditions will influence how much the kinetic energy of the block is reduced during the first 

contact. It has been observed that 75-86 % of the energy gained in free-fall is lost at the first impact 

(Dorren, 2003; Evans and Hungr, 1993). If the block hits colluvial material or outcropping rock, much 

of the energy will be retained by the block due to the stiffness of the hard surface. If the block impacts 

softer ground, much of the block’s kinetic energy will be dissipated as the soil deforms (Bozzolo and 

Pamini, 1986). Materials such as talus are lithologically variable and their effect on impacting blocks 

therefore depend on their specific nature, for example depth to bedrock and size of the talus 

fragments relative to the size of the block (Evans and Hungr, 1993). The kinetic energy of the block, 

along with other factors (slope angle and characteristics, angular momentum, velocity) will determine 

whether the block will be predominantly bouncing, rolling or sliding after the first impact, if it is moving 

at all.  

If seismically triggered, the ground may still be shaking during the first, or the first few, impacts of a 

rockfall. In this case the slope will be moving horizontally and vertically toward and away from the 



 

impacting rock block. The effect of this is unknown, however, it is assumed that if the slope is 

accelerating toward the block at the time of impact the slope will  transfer some kinetic energy to the 

block. If the opposite occurs, and the slope is accelerating away from the block, it is assumed that 

some energy will be dissipated. However, this process can be considered to have a negligible effect 

on the end point rockfall dynamics and runout, because this is mainly determined by the overall 

rockfall behaviour during a complete event, rather than the first few impacts. 

Another process observed during the first few impacts of a rockfall is the interaction with other moving 

blocks (Bozzolo and Pamini, 1986). While this is known to occur it is not well understood in the 

literature, and is assumed to have a negligible effect (e.g. Azzoni and de Freitas, 1995). This process is 

characteristic in rock avalanches where blocks interact with each other in flow-like behaviour, and 

influences runout properties. However in a rockfall event the blocks are fragmental (characterised by 

one or several independently moving rock fragments (Hungr and Evans 1988b)) and their interaction 

with one another is only in the first few impacts before lateral dispersion occurs.  

2.2.5 Fragmentation  

Given the right conditions, the block may shatter or fragment on impact. The phenomenon is 

controlled by the strength and stiffness of the ground surface, the block conditions (for example 

weathering decreases the compressive strength of the block, and the presence of micro- (J. Mukhtar, 

2014) and macro-fractures create surfaces along which the block may fail during compression), and 

the lithology and induration of the rock material. Fragmentation is traditionally considered to 

consume some of the block’s energy, although an unknown amount, and the rest is conserved by the 

ongoing fragments (Bozzolo and Pamini, 1986; Figure 2.2.5). However if there are existing fractures, 

the energy required per unit of surface area to fragment a block is much less. It has even been 

observed that ongoing fragments in reality travel at much higher velocities than predicted, attributed 

to the increase in momentum of the fragments during the fragmentation process (Agliardi and Crosta, 

2003). Fragmentation also has the potential to create fragments having drastically different outgoing 



 

trajectories than that of the intact block (Giacomini et al., 2009). The number of fragments a block 

breaks into has been observed to be a function of impacting angle, more so than of  impacting energy, 

so that impact at lower angles (from horizontal) produces fewer fragments than at higher angles 

(Giacomini et al., 2009). In fact there is no literature to support the theory that rocks with greater 

mass are more likely to fragment on impact due to higher kinetic energy (Giacomini et al., 2009),  

however it is logical that well-indurated material such as metamorphic and some sedimentary rocks 

will require more energy to fragment. 

 

Figure 2.2.5 Image of fragments of a rockfall boulder in an impact scar (outlined in red) at Rapaki Bay , Port Hills, 
Christchurch. 

 

 

2.2.6 Ballistic trajectory 



 

Following initial impact, the block may be launched into a ballistic trajectory, which is the parabolic 

path of the centre of mass of a boulder between bounces (Figure 2.1.1c). During this process, the block 

moves with a constant horizontal velocity (but affected slightly by air resistance) and a variable vertical 

velocity, determined mainly by gravity. The ballistic trajectory can be divided into the ascending and 

descending parts. When a block exits the topography, angular momentum resulting from block torque 

created during contact (Figure 2.2.6) gives the block kinetic energy to launch into the air and defines 

the angle at which it is ejected. The projection angle has a large influence on the bounce height of a 

trajectory (Paronuzzi, 2008). As the block ascends (Figure 2.2.6c), its vertical kinetic energy is 

converted to potential energy. At a point where all vertical kinetic energy is spent, it begins to descend 

and the potential energy of the block converts to kinetic energy due to gravitational acceleration as it 

travels towards the ground (Figure 2.2.6d).  

 

Figure 2.2.6 Diagram of a ballistic trajectory of a rock. A) The point of ejection from the s lope, the initial impact. A+1 is the 
subsequent impact. B) The maximum vertical height above the topography of the parabolic path. C) The ballistic path. D) 
The air resistance or drag acting against the moving boulder. 



 

Air resistance, or drag (Figure 2.2.6d), is the fluid force opposing the movement of an object. The drag 

is dependent on the fluid properties (density and viscosity of the air), and the dimensions and velocity 

of the moving object. The frictional drag acting against a boulder can be calculated by the following: 

Fd = 0.5.Cd.A.ρ.v2 (1) 

 

Where Fd = frictional drag, Cd = the drag coefficient (0.2-0.4 for air), A = cross-sectional area of the 

boulder, ρ = the density of air (1.2 kg/m3), and v = velocity. 

For a boulder with a cross-sectional area of 1 m2, travelling at 10 m s-1: 

Fd = 0.5 x 0.3 x 1 m2 x 1.2 kg/m3 x (10 m s-1)2 (2) 

 

Fd = 18 N (3) 

 

If the boulder is spherical, then its diameter is about 1.15 m, and its volume about 0.75 m 3; if  rock 

density is 2700 kg/m3, the weight of the moving object will be 20,000 N, and 18 N of drag is a negligible 

force acting against it, as suggested by  Bozzolo & Pamini (1986). 

2.2.7 Block-slope interaction 

Block-slope interaction (Figure 2.1.1e) is one of the most complex processes of rockfall because the 

dynamic conditions of the block following ground contact are a function of multiple factors: impacting 

angle, velocity, angular momentum, soil and rock properties, slope angle, block dimensions and mass. 

Many of the sub-processes are also interrelated, for example the launch angle is controlled by the 

block angular momentum, which is controlled by the block dimensions and soil characteristics.  

The block impacting angle, the angle between the incoming block trajectory and a vertical line (Figure 

2.2.7), is determined from the ratio of normal to horizontal velocity. Rigid-body impacts (e.g. impact 



 

of a rock with hard ground) can be defined in particle physics terms as low compliance impacts. The 

shapes of the two surfaces (the rock and the ground) are briefly conformable, and no interpenetration 

or adhesion occurs (Wyllie, 2007). The impacted area of ground experiences minor (mainly elastic) 

deformation under high stress. The ground initially is under compression upon impact, and when 

maximum compression is released (this threshold is defined by the soil stiffness) the ground rebounds 

and thus releases energy to launch the rock from the slope ( Wyllie, 2007). Upon contact with soft soil, 

by contrast, the block is translated through the material for a short distance (Bozzolo and Pamini, 

1986); the length and depth of translation is controlled by the shear strength of the soil, linear velocity, 

impact angle and angular momentum of the block, and the build-up of soil material in front of the 

moving block. As the block slips through near-surface material, a contact force is exerted by the 

ground on the block, creating angular momentum which produces rotation of the block and launches 

it into the air (Paronuzzi 2008; Figure 2.2.7). 

 

Figure 2.2.7 Figure showing incoming translational (ti) and rotational (ri) momentum, impact angle from the vertical (φi); 
as well as outgoing of the same (to, ro, φo). Modified after Bozzolo and Pamini (1986). 



 

If the soil is compact, or hard, it will behave less plastically, and the block will expend less energy 

deforming the material. If the ground material is rock rather than soil, very little energy will be 

absorbed from the block, and an instantaneous contact occurs (Bozzolo & Pamini 1986; Figure 2.2.4). 

The substrate material will not deform plastically, and block launching is still a function of angular 

momentum but is instantaneous because the rock material does not fail.  

The ratio of approaching to departing kinetic energies or velocities is given by the coefficient of 

restitution (COR). This ratio is represented as a decimal fractional value: a COR of 1 corresponds to a 

perfect elastic impact, a COR of <1 corresponds to an inelastic impact, and a COR of 0 is when the 

object of collision with the surface stops on impact, the surface display ing fully plastic behaviour 

(Asteriou et al., 2012). COR is an overall value used to take into account all the characteristics of an 

impact, including plastic deformation, slippage, and changes in translational and rotational 

momentum. The COR is defined by two components: the normal coefficient of restitution (nCOR), and 

the tangential coefficient of restitution (tCOR). nCOR is dependent on slope angle, and appears to 

increase with steepening slope angle. The rotational kinetic energy similarly increases with slope 

angles up to 40°, and then decreases with slope angles up to 70°; there is no clear correlation between 

slope angle and tCOR (Chau et al., 2002). 

The tCOR, or the reduction in horizontal/tangential velocity on impact, is significantly affected by the 

friction generated between the boulder and the slope on impact (Wyllie, 2007) 

Friction also affects the rotational velocity of the boulder. When the rotating boulder impacts the 

slope, friction acting against the boulder’s direction of travel combined with the translational velocity 

propelling the boulder forward, generates a moment within the boulder that alters the rotational 

velocity on impact. For a perfectly spherical rotating boulder this process will increase the angular 

velocity on impact. However for irregularly shaped boulders, that are almost always the reality in 

practice, the velocities and friction may combine in a way that the rotational velocity is reduced on 



 

impact (Figure 2.2.4). The varying of rotational velocities with successive impacts in a rockfall event 

are attributable to this phenomenon (Wyllie, 2007). 

 

Figure 2.2.8 The incoming block impacts the slope, and slips through near surface material (s) to a point where the contact 

forces generate angular momentum (a). 

2.2.8 Transition between rockfall modes 

Bouncing describes the series of ballistic trajectories during a rockfall event ( Figure 2.1.1c). Other 

modes of movement are rolling and sliding, and the transition between them is often attributed to 

changes in slope angle (Dorren, 2003; Ritchie, 1963). As the slope flattens out the potential energy 

from the fall distance during a single ballistic trajectory lessens, and the angular momentum is no 

longer sufficient to launch the block into free flight. Rolling and sliding occur when the block is still 

translating, and is in continuous contact with the ground. During rolling (Figure 2.1.1g) the block is still 

rotating, and during sliding (Figure 2.1.1h) the block moves along the ground on one side only. As the 

block moves further into flat topography, there is insufficient kinetic energy to maintain motion 

against friction, and the block will stop (Figure 2.1.1i).  



 

Although these transitions are usually associated with slope angle changes, it is not uncommon for a 

block to transition from bouncing to rolling and back to bouncing again within a typical bouncing zone. 

This can occur when the block impacts the slope in such a way that the rotational axis changes 

abruptly, however the movement mode is largely dictated by the slope angle and the block often 

transitions between the two. If a block impacts the slope at a shallow angle and on a flat side, there 

may not be enough angular momentum to sustain rotation, and the block may slide and stop 

prematurely. 

2.2.9 Rockfall runout 

Rock block dimensions are determined by the structural properties of the parent rock mass (Palma et 

al., 2011) and any changes to the dimensions during travel due to fragmentation (Bozzolo and Pamini, 

1986). The size and shape of the block will significantly affect the runout properti es of a rockfall event 

(Azzoni et al., 1995): 

 Spheroidal blocks of a given mass travel faster and farther than other shapes such as tabular 

and discoidal as they have fewer angular edges to catch on slope irregularities. However, if a 

block with irregular axial dimensions builds up enough angular momentum to rotate around 

its shortest axis, the block will move similar to a bicycle wheel, potentially travelling faster 

than spherical boulders of equal mass. Angular velocity for equidimensional blocks is generally 

observed to be slightly higher than for irregular blocks (D. Wyllie, 2007). 

 The velocity at a given travel distance is greater with bigger blocks, as these are less likely to 

be slowed down by slope irregularities such as talus debris, vegetation and divots.  

 Kinetic energy, being a function of mass, is greater for bigger blocks when all sizes have the 

same velocity. Likewise, for blocks of the same size and velocity, those with greater densities 

will have greater mass and therefore greater kinetic energy. However, it is harder for rocks 

with greater mass to pick up angular momentum initially.  

 Larger rocks travel further as they are less affected by given slope irregularities. 



 

Even if release conditions are constant, the end positions of the block will vary considerably. As the 

outgoing direction at an impact is influenced by the slope inclination at contact, generally, the longer 

(and smoother) the slope, the greater the lateral distance between the most extreme fall paths (Azzoni 

and de Freitas, 1995).  

2.2.10 Vegetation 

Vegetation on rockfall runout slopes can affect rockfall behaviour by stopping or slowing passing 

boulders. In fact, forest stands are a widely recognised method of rockfall protection, and the 

effectiveness of various tree sizes, species and spacing between trunks has been heavily researched 

(Dorren, 2004; Dorren et al., 2005; Jancke et al., 2009; Vacchiano et al., 2008; Woltjer et al., 2008). 

Trees interrupt the ballistic or rolling trajectory of a block. Other vegetation, such as shrubbery and 

saplings, has a retarding effect on moving rock blocks, but does not significantly alter a ballistic 

trajectory and may not present an obstacle sufficient to completely stop a rockfall.  

Tree trunks that are wide relative to the size of the rock block, and strong enough to withstand the 

impacting force of the boulder, are able to slop blocks completely. However if the block hits any where 

but the centre of the trunk, it is likely that it will be deflected, dissipating some energy but continuing 

to move (Bourrier et al., 2009). The ground within forested areas will contain roots at or close to 

surface, increasing the hardness of the soil substrate. This could reduce the plasticity of the soil, 

dissipating less energy from the block, or it could create ground irregularities which catch and slow 

the block. Regardless of the effect that rooted ground areas have on the rockfall, the overall effect of 

vegetation will be to lessen the maximum runout of any rockfall. This is important for hazard purposes, 

as the engineering design specifications for a mitigation scheme may be altered to reduce cost if 

vegetation is taken into account. 

 

2.3 Conclusions of the rockfall process 



 

The previous sections summarise the nature of rockfall in terms of susceptibility, triggering and runout 

dynamics. Rockfall is an immensely complex natural process, which can be highly unpredictable as to 

when it occurs, and how the block will behave. High velocities experienced during rockfalls makes 

them a significant hazard to people and assets in mountainous and hill y areas. Our current 

understanding of rockfall processes can be used to assess the nature of a site -specific rockfall, for 

hazard analysis purposes. Estimating the susceptibility and potential for triggering of rockfall in a 

specific area is a complex task (Massey et al., 2014), and is outside the scope of this thesis. In areas 

where rockfall is considered a hazard, the runout distance and boulde r dynamics during the event are 

important factors that need to be understood for reliable hazard analysis. These are the focus of this 

thesis. 

 

2.4 Rockfall hazard assessment 

2.4.1 Introduction and empirical models 

Landslide hazard is defined as the probability that a landslide of a given magnitude occurs in a given 

area during a specified time interval (Varnes, 1984; Volkwein et al., 2011). For rockfall, the definition 

of the hazard needs to account for the following (Crosta and Agliardi, 2003; Jaboyedoff, 2005; 

Volkwein et al., 2011): 

 The onset probability: the probability that a rockfall of given magnitude occurs at a given 

source location (for example the recurrence interval of a rockfall -triggering seismic event); 

 The reach probability: The probability that falling blocks reach a specific downslope location; 

and 

 The rockfall intensity: the behaviour of the boulder as it travels downslope (for example 

velocity, energy, bounce height, rotation). 



 

Rockfall hazard can thus be defined as the probability of a location on the slope being reached by a 

rockfall of a given intensity (Jaboyedoff, 2005; Volkwein et al., 2011) in a specified time period. This 

thesis is concerned primarily with assessing the reach probability and intensity of rockfalls, and the 

temporal probability of, and spatial susceptibility of assets to, a rockfall event will not be taken into 

account. This is because the temporal probability (Mackey and Quigley, 2014) is irrelevant when a 

rockfall of given intensity is assumed to have occurred, and overall spatial susceptibility is impossible 

to assess due to the anisotropic nature of the Port Hills rock mass (Brideau and Massey, 2012; Massey 

et al., 2014); both are thus beyond the scope of this project. Nevertheless, this thesis does consider 

the spatial distribution of rockfall hazard relative to the rockfall source – i.e. the reach and spread of 

the hazard zone. 

Many numerical simulations and mathematical rockfall models have been developed over the last 

three decades, and have become increasingly more computer-based. These can be broadly divided 

into empirical and process-based models (Dorren, 2003).  

In essence, empirical models are based on relationships between the  topography and the length of 

the run out zone of an event (Dorren, 2003). Commonly termed statistical models, they can be used 

to estimate rockfall hazard over a broad area quickly and effectively. The simplest assessments are 

based on empirical methods such as the shadow angle (Evans and Hungr, 1993) and fahrböschung 

angle (Onofri and Candian, 1979; Figure 2.3.1a). This gives maximum rockfall runout without the 

necessity for modelling physical rockfall properties (Volkwein et al., 2011). For natural hazard and risk 

zoning it is beneficial to use a ‘first pass’ simplistic model to approximately assess the hazard at a 

regional scale. Following preliminary analysis and assessment, it may be judged necessary to carry out 

more detailed modelling of the more problematic areas (Dorren, 2003; Keylock and Domaas, 1999).  



 

 

Figure 2.4.1 A: Slope profile showing the rockfall shadow angle (α) and the fahrböschung angle ( γ). The rockfall shadow 

angle is the angle from the horizontal of a line projected from the bottom of the source to the end point of a boulder. The 
Fahrböschung angle is the angle from the horizontal of a line projected from the specific source point to the end point of 
the boulder. Figure modified after Evans and Hungr (1993). B: Image showing slope contours in plan view with rockfall 

cone, decided by angle φ from the centreline. 

Some empirical methods incorporate estimations of kinetic energy similar to the simple propagation 

models (e.g. The Shadow and Fahrböschung angle method; Evans and Hungr, 1993; Jaboyedoff and 

Labiouse, 2003). In basic models such as CONEFALL (Jaboyedoff and Labiouse, 2003), the shadow or 

fahrböschung line is extrapolated laterally within a conical area extending from the source point 

downslope (Figure 2.4.1b). From the distance between the cone line and the topography (Δh) the 

energy head can be calculated (Evans and Hungr, 1993): 

E = m. g. Δh (4) 

where E = kinetic energy, m = mass and g = gravity acceleration. 



 

These methods are useful in their simplicity, but do not model the physical process of a rockfall or its 

interaction with the substrate (Volkwein et al., 2011). Process-based models are the next step up in 

complexity, and include both two-dimensional and three-dimensional analyses. 

2.5 Process-based models and application 

2.5.1 Two- and three-dimensional models 

Two-dimensional (2D) models simulate the rockfall down-slope movement in a vertical plane, without 

considering lateral movement (Dorren, 2003). This calculates the boulder behaviour in terms of 

distance travelled, but does not yield a specific end-point location laterally on the slope. A 2D profile 

line of the topography is required to create a simulation, but there is no capability to model lateral 

rockfall movement. The user has to take care to create the profile line along the assumed fall line of 

the boulder trajectory, as simulation results are limited to this plane only. Most process-based models 

are 2D (Volkwein et al., 2011). They are advantageous in their simplicity, making them user-friendly 

and time-efficient (Brehaut, 2012). Given the propensity of non-spherical boulders to deviate from a 

fall line, however, 2D models are of limited reliability in practice.  

Three-dimensional (3D) models are inherently more complex, time-consuming, costly and data-

hungry (Bartelt et al., 2013; Brehaut, 2012; Dorren, 2003; Guzzetti et al., 2002; Lan et al., 2007; 

Tagliavini et al., 2008; Volkwein et al., 2011). They provide a greater level of accuracy and detail when 

well calibrated by an experienced user who is familiar with the uncertainties in the complex algorithms 

(Berger and Dorren, 2006). 

Three-dimensional models encompass lateral movement by simulating interactions between the rock 

block and the terrain as described by a Digital Elevation Model (DEM). They allow high-resolution 

assessment of the runout envelope of trajectories, as well as visualisation of the distributions of 

dynamic and kinematic parameters along the rockfall path (Agliardi & Crosta 2003; Guzzetti et al. 

2002; Andrew et al. 2012; Leine et al. 2013; Volkwein et al. 2011; Figure 2.5.1). They also allow 

estimation of likely lateral dispersion. 



 

2.5.2 Model approach 

Process-based models simulate the dynamics of rockfall (free fall, rolling, bouncing and sliding) over 

slope surfaces. The rockfall end point is directly affected by how the rock behaves at each contact 

point with the ground surface as it travels down-slope (Dorren, 2003). Models differ in their 

mathematical approach to representing the boulder. Rocks can be represented as either a lumped 

mass or a rigid body. Lumped-mass methods consider the block to be a singular dimensionless point, 

and do not take into account either the shape of the rocks or dynamics such as rotation (Guzzetti et 

al., 2002; Tagliavini et al., 2008; Volkwein et al., 2011). Rigid-body models consider the block as a 

defined fixed shape and volume, accounting for relevant boulder dynamics in more detail (Azzoni et 

al., 1995; Guzzetti et al., 2002; Lambert et al., 2013; Leine et al., 2013). 

Most models employ coefficients of restitution (COR) to describe bouncing/rebounding of blocks, and 

friction coefficients to define sliding and rolling. There are many publications detailing calibrations and 

parameter quantifications of COR for varying substrate types (Brehaut, 2012; Dorren, 2003; Guzzetti 

et al., 2002; Schweigl et al., 2003; Tagliavini et al., 2008; Volkwein et al., 2011; Wyllie, 2014) . Due to 

local variability within the terrain, a probabilistic approach is generally used for vary ing parameters 

within a range to account for the stochastic nature of the rock rebound, both normally and tangentially 

(Volkwein et al., 2011). 

2.5.3 Model development 

As early as the 1960s, rockfall was observed and recorded in an attempt to understand the process 

for prediction and countermeasure design (Giani et al., 2004; Ritchie, 1963). Basic algorithms were 

developed to account for the process of ballistic trajectory, impact and rebounds (Ritchie, 1963), later 

quantified as COR for computer models (Bozzolo and Pamini, 1986; Evans and Hungr, 1993; Hungr and 

Evans, 1988a; Pfeiffer and Bowen, 1989; Wu, 1984). Wu (1984) conducted field tests to monitor the 

free fall and bounce rebound process to quantify COR for one of the first basic computer-based 

models, ROCKSIM, a 2D lumped-mass model aimed at predicting areas of impact. Pfeiffer and Bowen 



 

(1989) carried out a similar experiment, to calibrate the first version of CRSP (Colorado Rockfall 

Simulation Program), a 2D lumped-mass model created specifically for mitigation design of a roading 

project at the time.  

Hungr & Evans (1988) used field studies of past rockfall events to calibrate a 2D lumped-mass model, 

ROCKFALL, and argue that a series of slope impacts with energy loss, parameterised by the COR, is not 

realistic throughout a rockfall event. They later advanced the rockfall computing field by proposing an 

algorithm for transferring bouncing motion to rolling motion: if, during three consecutive bounces, 

the ratio between the energy head lost and the horizontal length of the bounce is greater than the 

rolling friction coefficient, a transition from bouncing to rolling is made (Evans and Hungr, 1993). 

The science was further advanced by field experiments detailing the rotational momentum of rockfall. 

Bozzolo and Pamini (1986) developed a 2D rigid body model SASS, which describes the rock as an 

ellipsoid. As well as the bounce height and runout, the model calculates translational and rotational 

velocities. Contact with the ground is assumed to be a singular point where angular momentum of the 

ellipsoid is conserved, accurate for representation of block impact on a rocky surface. The authors 

found that the model over-estimated the velocity compared with the experimental data and 

attributed this to rock impact on soft ground being over an area in reality, rather than a single point 

as it is represented in the model. 

Currently the most widely used and verified two-dimensional model is RocFall (RocScience Inc.; 

Brehaut, 2012; Richards et al., 2001; Stevens, 1998; Schweigl et al., 2003). RocFall is used by 

practitioners for hazard assessment and countermeasure design as it not only simulates kinetic 

energy, velocity, runout distance and bounce height, it has the ability to incorporate barriers into 

simulations. RocFall statistically varies release points, friction parameters and block mass within a 

user-defined range. The use of rock masses makes the model hybrid, rather than lumped-mass, in 

nature. Another useful output is the frequency distribution of the outputs along the slope profile, 

aiding decision-making for positioning of countermeasure design (Stevens, 1998). 



 

Advances in understanding of rockfall science as a 3D process, a bigger capacity to compute advanced 

algorithms using large data sets, and widespread availability of DEMs has enabled the development 

of complex, three-dimensional numerical models. The following tables lists some of the 3D models 

that have become available since 1987.  
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Model Approach Probabilistic Year first 

presented 

Description Reason for use or exclusion in this study  

EBOUL-LMR Rigid body No 1987 The fi rs t 3D model that appears in the l iterature Is EBOUL-LMR. The rigid body 

contact with topography is  modelled as ei ther a  bounce, where the block has 

instantaneous contact with the ground, or rolling or sliding, where the block has 

permanent contact with the ground. The block geometry can be selected from an 

el lipsoid or prism with a polygonal section. The topography can be modelled as 

plastic or inelastic with a  defined surface roughness (Descoeudres and 

Zimmermann, 1987).  

EBOUL was  the fi rs t published 3D and 

rigid body rockfall model. The model is no 

longer available and was not considered 

for this  exercise. 

 

Rotomap Lumped-mass Yes 1991 Rotomap uses normal and tangential COR to control the block motion, as well as 

an angle l imit that defines whether the block wi ll transform from bouncing to 

s l iding/rolling on impact. This is the angle between the outgoing block tra jectory 

and the slope. The threshold i s selected by the user, and whether or not a block is 

below i t i s  s tatis tica l ly determined by the model  (Giani  et a l ., 2004).  

Rotomap was also an earlier model that is 

no longer ava ilable. There i s not much 

information available in the literature and 

i t was  not considered for this  exercise. 

 

STONE Lumped-mass Yes 2002 STONE uses GIS for input and output maps. Users input maps delineating areas of 

di ffering normal and tangential COR, as well as a dynamic friction coefficient that 

s imulates velocity loss during rolling. The model s tatistically varies the parameters 

by us ing a  random component approach, and the outputs are maps of number of 

pass ing blocks  in a  cel l , maximum veloci ty and bounce height.  

STONE was considered and trialled for use 

in this s tudy, however i t was complex and 

time-consuming to set up, requiring the 

generation of many GIS fi les to run a  

s ingle s imulation. This, as  wel l as  its  
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Within the model, incoming and rebounding angle of an impacting block with the 

topography is  cons idered equal. The trans ition from bouncing to rol ling at an 

impact i s defined by the velocity of the incoming block- i f the block is travelling 

faster than a  user-defined threshold, i t is considered to be bouncing. If it is below 

the threshold a  rol l ing a lgori thm comes  into effect (Guzzetti  et a l ., 2002). 

lumped-mass approach meant that it was 

not cons idered appropriate for this  

exercise. 

HY-STONE Hybrid Yes 2004 HY-STONE a llows the user to select blocks with different shapes and masses, but 

does not model rigid body contact forces with the ground. Instead i t varies COR at 

each impact s tatistically within user-specified brackets. The parameters are scaled 

by the block mass, and an ‘elasto-visco-plastic’ model is available within the code 

that accounts for rock impact with soft soils. As with STONE, HY-STONE requires GIS 

mapped inputs. Outputs are of the same, displaying number of blocks passing a cell, 

bounce height, rotational and translational velocity and kinetic energy. This rigid 

body transformation of an essentially lumped-mass code allows the user to analyse 

the rockfall dynamics in much more detail (Agliardi et al., 2009; Frattini et al., 2008). 

The model can also account for the interaction between blocks and structures by 

deta iling the geometry and energy absorption capacity of the s tructure (Agliardi et 

a l ., 2009). 

Hy-STONE is  a  wel l-developed and 

complex model that has advantages in 

rockfa ll hazard assessment due to its  

abi lity to model the interaction of rock 

blocks and s tructures. Al though the 

model takes a  rigid-body approach to the 

ground behaviour upon block impact, the 

majority of the ba l listic tra jectory is  

cons idered lumped-mass and was  

therefore not considered appropriate for 

this  exercise. 

 

RockyFor Hybrid Yes 2004 RockyFor was developed to incorporate forest protection systems in to the rockfall 

hazard analysis process. Blocks are considered spherical with a user-defined radius. 

The model uses traditional COR but modifies them to account for the elasticity of 

RockyFor has been continually updated 

and modified according to rockfall science 

over the last decade, and has been 
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the soil. This ‘elasticity’ i s a  function of s lope roughness (scaled to the mass of the 

boulder) and vegetation cover, defined by the user. The model accounts for local 

variability in topography (as the DEM is assumed to be ‘smoothed out’) by varying 

the s lope angle at impact s tatistically between 1 and 4° (Bourrier et a l ., 2009; 

Dorren and Heuvel ink, 2004). 

Blocks are transformed from a  bouncing motion to a  rol l ing motion when the 

dis tance between bounces is less than the diameter of the block. Vegetation is 

s imulated as trees with user-specified diameters, and the dissipation of energy 

when a  block impacts a  tree i s proportional to how close to the centre of the tree 

s tem the block lands .  (Bourrier et a l ., 2009; Dorren et a l ., 2004).  

successfully ca l ibrated within the 

l i terature. Its s trength is in its simulation 

of block-vegetation interactions, the 

reason for i ts  original development. 

Al though the model takes a  rigid-body 

approach to the ground behaviour upon 

block impact, the majority of the ballistic 

tra jectory i s considered lumped-mass and 

was  therefore not considered appropriate 

for this  exercise. 

RAMMS:: 

Rockfa l l  

Rigid body No 2007 Detai led description below*.   

Rockfa ll 

Analyst 

Lumped-mass Partly 2007 Rockfa ll Analyst is a GIS extension, which the user can activate within the ArcGIS 

interface. It uses GIS substrate maps with assigned normal and tangential COR, and 

varies these s tatis tica l ly when the block i s  in contact with the topography.  

Much l ike STONE (Guzzetti et a l ., 2002), rocks  transform from bouncing to 

rol l ing/sliding motion with they are travel ing below a  user-defined velocity 

threshold, upon impact. Rolling/sliding motion is controlled by slope angle and a  

user-defined friction angle- when the former is greater than the latter the block will 

s top (Lan et a l ., 2007). 

Rockfa ll Analyst is user-friendly and easy 

to implement within ArcGIS with 

appropriate use of probabilistic selection 

of ground parameters. However the 

lumped-mass approach was considered 

too s impl is tic for this  exercise. 
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PICUS-

ROCKnROLL 

Hybrid Yes 2007 Similar to RockyFor (Dorren et al., 2004), PICUS was developed to assess the effect 

of vegetation on the rockfa l l  hazard.  

Al though the model i s essentially a  lumped-mass code, when modelling ground 

contact the user can define the diameter and mass of spherical boulders. The 

boulders are considered to be bouncing i f the rotational velocity exceeds the 

trans lational velocity. In rolling mode a user-defined surface roughness applies. The 

model considers boulder movement through ‘understory’ or shrub-like vegetation 

(<1.3 m) separately to tree impacts, and both interact with the boulder in bouncing 

and rol ling/sliding. Trees are distributed across the slope in delineated patches, 

randomly assigned a position based on specified neighbouring distances. A unique 

function of PICUS is  the abi lity to model the change in forest protection 

effectiveness over time. The model uses the same original patches of vegetation 

but increases the effectiveness of each individual tree for each consecutive year 

(Woltjer et a l ., 2008). 

PICUS focuses on the s imulation of block-

vegetation interaction whilst the in-depth 

block dynamics are s implified to an 

essentially lumped-mass representation. 

Whi lst the model would prove useful in 

when analysing the effect of vegetation 

on rockfa lls, i t i s  not suitable for the 

deta iled analysis of block dynamics and 

interaction with the topography.  

 

CRSP-3D  Rigid body 2012 CRSP was  developed as a 2D lumped-mass model (Pfeiffer and Bowen, 1989) and 

later converted to a  3D DEM code. The COR are replaced by the slope hardness 

parameter, and users a lso define a  slope roughness parameter. A range of block 

shapes (spherical, cyl indrical, discoidal, tetrahedral and prismatic) are available to 

model. The model applies the Discrete Element Method (the motion of a  body 

made up of a  large number of small particles) to s imulate rock-ground contact 

CRSP-3D is  a  widely-used and s tate-of-

the-art model in rockfall science. Due to 

i ts  development for use in highway 

engineering in the USA i t has  published 

ca l ibrated parameters from various 

testing procedures. Use of the Discrete 
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forces  and dissipate energy. As  the block impacts ground, the ground is displaced 

l inearly and elastically during contact. This process i s  parameterised by the 

coefficients  mentioned above (Andrew et a l ., 2012). 

element method for block-terrain 

interaction allows for complex 

s imulations of these dynamics, however 

the use of simplified COR is a  drawback. 

Table 2.5.1 A comparison of various 3D modelling methods. The table presents nine rockfall codes, and discusses the model algorithm approaches. There are variations in rock  
representation, methods of parameter variation, rock contact representation and transitions between 
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2.6 RAMMS::Rockfall 

Given the complex and voluminous nature of rockfalls triggered by the CES, as well as the wealth of 

data that emerged from the events, 3D modelling, specifically RAMMS::Rockfall, was considered a 

necessary tool for the analysis of future rockfall hazards in Christchurch, and has been utilised in this 

thesis. The model will hereafter be referred to as RAMMS (Rapid Mass Movement System), although 

it is noted that RAMMS::Rockfall is one module in a series, including RAMMS::Debris Flow and 

RAMMS::Avalanche, created by SLF (WSL Institute for Snow and Avalanche Research), WSL (Swiss 

Federal Institute for Forest, Snow and Landscape) and ETH (Swiss Federal Institute of Technology), 

Zürich. RAMMS is a rigid-body three-dimensional rockfall simulation programme (Bartelt et al., 2013; 

Leine et al., 2013).  

Terrain is modelled using a high resolution DEM, typically with 1-10 m resolution to allow for accurate 

representation of topographical features such as gullies and cliffs. Rocks are modelled as rigid 

polyhedra. The user imports rocks as point clouds or selects pre -defined rock shapes from the model 

library. Imported rocks can be simple geometric forms such as spheres and cubes, or laser scans of 

actual boulders. The boulder library within RAMMS contains three shapes: equant (equi -dimensional), 

flat (one short axis and two long axes), and long (two short axes and one long axis). These boulder 

shapes have been generated from laser scans of real rocks, so the natural irregularity and angularity 

is incorporated. The co-ordinate system of the point cloud allows the rotations of the boulder during 

simulation to be mapped. From the centre of mass, the three principal moments of inertia are 

calculated.  The rock mass is calculated from the volume of the point cloud and a user-defined density. 

The rock’s centre of mass is recorded at all times during a simulation relative to the main DEM frame, 

with movement described in three translational and rotational directions along principal axes (Bartelt 

et al., 2013).  

Rock mass characteristics govern the shapes and sizes of released blocks, which in turn affect the 

outcomes of a rockfall event (Azzoni and de Freitas, 1995; Fityus et al., 2013; Jaboyedoff et al., 2011). 
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The rigid-body element of the model allows the influence of rock shape to affect the outcomes of the 

hazard assessment by incorporating natural variability in slope-block interactions (Bartelt et al., 2013).  

Rock interaction with the substrate in RAMMS is a function of ‘slippage’ through near-surface material 

(Figure 2.6.1), defined by the user as a function of Coulomb friction and drag force (Bartelt et al., 

2013). RAMMS developers argue that rockfall impacts with soil are not simple point rebounds (Bartelt 

et al., 2013; Leine et al., 2013), as usually described in rockfall models and quantified by COR. Instead, 

they are complex three-dimensional interactions with the substrate that include sliding of a block 

through material until maximum frictional resistance is reached and angular momentum generated 

by contact forces cause the block to be launched from the ground (Leine et al. 2013; Bartelt et al. 

2013; Paronuzzi 2008). The slippage can be parameterised for hard surfaces (e.g. rock) by decreasing 

the distance and time spent during impact, to better reflect the instantaneous rebound observed in 

rock-rock interactions.  

 

Figure 2.6.1 Impact scar morphology and RAMMS parameterisation of the process. As the 
block first contacts the ground, a minimum friction (µmin) applies, and gradually increases 
to a maximum friction (µmax), whereupon the block torque causes a rotation out of the 
impact scar and the block becomes airborne. The horizontal distance of slippage through 

soil, where the block is transitioning from minimum to maximum friction is 
parameterised by κ. The length of time it takes for the block to be airborne (µ = 0) after 
reaching maximum friction is parameterised by β. 
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Friction (µ) ranges from minimum friction (µmin) to maximum friction (µmax) during slip. The ground 

contact force acts only on the side of the block touching the ground surface, creating torque (in 3 

dimensions); the resulting angular momentum causes rotation that in turn causes the block to leave 

the impact scar (Figure 2.6.1).  The parameter κ controls how quickly (i.e. over what distance) the 

friction increases from µmin to µmax. The parameter β defines how quickly (i.e. over what time) friction 

is reduced (from µmax to zero) as the rock leaves the impact scar (Figure 2.6.1). An additional drag 

coefficient can be applied to account for viscoplastic deformation of the near-surface soil material 

(Bartelt et al., 2013). These parameters can be adjusted to represent varying terrain types, from hard 

outcropping rock to soft deep soils. All are obtained from analysis of field data, where the impact 

sliding mechanism is evident in soil scars, and slippage distance can be ascertained. For example, to 

quantify the parameters of a particular soil where data obtained shows that a boulder impact leaves 

a scar on average 2 m long, and takes 0.03 s: 

1/κ = 2.0 m, therefore κ = 0.5; 

1/β = 0.03 s, therefore β = 33. 

If the user does not have field data to calibrate substrate characteristics, a library of ready-calibrated 

values is available. 

Rockfall models generally use a statistical approach to mimic stochastic variability within rockfall 

events, by statistically varying parameters over a range of values. RAMMS di ffers by taking a 

deterministic approach to natural variability. This is accounted for by the option to vary rock shapes 

and rock release orientations. The user can specify a range of degrees to vary the x, y and z axes of the 

rock block in its starting position, as well as a number of iterations of angle variations. For example, a 

user may choose to vary a particular rock block position around its x axis 5 times, in increments of 2°. 

If the x axis of the block is at 20°, the block will be released at 20, 22, 24, 26, 28 and 30° (Bartelt et al., 

2013). By varying the initial conditions of the rock block the range of possible trajectory fall lines 
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increases dramatically. By varying rock shape, the user can ensure that natural variability is 

incorporated into the rockfall event at every ground impact.  Z is a user-defined parameter that 

controls the distance the centre of mass of the boulder is released from above the ground surface. 

This is useful for giving a boulder additional translational velocity at the beginning of a rockfall event, 

and can also be varied randomly by a selected number of increments.  

Over the course of this thesis the development of RAMMS has progressed signif icantly. Currently, a 

beta-version of the software is available for trial to practitioners, and will become commercially 

available in 2015 (http://ramms.slf.ch/ramms/index.php). In 2011 when the present work began 

RAMMS was under early development and was much simpler. The ‘slippage’ component of the code 

was then not yet integrated, and the rock library was not available. Other crucial changes to the code 

have been made, in part as a result of laboratory exercises testing the influence of varying rock shape, 

and in part as a result of the collaboration of researchers such as myself, who have access to field data 

and are able to test the functionality of the code.  

RAMMS was tested against other models for the purpose of this thesis: STONE (Guzzetti et al., 2002) 

and CRSP-3D (Andrew et al., 2012). It was found to be the most user-friendly and time-efficient and it 

simulated the CES rockfalls most realistically. Furthermore, the willingness of the developers to 

collaborate with this project, and change the code according to personal requirements, made it an 

ideal choice for this project. 

 

2.7 Analysis application 

When an area of rockfall hazard has been identified, the relevant analysis process is then completed, 

for example, by identifying specific problem-areas from area-wide application of the shadow angle 

tool and from subsequent two- and/or three-dimensional modelling. From this analysis, the severity 

of the hazard can be assessed. One outcome of rockfall hazard analysis is hazard zonation. Zonation is 
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defined as the division of the land surface into areas, which are then ranked according the degree of 

actual or potential hazard posed to the area (Varnes, 1984). This is generally in map form, and is used 

for quantitative risk assessment, land-use planning and countermeasure design (Volkwein et al., 

2011). 

 

2.8 Rockfall hazard assessment application 

Rockfall hazard maps display the spatial distribution of hazard (in terms of reach probability, velocity, 

kinetic energy and bounce height) obtained from any type of empirical or process-based model (Crosta 

and Agliardi, 2004; Dorren, 2003; Volkwein et al., 2011). The range of available models (Error! 

Reference source not found.) can lead to inconsistency in results, the variability of which is further 

increased by processes such as rock fragmentation and slope vegetation that are difficult to  account 

for within current numerical models, as well as by variation in DEM resolution (Dorren, 2003; 

Jaboyedoff, 2005; Volkwein et al., 2011).  

This variability reduces the accuracy of risk mapping and remediation, requiring careful consideration 

by the user to avoid dangerous underestimations and/or costly overestimations (Volkwein et al., 

2011). It is therefore important that the user is aware of all of the variables associated with the given 

hazard assessment tool, that the tool is well calibrated, and that all uncertainties have been accounted 

for (Berger and Dorren, 2006). 

The discrepancy in accuracy of hazard delineation from rockfall modelling is directly proportional to 

the complexity of the model, and the effort taken in selecting and calibrating the models. 3D models 

require the most time, data and expertise to use, but produce the most site -specific results (Figure 

2.8.1; Figure 2.8.2).  One of the primary goals of this thesis is to calibrate the 3D model RAMMS. By 

making available the calibration methodology and parameters chosen for the Port Hills substrate 

types, the effort needed for rockfall hazard analysis in Christchurch will be greatly diminished. 
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Figure 2.8.1. Comparison of hazard maps displaying outcomes of (a) Shadow Angle method; (b) Two-dimensional 
numerical modelling; (c) Three-dimensional numerical modelling. Modified after Volkwein et al (2011). Figure is schematic 
and not based on any research results.  

 

Figure 2.8.2 The relationship between effort and accuracy (or realism of results) in rockfall modelling. 
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2.9 Conclusion 

Rockfall hazard identification, analysis, and application is a fundamental process required in all 

inhabited mountainous and hilly areas of the world, to manage the risk to people and assets. Rockfall 

hazard identification involves the identification of potential hazard according to the susceptibility of 

an area to rockfall occurrence, as well as its exposure to local triggering mechanisms. Rockfall hazard 

analysis involves applying analysis methods such as a calibrated three-dimensional modelling to the 

area, to assess the runout and boulder dynamics to be expected given that a rockfall occurs. Hazard 

analysis application concerns delineating areas within the rockfall reach, and within this, zoning areas 

according to the intensity/degree of the hazard. 

Although rockfall susceptibility has not been assessed on the Port Hills, and is beyond the scope of this 

thesis, there are known local triggering mechanisms (a recent history of shallow earthquakes with high 

ground accelerations, and history of minor rainfall -induced rockfalls). Assuming that there will be 

rockfall-triggering events in the future, the analysis of rockfall hazard and land zoning is imperative for 

vulnerable parts of Christchurch. This thesis is concerned with assessing the past behaviour of rockfall 

on the Port Hills to calibrate the leading-edge three-dimensional numerical software, RAMMS. This 

calibrated model will be a tool available to land-use planners and countermeasure engineers, for the 

assessment of rockfall intensity on any given Port Hills site. 
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Chapter three: Data collection methodology 

 

3.1 Introduction 

A large database was assembled to carry out the three analyses of this thesis: model calibration, 

rockfall experimentation, and model validation. Data collected at the first site ( Figure 3.1.1) is a 

collection of observations and measurements of various rockfall properties made following the 22 

February 2011 earthquake event. These data are a vital part of this thesis, used in the initial calibration 

of RAMMS parameters. Data collected at the second site (Figure 3.1.1) includes video footage and 

accelerometer/gyroscope records of rockfall experiments. These data are applied in chapter 4, 

comparing results to RAMMS, constituting a fine-tuning of the calibration of the previous section. The 

last major section of this thesis is validating the RAMMS model for rockfall analysis in the Port Hills. 

This required a large area of geological mapping, which was completed remotely. These maps are used 

as inputs to RAMMS simulations at site three (Figure 3.1.1). 

This chapter details the methods of generating and collecting data in the following sections, while the 

data analysis methods are discussed later within each specific chapter of the thesis.  
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Figure 3.1.1 Hillshade of the Port Hills, showing the three sites specific to this thesis. Site 1, Rapaki Bay; Site 2, Summit 

Road-Rapaki Bay; Site 3, Avoca, Horotane and Heathcote Valleys (red dots are mapped boulder locations). 

 

3.2 Field data collection 

Analysis of rockfall using numerical models requires a level of confidence that can only be achieved by 

assessing all the available information, including the geological evidence collected from the field. 

Numerical rockfall algorithms are originally based on observations of rockfall in nature, and are 

therefore only as accurate as the field data available. In some cases the behaviour of rockfall at a site 

can be obtained from the analysis of geological evidence (Hungr and Evans, 1988b).  

Following the earthquake events of 2011 it became apparent that earthquake-induced rockfalls in the 

Port Hills were a serious problem, and the only way of ensuring that people were kept safe from future 

rockfalls was to make sure that the rockfall hazard to Port Hills communities was fully understood. A 

major aspect of this exercise was gathering as much field data as possible. This field data could then 
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be utilised for the analysis of the rockfall behaviour. For example, Massey et al (2014) mapped boulder 

trails on the Port Hills after the earthquakes and concluded that boulders do not always follow the 

ground topography, and in many cases deviated from expected fall lines by up to 30°. Hazard zones 

were delineated based on boulder runout locations (Massey et al., 2012), which were used to assess 

life-safety risk for land use decisions. 

Another use of rigorous field data collection is the calibration of rockfall models by means of back 

analysis. Beginning March 2011, I collected a data set of rockfall data at Rapaki Bay from the 22 

February 2011 event (Figure 3.1.1). The site was chosen because it has an obvious discontinuous 

source area above a well-constrained long runout zone (Figure 3.2.1a, d). Approximately 400 boulders 

were mobilised at the site during the February earthquake, some of which impacted houses in the 

lower slope (Figure 3.2.1b, e, and f). In addition, apart from grass there is minimal vegetation to 

interfere with the rockfall runout (Figure 3.2.1a), which reduces the variables in the model calibration. 

This field work took place over ~four months until June 13th 2011, when I was on site for the Mw 6.0 

earthquake, narrowly avoiding boulder impact; thereafter health and safety concerns precluded such 

work. The following paragraphs describe the data collected. 

Locations of all recent and historic/prehistoric rockfall deposits on the slope  were recorded. The 

historic/prehistoric boulders were distinguishable from the recent by the weathered surface and 

presence of lichen (Figure 3.2.2a). Some recent boulders were partially weathered with some lichen 

(Figure 3.2.2c), presumably the side exposed whilst the boulder was in the source cliff, or was a 

remobilised historic/prehistoric deposited boulder. These were still distinguishable from recent 

boulders as at lea minimum of one side was freshly exposed, and most boulders left some evidence 

of soil disturbance around them (Figure 3.2.2b). Locations were recorded using a handheld Garmin62s, 

in NZTM2000 coordinates with a ± 3 m accuracy. 
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Figure 3.2.1 Images taken during field data collection, 2011. A) Image of Rapaki Bay, looking up-slope. B) Image of 
sequential impact scars leading to impacted house. C) Satellite image of Rapaki Bay, taken from Google Earth. D) Image 
of left side gully and source area. E) Roof of house impacted by falling boulder. F) Close-up image of impacted roof in (E). 
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Figure 3.2.2 Rockfall deposits measured in the field. A) An historic boulder, shown by the rubbly surface- a function of 

differential weathering, and the lichen covering. Also evident by the build-up of loess soil up-slope of the boulder. B) A 
recently deposited boulder, with fresh surfaces and high angularity. Note the soil disturbance around the boulder. C)  A 
recent boulder with some weathering and lichen, due to partial exposure before the rockfall event. Weathered surface 

outlined in yellow. Scale shown as object (clipboard = 30 cm). 

For each boulder deposit a pro-forma was completed to record the boulder characteristics (Figure 

3.2.3). Measurements of the x, y and z dimensions of the boulders were taking using a tape measure, 

the apparent shape of the boulder, the rounded-ness of the boulder surface, indexed photographs 

from several angles, and other comments. 

For 6 of the recent boulders it was possible to track their impact trail as they moved down-slope 

(Figure 3.2.4). These were obvious from the shape of the scar relative to the boulder, the fragments 

of rock left within impact scars that matched in lithology, and simply by following the expected route 

by projecting the boulders’ fall lines up-slope. For each of these scars, length, width and depth were 

recorded, as well as their GPS locations (Figure 3.2.5). Photographs were taken at each impact site, 

and if possible the boulder’s movement mode was recorded between successive impacts (bouncing, 

rolling or sliding; Figure 3.2.4). 
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Figure 3.2.3 Example of the pro-forma used to record boulder information at Rapaki Bay 
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Figure 3.2.4 Photographs of impacts at Rapaki Bay. A) Large impact on the slope, photo taken facing downslope. B) Rolling 

impact scar, photo taken facing uphill. C) Looking up at Rapaki source area in the background, in the foreground evidence 
of boulder impact through the house and fence. 

Following the 13 June 2011 event, all data collection was conducted remotely, due to the ongoing 

rockfall hazard at the site. A total of 120 boulders have been recorded using the pro-forma (Figure 

3.2.3) in the field and a further 190 boulders were located using high-resolution orthographic 

photographs and Google Earth, from images taken within a few days of the February earthquake.  

Recent boulders were easily distinguished from older boulders in the images due to the fresh 

(orange/red) surface. The older boulders stand out more as the lichen gives them a whiter appearance 

(Figure 3.2.6). Although x, y and z axes could not be measured using this method, an approximate size 

was estimated by cross-checking the size of other boulders measured in the field using the ArcGIS 

ruler tool. Using the Sneed & Folk (1958) size classification, boulders were allocated a shape class on 

the length of their intermediate axis. For instance, boulders are classed into fine (0.25 – 0.4 m), 

medium (0.5 - 0.9 m), coarse (1.0 – 1.9 m), very coarse (2.0 – 4 m). The next class up in size was a fine 

block (4.1 – 8.1 m). 
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Figure 3.2.5 Example of field notes recording an impact scar trail at Rapaki Bay. 
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Figure 3.2.6 Desktop mapping of recent and historic/prehistoric boulders using orthographic imagery (10 cm resolution). 

 

3.3 The Port Hills Geotechnical Group (PHGG) Rockfall Database 

During 2011 geotechnical damage and hazard assessment was conducted by the PHGG, a 

collaboration of geotechnical engineering companies (Geotech Consulting, Aurecon, University of 

Canterbury/Bell Geoconsulting Limited, URS and Opus). The Port Hills were divided into 9 sections, 

each one allocated to various practitioners. This enabled rapid and large-scale data collection, as well 

as analysis of any relevant geotechnical issues at properties within the section. Whilst the primary 

objective of the PHGG was to assess damage to structures and lifelines caused by the 2011 

earthquakes, the data generated and collated from the field work were useful later as a database for 

information needed to assess future hazard from rockfall.  
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The main feature of this database is an ArcGIS georeferenced point file containing the position of 5,719 

boulders (Figure 3.1.1). For ~4,000 boulders the x, y and z axes lengths have been measured, as well 

as which earthquake event they are attributed to. My personal data set collected at Rapaki was 

assimilated into this database, which will herewith be referred to as the CES data.  

Analysis of CES data will be detailed in Chapter Four. 

 

3.4 Field experiments 

3.4.1 Data collection 

A well calibrated and verified rockfall model gives practitioners a level of confidence in mitigation 

design and land-planning decisions. One way to ensure that a model is well calibrated is to perform 

physical rockfall experiments, and compare the outcomes with simulations in the model of choice 

(Azzoni and de Freitas, 1995). Field experimentation of rockfalls is not a new concept; there are many 

examples of this method being used in the literature, mostly for comparison and calibration of rockfall 

models (Bourrier et al., 2009; Bozzolo et al., 1988; Ciabocco et al., 2009; Giani et al., 2004; Labiouse 

and Heidenreich, 2009). Such experiments can be expensive and dangerous, and due to the reason for 

conducting them (often for mitigation of structure design) it is unlikely that the slope in question can 

be used as a testing site. When the problem of model calibration arose in Christchurch, the question 

of conducting full-scale rockfall experiments was posed. The Port Hills contain many small uninhabited 

valleys and hazard posed by triggering rockfall in these locations would be low. In this way the RAMMS 

parameters that had been calibrated from field data in a different area could be verified 

experimentally. 

In May 2014, in-situ rockfall field tests were conducted at a site near Rapaki Bay and next to the 

Summit Road (Figure 3.1.1 and Figure 3.4.7). This is site two, henceforth referred to as Mt Vernon. 

This involved the anthropogenic triggering of 20 selected boulders, most of which had 
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accelerometer/gyroscopes inserted into the centre. Sixteen cameras were set up along the boulder 

path (a mixture of dSLR and GoPro cameras), perpendicular to the direction of boulder travel. The 

experiments were conducted over 5 days, and required ~ 20 volunteers. The objectives of these 

experiments were: 

 To analyse the behaviour of rocks during a rockfall on the Port Hills.  

 To analyse the relationship between rock impact trails, rock shape and size, and rockfall 

dynamics such as rotational velocity in a loess/volcanic terrain. 

 To characterise terrain for analysis of impact dynamics. 

 To confirm and improve the 3D model calibration. 

The methodology of these experiments was as follows:Twenty loose boulders were chosen (Figure 

3.4.1), painted, measured and located using high-precision GPS. Collaboration with Solutions 2 Access, 

a geotechnical access group, enabled the use of scaling equipment, and a handheld core drill. Scaling 

was conducted with a combination of an air compression sack (requiring an air compressor and a 

power generator; Figure 3.4.2), metal rods for prising (Figure 3.4.1b), and manpower. The drill bit was 

65 mm diameter x 1000mm long, requiring the use of a generator for power. A 65 mm diameter hole 

was drilled to the approximate centre of mass of the boulder to embed accelerometers (Figure 3.4.1a, 

d and e). 

Sensors were positioned in the hole using plasticene and gap-filling foam. The StoneNode sensors, 

developed by WSL, have the following specifications (Appendix A):  

 3-axes gyroscope, 2000° s-1; 35 r s-1 

 1-axis g-force sensor, ±250 g 

 3-axes accelerometer, <18 g 

 Barometric Pressure Sensor, 300-1100 hPa 

 Data logger SD-Card; logging rate 600 Hz 
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 A wireless transceiver for computer feedback data 

 

Figure 3.4.1 Six drilled and painted boulders in their starting position prior to rolling, locations shown in Figure 3.4.7. D & 

E) Drill core holes in centre of boulder. 
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Figure 3.4.2 Solutions 2 Access workers using an air compression sack to unbalance 
the boulder 

 

 

Figure 3.4.3 Assembling the StoneNode sensor within its protective case, and 
connecting it wirelessly to the laptop 
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Scale markers were placed on the slope for video calibration purposes. Marked wooden stakes 2.5 m 

high were placed in the field of view of every camera, for video calibration (Figure 3.4.4). 

 

Figure 3.4.4 Scale marker for video calibration. Each coloured increment equals 
250 mm. 

Most cameras were aimed to capture a 2D sequence of the boulder roll, by positioning Go Pro cameras 

perpendicular to the boulder trajectory (Figure 3.4.5). The cameras captured at least a 40 m wide span 

from 40m away. The GoPros were used for this method, as they were relatively inexpensive (~NZD550) 

and therefore were replaceable and could be placed within the predicted trajectory range.  

The GoPro cameras (high-definition action cameras) used were a mixture of GoPro Hero3 and Hero3+. 

Although they can be operated remotely, during the experiments they were manually triggered for 

reliability. The rockfalls were filmed using a 1080p 60 video mode, a high-definition widescreen mode, 

which removes the fish-eye effect caused by most camera lenses which decreases inaccuracy of image 

calibration by distortion. 

The setup of the dSLRs was front-on or oblique to the boulder trajectory, to capture the overall rockfall 

event and to ensure the expensive cameras were out of the boulder path. Five dSLRs were used. Whilst 

the recorded video was not as high resolution as the GoPros, this was unimportant as the footage was 
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used primary to identify the boulder path impact scars later on in GIS and for the velocity analysis in 

Kinovea (www.kinovea.org), a sporting analysis software programme. 

Communication between people operating cameras, laptops and scaling equipment was facilitated by 

radios, to ensure that everyone was in a safe position during the boulder roll. An air horn was sounded 

prior to commencement of the scaling, as a final warning to anyone to down-slope. 

When the boulders stopped moving, the cameras and sensor were turned off. The sensor was 

collected from the boulder, which at some points required blasting of the boulder for access. The data 

was then downloaded from the sensor.  

The impact scar locations were recorded using a Garmin 62s, and Garmin eTrex, handheld GPS device; 

the scars were also photographed and measured in some cases. 

Soil samples were taken and analysed (including water content, density and dry density), these 

methods are discussed in section 3.4.2 Soil conditions. 
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Figure 3.4.5 Map of camera, scale marker, boulder and bounce marks positions, Mt Vernon. This extent is depicted in 
Figure 3.4.7. 
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Figure 3.4.6 Locating impact scars on the slope and collecting tube samples for soil moisture content testing. 
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Figure 3.4.7 Rock rolling experiment field site, Mt Vernon. A) Satellite image taken from Google Earth, with release areas 
and trajectories labelled. The extent of Figure 3.4.5 is shown by the yellow rectangle. B) Panorama looking down-slope, 

taken from Summit Road.  

  

  150 m 
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3.4.2 Data analysis 

Data generated from field experiments were analysed to obtain translational and rotational velocity 

and soil conditions.  

3.4.2.1 Translational velocity 

Tracking of video-recorded rockfall motion was performed using freeware programme Kinovea 

(http://www.kinovea.org/). The tracking algorithm in the software uses a cross correlation coefficient 

between a search window and a feature window of the previous frame (Figure 3.4.8). 

 

Figure 3.4.8 Tracking search window, Kinovea. Red line is a section of the tracked boulder trajectory. 

By painting the boulders the contrast between the moving object and the background is increased, 

assisting the tracking algorithm to target the object over a series of frames. However the algorithm 

can encounter problems, which may require the user to manually reposition the search window.  

For this analysis one boulder was tracked in detail to obtain velocity, by tracking the position of the 

centre of mass of the boulder through the image sequence. The entire boulder trail (apart from the 

final ~20 m) was captured on five GoPro video cameras for ~25 seconds at a frame rate of 30 fps. This 

http://www.kinovea.org/
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was a large effort, as in many of the frames the tracking algorithm failed to follow the centre of mass 

of the boulder and had to be manually adjusted. Although much care was taken to adjust the tracking 

target at each frame, it is inevitable that some frames were skipped, resulting in a record of zero 

velocity for that frame and double the velocity for the next frame. Therefore a degree of human error 

exists in this data, and the translational velocity was accordingly less of a focus in the interpretation 

of the field experiments. 

The scale markers measured in the frame were used to calibrate pixel size. As the scale markers were 

close to the fall line of the boulder trajectory, distortion from foreground to background was not 

considered. Ideally the rockfall will be filmed exactly perpendicular to the camera to create a 2d image 

plane, however this was not possible in this case and an angle correction was used to correct for 

distance of the object from the cameras perpendicular line of site to its periphery (Appendix B).  

The coordinates of the tracked path over time, relative to the start position (0,0), were exported to 

MS Excel, and converted to velocity corrected for angle distance. The time was then converted to real 

time, and converted to distance (from start position) by calibrating points in time to noticeable 

landmarks (bush, rock, fence line etc.) to find the relationship between time and distance of the 

rockfall (distance = 5.9058 x time; Figure 3.4.9). This enabled the visualisation of translational velocity 

over distance, as discussed in Chapter Five. 

 

Figure 3.4.9 Time vs Distance of boulder 16 rockfall. 
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3.4.2.2 Rotational Velocity 

Rotational velocity was obtained through the use of embedded StoneNode motion sensors  (Appendix 

A), which communicate wirelessly at a sample rate of 600 Hz. The gyroscope produces a measurement 

of angular change at each same in degrees, signalling the direction with a ± sign (Glover, 2015). Angular 

velocity is given for each axis, therefore absolute angular velocity is defined as:  

Ω =  √𝜔1 + 𝜔2 + 𝜔3  (5) 

The raw data and matlab script used to produce the absolute rotations, among other data, are 

provided in Appendix C. 

As with the translational velocity, the time sequences of rotations are converted to distance using real 

time and the correction factor presented in Figure 3.4.9. 

3.4.2.3 Soil conditions 

Soil tube samples were taken to assess the moisture content of the soil at the experimentation site. 

Seventeen samples were taken in and around 9 different impact scars on the slope immediately 

following the rockfalls. Testing was performed using the NZS 4402:1996 Test 2.1 Determination of the 

water content (Appendix D). Density, dry density and moisture content are presented in Appendix E. 

 

 

 

 

 

3.5 Desktop mapping for model validation 
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The culmination of this thesis is a validation of RAMMS by modelling rockfall at [what will herewith be 

referred to as] site 3 (Figure 3.1.1), a large area encompassing four main valleys on the northward 

slopes of the Port Hills: Avoca, Horotane, Heathcote and Morgans Valleys. This s ite is significant as 

many houses in this area were impacted by rockfall, and much of the area has been permanently 

evacuated due to the unacceptable level of risk of loss of life (Figure 3.5.1).  

 

Figure 3.5.1 An impacted house in the rockfall hazard zone, Morgans Valley 

The site was chosen for the following reasons: 

 Similar substrate types to those at the original calibration site, Rapaki Bay, ensuring that the 

calibrated soil parameters were tested; 

 Variability in slope morphology (convex, concave and planar run out slopes with intersecting 

drainage gullies);  

 An area that was subjected to rockfall impact during the CES, having mapped fallen boulder 

positions that could be used for verification purposes;  

 Variable amounts of vegetation present, to test the vegetation function within the RAMMS 

model;  

 Outcropping rock as source area, making slope/terrain delineation a straightforward task.  
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All of the work for this chapter was done remotely, however it should be noted that I spent a lot of 

time in these areas inspecting the rockfall, the ground and the source, and am very familiar with the 

site. The work was completed using desktop mapping, and involved three preliminary steps: 

1. Delineation of substrate types. Typical slope profiles of the Port Hills are illustrated in Bell & 

Trangmar (1987), and by taking into account slope angle, distance from source and surface 

material seen on the orthographic and satellite imagery, it is possible to get an accurate 

representation of substrate types. For example, loess is the predominant slope substrate and is 

more distal from the source outcrop. With increasing proximity to the outcrop, the soil becomes 

more colluvial. This is due to erosive processes supplying soil in the upper reaches of the slope 

with reworked volcanic material (Bell and Crampton, 1986; Bell and Trangmar, 1987). Immediately 

adjacent to the outcrop is volcanic colluvium, a soil type dominated by volcanic fragments (Bell 

and Trangmar, 1987). For example, outcropping rock is obvious (Figure 3.5.3) by the dramatic 

change in slope angle and rocky appearance, and volcanic colluvium is below outcropping material 

and extends down-slope until the rock debris disappears. For modelling purposes the loess 

colluvium and loess have been combined into one unit, as it is the large loess component of this 

soil that controls the boulder-topography interaction and only occasionally will a rockfall boulder 

impact near-to-surface colluvial material.  

2. Delineation of source areas. This is done simply by drawing a line under outcropping rock, and 

assuming that blocks will be released from all possible sources.  

3. Vegetation mapping. This was done by delineating any areas containing greenery larger than a 

shrub (Figure 3.5.4). Some field checks were done with this, to ensure that what appears to be 

vegetation on the map is actually vegetation at the site. 

All of this information was compiled for inputs to RAMMS, the details of which are described in 

Chapter six. 
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Figure 3.5.2 Schematic diagram of typical Port Hills substrate types. Modified after (Bell and Trangmar, 1987). 
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Figure 3.5.3 ArcGIS map of delineated substrate types, Morgans Valley of site 3. Blue areas show outcropping rock, and 

green areas show volcanic colluvium. Background areas are classified as loess, and are not delineated as this is the default 
soil type in RAMMS for all topography unless otherwise specified.  
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Figure 3.5.4 ArcGIS map of vegetation, Morgans Valley of site 3. 
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Chapter Four: Model Calibration 

 

4.1 Introduction 

The Oxford Dictionary defines the term ‘calibrate’ as the following:  

"Adjust (experimental results) to take external factors into account or 

to allow comparison with other data” 

The calibration of a rockfall model is much like the calibration of an instrument that employs 

gradational measures, such as a thermometer; it enables real -world interpretation of the model (i.e. 

substrate vegetation), and rockfall data. The user needs to obtain and analyse field data, and establish 

a relation between the parameters within the model, and the ground and rock conditions. Secondly, 

the parameters need to be tested against rockfall data, for example runout distances, or boulder 

dynamics such as rock height above the ground (bounce height) and velocity.  

The detailed calibration of a rockfall model ensures greater confidence and accuracy in model results, 

particularly in complex 3D models where the sensitivity and large variety of paramete rs can give rise 

to a large range of results. A well-calibrated model is extremely useful in the engineering geology field, 

as it aids practitioners to assess the need and specifications of countermeasure design, as well as land-

use zonation and planning.   

Rockfalls triggered by the CES highlighted the hazards presented by long-runout boulders to assets 

and life-safety in the Port Hills. The need for detailed and well-calibrated rockfall models was realised 

immediately. The earthquakes, although devastating, provided a large rockfall data set, analysis of 

which provides insights into rock behaviour on the Port Hills, and this in turn has enabled the 

calibration of RAMMS. These data provide a unique opportunity to study boulder-roll processes in 

detail, and to identify important characteristics for refining analytical models.  

http://www.oxforddictionaries.com/definition/english/adjust
http://www.oxforddictionaries.com/definition/english/experimental
http://www.oxforddictionaries.com/definition/english/result
http://www.oxforddictionaries.com/definition/english/external
http://www.oxforddictionaries.com/definition/english/account
http://www.oxforddictionaries.com/definition/english/allow
http://www.oxforddictionaries.com/definition/english/comparison
http://www.oxforddictionaries.com/definition/english/datum
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Field data collected following the 22 February 2011 earthquake event have been analysed to gain  a 

better understanding of rock runout and dynamic properties on the Port Hills, and to calibrate the tool 

RAMMS.  

As rockfalls occur, the interactions of a boulder with the slope in terms of bouncing, rolling and sliding 

leave characteristic scarring in the soils of the slope. These phenomena have been observed on many 

slopes of the Port Hills, and particularly well at Rapaki Bay (Figure 4.1.1). Many of these impact trails 

can be pinpointed to a specific boulder, and are traceable for a considerable distance. Six of these 

trails have been mapped in detail at Rapaki Bay, and have been back-analysed to estimate probable 

ranges of the velocity and bounce height of the boulder during the earthquake event. The 

measurements taken from the impact scars have been empirically analysed to establish how the block 

was behaving as it travelled down the slope. This has been done by utilising empirical relationships, 

developed previously in mountainous areas of Switzerland (Volkwein et al., 2011). 
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Figure 4.1.1 3 m DEM hillshade of the Port Hills and fallen boulder locations (red circles) showing  site 1: Rapaki Bay. 

The data generated from this empirical analysis have then been compared to RAMMS results, with 

the aim of finding the specific terrain parameters that produce the most favourable simulation results. 

Simulations were conducted using the same rock block size and shape distribution as was measured 

in the field to ensure that the random variation introduced by angular momentum and contact forces 

at impact are well represented numerically.  

The empirical and simulated runout, velocity and bounce height components of the Rapaki Bay rockfall 

have been compared, to establish the correct substrate parameterisation at this site within RAMMS. 

This work forms a significant basis for the further work of this thesis, by providing a range of 

parameters that can be used to describe the soil properties of common Port Hills substrates.  
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4.2  Description of the study area 

4.2.1 Rapaki Bay field site 

For the initial calibration of RAMMS, a typical site on the Port Hills was chosen for data collection and 

analysis. Rapaki Bay (Figure 4.1.1) is a 0.29 km2 concave slope on the south-eastern side of Lyttelton 

Harbour. The slope is situated above a small community; about 400 boulders were released here 

during the February 22nd 2011 earthquake, impacting several houses (Figure 4.2.1). These have now 

been permanently evacuated due to unacceptable levels of risk to loss of life (Massey et al. 2012 a, b, 

c). The site was chosen because it has a discontinuous source area above a long runout zone ( Figure 

4.2.2A). Additionally, other than grass and scrub there is minimal vegetation to interfere with the 

rockfall runout (Figure 4.2.2A), which decreases the amount of unknowns required for the model 

calibration as the effect of vegetation is not examined until a later section of this thesis.  

 

Figure 4.2.1 Impacted houses from rockfall, Rapaki Bay. A) Boulder impact with roof, B) A series of boulder impact scars 
before impact with house. 
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Figure 4.2.2 Rapaki Bay source area and runout slope, looking up-slope, B) Google Earth image of Rapaki Bay area. 

The Rapaki Bay site consists of a 50 m high by 220 m wide outcropping cliff, 390 m elevation at its 

highest point, above a runout slope that widens to 580 m at its widest point, and slopes down to the 

sea (average and maximum gradients 25° and 60° respectively) (Figure 4.2.2A and B). The outcropping 

bedrock at the top of the site ranges from moderately to completely weathered basaltic lava and 

basaltic lava breccia (Figure 4.2.3). Laboratory tests conducted by Carey et al. (2014) showed an 

Unconfined Compressive Strength of 100-243 (average 180) MPa for the lava and 0.9- 15.8 (average 

3.5) MPa for the lava breccia. The lava displays columnar jointing and is typically dominated by three 

to four joint sets (Brideau et al., 2012; Massey et al., 2014). Breccia layers appear to have no consistent 

primary structure (Massey et al., 2014), and subsequently-developed discontinuities are of wider 

spacing than those in the lava. Given the very different UCS values it is no surprise that although the 

breccia blocks are released as large boulders, they fragment within the first fe w impacts with the 

colluvium/loess. The lava boulders tend to stay intact and retain their initial shape unless they impact 

other boulders during runout. 
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Figure 4.2.3 The two rock types observed at Rapaki Bay. A & C) Basalt breccia, B & D) Basalt lava.  

The slope angle reduces from >55° cliff faces in the source zone, to between 40 and 20° in the run-out 

zones, and between 20 and 5° in the stopping zone. The distance from the source to the run-out end-

point of boulders is up to 1000m, with a ~350 m loss in elevation (Figure 4.2.4). The slope is mantled 

by four principal substrates: airfall loess, loess-colluvium, mixed loess-volcanic colluvium, and volcanic 

colluvium (Figure 2; Bell & Crampton, 1986; Bell & Trangmar, 1987).  
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Figure 4.2.4 Geological model of the Rapaki Bay run out slope. The terrain is divided into four zones: zone A) outcropping  
rock, B) colluvial soils, C) mainly loess soil, D) the stream and residential area. 

 

4.3 Field data analysis 

4.3.1 Bounce height 

Rockfall impact scar mapping of six boulder impact trails was conducted (Chapter 3). The mapping has 

been used to reconstruct rockfall trajectories at Rapaki Bay. For the six boulder impact  trails, the 

(straight line) distance sd between each successive bounce (Figure 4.3.1) has been determined using 

coordinates from ArcGIS (measured distance between GPS points calculated using the DEM 

coordinates) and some trigonometry calculations: 

 
sd = √(Δ𝑧2 + (√(Δ𝑥2 + Δ𝑦2))) 

(6) 

   This equation first obtains the boulder bounce distance in the horizontal (change in x and y 

coordinates), and secondly the change in horizontal and vertical (change in x, y and z) ( Figure 4.3.2). 
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Figure 4.3.1 Illustration of sequential impact scars, Rapaki Bay 

 

 

Figure 4.3.2 Schematic diagram of a slope and the change in coordinates as between 
successive impacts. 
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Volkwein et al (2011) present information taken from rockfall field tests in Switzerland, and conclude 

that generally the bounce height (f) is a function of bounce distance along the slope (sd). The ratio 

observed is: 

 f/sd = 1/12; 1/8; 1/6 (7) 

          

for shallow, normal and high jump types, respectively (Figure 4.3.3). From the distance between 

bounces at Rapaki Bay a corresponding range of bounce heights, consisting of one for each jump type,  

have been determined using the above equation (Volkwein et al., 2011). The next step is to use these 

values to estimate the velocity of the moving rock for each trail. 

 

Figure 4.3.3 Schematic diagram of a boulder bounce, showing b1, b2, and b3 (the shallow, normal and 
high bounce heights respectively) as a function of straight line bounce distance, s. 
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4.1.1. Velocity 

Volkwein et al. (2011) further present a relationship to estimate boulder velocity, derived from the 

bounce height (f), bounce distance (sd), and gravity (g). The velocity of the boulder travelling in a 

parabolic fight path can be divided into two sections: the lift-off velocity from the first impact scar 

(vout), and the impact velocity of the boulder at the subsequent impact scar (vin). Lift-off velocity can 

be divided into the horizontal (x coordinates) and vertical (z coordinates) components: 

 Voutx = 𝑥√
𝑔

8𝑓
 (8) 

 

 Voutz = (2 − 4𝑓)√
𝑔

8𝑓
 (9) 

 

These can be combined to get total lift-off velocity (Volkwein et al., 2011): 

 
vout = √𝑥2 + (𝑧 − 4𝑓) 2. √

𝑔

8𝑓
 

(10) 

   

Impact velocity follows the same logic (Volkwein et al., 2011): 

 
vin = Vintx + Vinz = √𝑥2 + (𝑧 + 4𝑓)2. √

𝑔

8𝑓
 

(11) 

   

The bounce height and velocity data obtained from these equations from the six recorded impact trails 

were compiled into files for analysis and comparison against model data.  
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4.4 Numerical modelling 

4.4.1 Rock building 

Boulder shape and size are highly influential in the dynamics and run-out of a rockfall event (Leine et 

al., 2013; Volkwein et al., 2011). It is important that the boulder shapes and sizes used in the model 

simulations are representative of the true boulder geometries. Data from the 59 boulders that have 

been measured and analysed at Rapaki Bay (as described in chapter 3) have been used to create a 

virtual boulder population of point clouds for modelling purposes. The number of boulders analysed 

was divided by three, because as each boulder is released from each source point, 59 boulders would 

create too many simulated trajectories to analyse. A third of each number in each size and shape class 

(Table 4.4.2) was therefore considered a representative amount. Values were rounded to the nearest 

whole number, for example 2.5 flat coarse boulders was rounded to 3 flat course boulders, in order 

to ensure that all geometries were properly represented. Overall 23 virtual boulders were created 

(Table 4.4.1). 

The RAMMS rock builder tool is a library of boulder point clouds that fall into three categories: equant, 

flat and long (Figure 4.4.1). Each shape represents an end member of the Sneed and Folk (1958)  

ternary diagram (equant = compact, long = elongate, flat = platy), and Table 4.4.1 shows the grouping 

of Rapaki boulder shapes into the RAMMS classification scheme. The numbers of boulders in each 

RAMMS shape class have been further divided into size ranges. After selecting the boulder shape, the 

relevant dimensions are defined, for example: one long medium-sized boulder has the dimensions 

0.97 x 0.81 x 0.81m (Table 4.4.2).  The density was chosen as 2700 kg m-3, as this was the average 

density of the two rock types from density testing. 
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Figure 4.4.1 RAMMS rock builder tool shape classes- equant (all axes equal length); 
flat (one short, two long axes); long (two short axes, one long). 

 

Table 4.4.1. The total number of boulders created for each size and shape class, within RAMMS 

RAMMS 
shape 

classification 

Sneed and 
Folk (1989) 

classification 

Number of 
virtual 

boulders 
created 

Total 
number of 

virtual 
boulders 
per shape 

Size Classification 
Medium Coarse Very 

coarse 

Equant Compact 5 

16 5 9 2 

Compact-
platy 

3 

Compact-
bladed 

4 

Compact-
elongate 

4 

Flat Platy 1 
4 1 2 1 

Bladed 3 

Long Elongate 2 

3 1 1 1 
Very platy 0 

Very bladed 0 

Very 
elongate 

1 
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Table 4.4.2 Index of virtual boulders created the dimensions, density, volume and mass. 

 index X (m) Y (m) Z (m) kg m3 m3 kg 

Equant Med 1 0.94 0.94 0.94 2600 0.492 1279.7 

 2 0.98 0.93 0.9 2600 0.492 1279.4 

 3 1.02 0.92 0.87 2600 0.492 1278.3 

 4 0.94 0.94 0.94 2600 0.492 1279.7 

 5 0.98 0.93 0.9 2600 0.492 1279.4 

Equant coarse 1 1.42 1.43 1.42 2600 1.725 4485.1 

 2 1.61 1.62 1.61 2600 2.511 6528.9 

 3 1.97 1.97 1.97 2600 4.566 11872.7 

 4 1.43 1.36 1.31 2600 1.518 3946.7 

 5 1.8 1.71 1.65 2600 3.043 7911.3 

 6 2.06 1.96 1.89 2600 4.566 11870 

 7 1.65 1.49 1.39 2600 2.043 5310.7 

 8 1.88 1.7 1.59 2600 3.04 7904 

 9 2.18 1.97 1.84 2600 4.728 12293.4 

Equant very 
coarse 

1 3.22 3.23 3.22 2600 20.089 52231.2 

 2 4.07 3.87 3.73 2600 35.22 91571.9 

Flat Med 1 0.99 0.99 0.66 2600 0.494 1283.8 

Flat coarse 1 1.46 1.46 1.22 2600 2.005 5212.6 

 2 2.09 2.09 1.05 2600 3.518 9146.2 

Flat very coarse 1 3.89 3.89 2.59 2600 30.125 78325.7 

Long med 1 0.97 0.81 0.81 2600 0.494 1283.3 

Long coarse 1 2.18 1.45 1.45 2600 3.52 9152 

Long very coarse 1 5.4 2.7 2.7 2600 30.218 78567.5 

 

4.4.2 Terrain parameterisation/calibration methodology 

As discussed in chapter two of this thesis, the characteristics of the ground have a large influence on 

how rocks behave during impact and, consequently, their velocity, bounce height, kinetic energy and 

run out distance. These ground characteristics need to be represented spatially and parametrically. 

Delineating spatial variations in terrain characteristics requires knowledge of near-surface variations 

in soil and rock types and their properties.  
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Characteristic soil and rock types of the Port Hills have been well described in the literature (Bell and 

Crampton, 1986; Bell and Trangmar, 1987; Brehaut, 2012; Evans, 1977; Goldwater, 1990a; Griffiths, 

1973; Hampton and Cole, 2009) and can be further delineated from field mapping, slope angles and 

orthographic imagery. The three predominant terrain types were delineated in shapefiles for this 

analysis: volcanic colluvium, loess colluvium, and loess; and also asphalt where present on roads, as 

this seems to have had some effect on the rockfall. All were assigned µmin, µmax, β, κ and drag 

coefficients (as given in Section 2.4). These terrain types have been mapped in ArcGIS and delineated 

in shapefiles that are then assigned friction parameters within RAMMS (Table 4.4.3). 

The friction parameters chosen were assigned through a process that involved three steps. The first 

step was to assign each terrain type a preliminary parameter value. This required the assessment of 

the material characteristics of the terrain from field data and the applicability to RAMMS friction 

parameters. This was achieved mainly by analysing the mapped impact marks. The length of an impact 

scar is assumed to be the slippage distance, or the distance over which the µmin to µmax is reached, 

which is related to the parameter κ (κ = 1/length of scar). Therefore κ can be calculated by the 

measured length of impact scars in each zone. For example, loess scars are on average 2 m in length, 

which makes the parameter κ 0.5 for that zone . β, the parameter that defines how quickly the boulder 

leaves the soil (1/β = impact length in time), and was calculated from basic observations- a loess 

impact takes ~0.03 s, therefore the parameter was set at 33. This is relatively small for this parameter, 

as impact with rock or loess colluvium would be more instantaneous than with loess, and the 

parameter β is consequently larger for these terrain types. The plastic nature of the soil results in a 

large build-up of material at the base of the boulder and it takes it some time to build up the angular 

momentum required to cause the boulder to leave the slope. The drag coefficient is higher than with 

other stiffer soils or rock, as this is the parameter that accounts for energy loss by the plastic soil 

deformation during impact. ε is the nCOR, and can provide an additional damping effect, but is not 

used in this analysis. 
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The next step was to refine the preliminary parameter assignments. This required repetitively 

simulating rockfalls and comparing runout results to those of the CES data, slightly varying one 

parameter at a time. This established the sensitivity of the model to various parameters. Each result 

was recorded and analysed until a favourable comparison was achieved (Appendix F).   

The final step was to further refine the parameterisation by analysing the boulder dynamics. The 

parameters were tested against the calculated velocities and bounce heights from field data, within a 

Matlab script (Appendix G). The Matlab script was written to import the large amounts of data, and 

separate them into elevation zones (Figure 4.2.4). The slope was divided into 4 zones, defined by slope 

angle and substrate type. By analysing data within each topographical zone, the runout process can 

be better understood, and the model is less likely to over-estimate the velocities and bounce heights 

for the lower slope segment. Zone A is defined by outcropping rock/source areas. Zone B is 

predominantly colluvium, both mixed loess-volcanic colluvium and loess colluvium. Here rockfalls are 

impacting predominantly rock (historic rockfall boulders on the slope), with some loess soil. Zone C is 

mainly loess, with some gullies and sparsely distributed colluvial volcanic blocks. Zone D contains a 

cut-bank, a road, houses and a creek and the slope flattens to ~15°. The output of the script was a 

graph of the rockfall bounce height and velocity within each slope zone (as shown in Figure 4.2.4), 

presented as a series of percentiles, with the maximum being the 95th percentile. This is in accordance 

with engineering and policy practice in Christchurch (McMillan, 2013), where values above the 95th 

percentile are regarded as extreme, but are still considered relevant to modelling and design.  

These three steps formed the fundamental process of RAMMS calibration. It was often the case that 

unfavourable results in step 2 or 3 required reverting back to earlier steps to reassess the 

parameterisation. The final terrain parameters selected are shown in Table 4.4.3. 
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Table 4.4.3 Friction parameters chosen for each terrain type in RAMMS. 

 µmin µmax ε Drag layer 
coefficient 

β κ 

Volcanic 
colluvium 

0.7 2 0 0.3 50 0.5 

Loess 
colluvium 

0.45 2 0 0.5 30 0.6 

Loess 0.3 2 0 0.5 30 0.5 

Asphalt 0.55 2 0 0.35 50 3 

 

4.4.3 Model assemblage and simulation 

All of the data were then assembled in RAMMS to build the rockfall model. The geometrical data input 

into the model comprised the following: 

 A clip of the 3 m LiDAR DEM, delineated for Rapaki Bay and converted to ascii format. 

 A clip of the aerial photography, in a geo-referenced tiff format. 

 The delineated polyline source areas within the data frame of the DEM. 

 The delineated polygon terrain types. 

 The virtual boulder population. 

These data are imported into the RAMMS directory, and compiled to produce a 3D image. The user 

can then simulate rockfalls by assigning parameters to each terrain polygon, and choosing initial 

conditions. The initial conditions specified are drop height and rock orientation. The drop height is the 

vertical offset of the rock centre of mass from the terrain, and is useful when the user is unsure of the 

exact release location on the source cliff. Rock orientation is the initial position in terms of the block’s 

principal axes relative to the terrain. For this simulation a drop height of zero was used, as the boulders 

were released from all heights of the cliff, and the rock orientation was varied around the three 

principal axes randomly, five times for each rock from each starting position.  
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The user can view the simulations physically on the 3D model, and also output the result statistics. 

Each simulated trajectory also outputs a log file in txt format. RAMMS statistical analysis tool allows 

the user to view results in terms of any dynamic output (velocity, kinetic energy, bounce height, 

slippage, rotational velocity, reach probability etc.).  

 

4.5 Results 

Simulation results are presented in Figure 4.5.1 and Figure 4.5.2. Figure 4.5.1 shows that rockfall 

runout compares well to the simulated trajectories. This is supported by the maximum runout of the 

CES boulder positions, where it is shown that the simulations reach up to this point and not many 

exceed it. Figure 4.5.2 shows that velocities and bounce heights are within similar ranges for both the 

model and empirical results. Empirical results are only presented for zones C and D, as the impact 

trails above this elevation were not recorded due to the danger of  collecting field data close to the 

rockfall source. 

 

Figure 4.5.1 ArcGIS map of Rapaki Bay. The map shows simulated trajectories (grey lines) in RAMMS, with the mapped 
boulder positions (red circles) superimposed. 
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Figure 4.5.2 Comparison of velocities (a) and bounce heights (b) at Rapaki Bay within the zones and presented as 50th and 
95th percentiles. The dashed lines show the empirical results, while the solid lines show the model results. 
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4.5.1 Zone assessment 

Model and empirical results will be discussed in terms of the 95th percentile values: 

 The Zone A simulated bounce height and velocity are low, which is expected as the rocks are 

only beginning to build momentum. 

 The Zone B simulated bounce height reaches a maximum (5.7 m) and velocity has increased 

from 14.5 to 24 m s-1.  

 In Zone C there is a slight increase in simulated velocity (25.5 m s -1) and a marked decrease in 

simulated bounce height (4.2 m). Empirical results are of a similar magnitude, showing a 

velocity of 20.5 m s-1, and a bounce height of 3.2 m. 

 In Zone D rocks slow to a roll and stop either due to impact (with house, fence or tree) or 

complete energy loss. Velocity and bounce height are both at a minimum, of 14 m s-1 and 2.2 

m respectively. The empirical dynamics also decrease, to a velocity of 19 m s -1 and a bounce 

height of 2.75 m. 

Values above the 95th percentile are here considered extreme, although there is some field evidence 

that the ‘extreme’ results may be representative of real events (Figure 4.5.3). In one particular 

instance observed at Rapaki Bay in Zone D, a boulder of mass ~15 t penetrated the roof of a single 

storey dwelling (Figure 4.2.1a). The simulated 95th percentile bounce height is 2.2 m for this zone, but 

the boulder travelled above (the almost vertical angle the boulder entered the roof at suggests that it 

travelled above rather than below) a power line ~6 m above ground from a clearly recognisable 

upslope impact scar, before entering the dwelling. A reconstructed parabolic path from LiDAR data 

suggests a maximum height above ground of ~7.5 m. Even allowing for what the topographic profile 

would naturally be without the road cutting, the boulder has clearly travelled more than 5 m vertically 

above ground. This suggests that even if remedial measures were in place pre-CES, it is likely some 

houses could have been impacted due to the extreme nature of the event.  
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Figure 4.5.3 Schematic diagram of a reconstructed ballistic trajectory (dashed line) from impact measurements at Rapaki 

Bay 

4.6 Discussion 

All of the RAMMS-simulated boulder end positions are on or within the maximum runout envelope 

produced from the CES mapped boulder positions (Figure 4.5.1). Many trajectories stop on or near 

the boundary. As only four percent of the simulated trajectories exceed the perimeter, it can be 

concluded that run out distance is calculated realistically, without being too conservative. 

Empirical data measured from impact scars (Figure 4.5.2) confirm that the modelled boulder 

behaviour is also within an acceptable range. The 95th percentile model bounce heights are within 23 

and 18.5% of the field data in zones C and D respectively, while the velocities are within 28 and 17% 

for both zones respectively. 

The key findings from this analysis are:  

 Bounce height increases from zone A to zone B; as the boulder builds up momentum it is able 

to bounce higher. Through to zone D the bounce height decreases, as the boulder loses 

momentum. 

 For zones A through D the 95th percentile is more than double the 50th percentile and above. 

The clear implication for slope protection is that the selection of model result percentile for 

selecting a design bounce height is critical. This is in keeping with Christchurch rockfall 
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protection guidelines, which state that the 95th percentile boulder is to be allowed for in 

design.  

 Velocity computed from the RAMMS model increases from zone B through to C, although the 

bounce height decreases. It is assumed that velocity increases while bounce height decreases 

because as the distance is shorter (due to the boulders close proximity to the ground), it has 

to travel less distance over time.  

 The large difference between the 50th and 95th percentile boulder dynamics can be attributed 

to the various rock shapes and sizes. For example, one of the very coarse equant boulders is 

71x the volume of a medium equant boulder. A larger boulder will be less likely to get caught 

on small irregularities in the topography that may slow it down. 

 Extreme values, here defined as bounce heights above the 95th percentile value, are real and 

not just an artefact of the model.  This can be seen in Figure 4.5.3, where the real ballistic 

trajectory of an extreme bounce height is at least 3 m higher that what has been presented in 

this analysis (Figure 4.5.2). Special consideration of these values is required for design and 

rockfall hazard mitigation on a site-specific basis. 

Although three-dimensional rockfall models use very advanced coding systems based on physical laws 

and on field observations, results are still limited by gaps in our understanding of rockfall as a process. 

For example, block fragmentation, which occurs when a boulder breaks up during interaction with the 

ground, remains poorly understood. According to a recent study (Ferrari et al, 2013), blocks that 

fragment during an event travel further than those that stay intact. That study modelled a rockfall 

using two- and three-dimensional codes, and then conducted in situ tests at the same site, concluding 

that the three-dimensional model accurately simulates the real-life stopping distance only when the 

block does not fragment during the event. The Port Hills basalt has been observed to fragment often 

on impact with the ground surface. The stopping distance of blocks in the model is refined by using a 

data set of end-point boulders after an event where it is likely there was much fragmentation; 

therefore the boulder geometries used in the analysis are not the same as they would have been 
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during the rockfall event as at their endpoint they have been altered by fragmentation. The calibration 

of the model is therefore somewhat conservative, as the parameters have been chosen from back-

analysis, by forcing smaller boulders to run out as far as their larger parent boulder. As any 

fragmentation is captured within the calibration it is appropriate to assume no fragmentation for 

design purposes. 

 

4.7 Conclusions 

I present a calibration methodology of RAMMS::Rockfall using field data from a site subjected to 

severe rockfall damage during the Canterbury earthquake sequence. Actual boulder bounce positions 

from ground mapping and aerial photography provide the basis for modelling using a 3 m DEM derived 

from post-earthquake LiDAR surveys. Analysis of empirical and simulated data has been simplified by 

dividing the slope into four segments, based on average slope angle and substrate. Substrates vary 

from volcanic/mixed colluvium on the upper slope below outcropping bedrock to dominant loess-

colluvium and airfall loess on the mid to lower slopes.  

The calibrated model performed well and trajectories were similar to those observed in the 

earthquakes; the boulder dynamic behaviour corresponded logically to changes in slope angles and 

substrates and compared favourably to empirical results. I conclude that a rigid-body three-

dimensional rockfall model, well calibrated with field data, can be used to accurately simulate rockfall 

behaviour. The model can therefore be used with confidence to analyse future rockfall behaviour at 

this and local sites, however it is important that the calibration is tested and verified at other sites, 

where the influence of differing topography can test the model’s capabilities.  
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Chapter Five: Field Experiments 

 

5.1 Introduction 

In order to design suitable rockfall mitigation measures to protect assets, the intensity of the rockfall 

hazard must be understood. All rockfall countermeasure structures have a yield threshold; they will 

fail if the impact intensity of the rockfall against the structure exceeds this threshold (Wyllie, 2007). 

This is usually quantified as an energy, for example for anticipated rockfall impact energies of over 

8,000 kJ, a bund (European term: embankment) is usually preferred over a catch fence ( see 

http://www.geobrugg.com/en/sectors/road-and-rail/rockfall-protection/rxe-barriers). To under-

stand the intensity of the rockfall hazard (such as the impacting energy) at a site where 

countermeasures are required, rockfall behaviour typical of the site needs to be determined. This must 

done on a site-specific basis, as the slope particulars (rock type, rock mass characteristics, slope 

inclination, substrate type and presence of slope irregularities and vegetation) have a large influence 

of rock behaviour (Wyllie, 2007). This is often done using numerical rockfall models. The 2D model 

Rocfall is most widely used for countermeasure design in industry, because it is well calibrated to a 

variety of different slope materials (Stevens, 1998). As it is so widely used there is a large amount of 

data available to practitioners on the recommended parameterisation of the model components (e.g 

Richards et al 2001; Tagliavini et al 2008; Antoniou and Lekkas 2010; Wyllie 2014) . Three-dimensional 

models are only more accurate than 2D models when they are well calibrated (Volkwein et al. 2011), 

and there are many components to parameterise, making them sensitive to human error. For most 

published 3D models, physical experiments have been completed to compare the model and the 

actual rockfall dynamics, and for calibration of various substrate parameters (Bozzolo et al. 1988; Giani 

et al. 2004; Ciabocco et al. 2009; Bourrier et al. 2009; Labiouse and Heidenreich 2009) . 
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In-situ/physical testing is an excellent way to observe localised rockfall processes. As numerical models 

make many mathematical assumptions of the rockfall process (e.g. Leine et al 2013), to ensure that 

simulated trajectories and dynamics are within a realistic range, observations of rockfall field 

behaviour can provide the information necessary to validate the model. Despite the benefits of 

performing in situ field tests, this is seldom done, because the tests can be expensive, time-inefficient, 

and potentially hazardous to people and infrastructure. Instead, practitioners prefer to pl ace their 

efforts in models that are “tried and tested” and well documented in the literature, based on a variety 

of tests and case studies. This chapter presents the results from a comparison of actual rockfall 

dynamics recorded using an accelerometer in an artificially-triggered field rockfall event with 

modelled rockfall dynamics using the calibrated three-dimensional model RAMMS discussed in 

Chapter 4 at the same site. These data are compared to determine how accurately the calibrated 

model is performing.  
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5.2 Method 

Large scale testing was carried out at Mt Vernon, in the Port Hills (Figure 5.2.1). The rockfall dynamics 

were recorded with a gyroscope and accelerometer embedded in the boulder, as well as video footage 

taken from different locations along the runout path, as explained in Chapter Three.  

Each rockfall event was recorded by several video cameras, and from the video footage the timing of 

various events along each rockfall path such as: 1) boulder impact (on rock or soil;  2) free fall; and 3) 

fragmentation, can be extracted. Focus is placed on rotational velocity in the analysis, as , although 

translational velocity is available, I placed less confidence in this data due to the error introduced 

during processing (discussed in Chapter Three). The rotations are an excellent dynamic component of 

the rockfall to analyse because rotation in rockfall is a key factor defining the mode of travel of the 

rock blocks. The accelerometer rotation signal is sensitive to changes in the bou lder’s rotational state 

due to various events (rock-soil and soil-soil impact, and fragmentation) along its travel path. Due to 

this sensitivity, these events can be identified and isolated from the overall rotational signal and 

compared with the same signals from RAMMS, which has been done here in-depth for one particular 

boulder. If RAMMS presents a similar signal over the entire event timeframe, it can be assumed that 

the model algorithm is representative of the actual rockfall processes.  
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Figure 5.2.1 Three metre DEM hillshade of the Port Hills and fallen boulder locations (red circles) showing Mt Vernon test 

site. For a larger image of Mt Vernon refer to Figure 3.4.7. 

 

5.3 Experimentation site 

The site chosen for the in situ experimentation, Mt Vernon (Figure 5.2.1 and Figure 5.3.1), lies to the 

north of, and at a higher elevation than, the Rapaki Bay site. Although the site experienced no mapped 

(by consultants working for Christchurch City Council) rockfall from the CES, the 22 February 2011 

event epicentre was <2 km from the site and some boulders have clearly been displaced or cracked 

from the ground shaking (Figure 5.3.2). The site has a large runout slope, with over 1.5 km of valley 

length between the boulder release point and the nearest road. The area is farmland, populated by 

livestock that were removed by the farmer for the week of the experiment. The site contains the same 

principal Port Hills substrate types as Rapaki Bay: outcropping basaltic rock, loess colluvium, and loess 

silt. There is minimal vegetation to interfere with the boulder runout. The ground cover is grassy scrub 
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with a few isolated trees in the lower slope region. The main topographical feature of Mt Vernon is a 

tributary gully that feeds the larger Rapaki gully (Figure 5.3.1). The boulder sizes ranged from 1 to 60 

m3 at the site and were large enough to film from a distance and small enough that a 1 m drill core 

(for embedding the accelerometer) could reach the centre. The site is very accessible from the Summit 

Road, which traverses the top of the Port Hills. From Summit Road it was a short climb to carry the 

equipment to the test site. Given the constraints of conducting large in situ experiments, the site was 

considered ideal for testing. 

Testing was carried out in winter, where field observations indicated the ground was wet.  
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Figure 5.3.1 B) Google Earth overview image of Mt Vernon. B)  Panorama looking from the saddle between the two release 
areas to Rapaki Bay (the boulder discussed in this chapter was released from area two). 
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Figure 5.3.2 Earthquake-displaced boulder at Mt Vernon, April 2014. Red line 
indicates opening created by movement. 

 

5.4 Observations and measurements 

5.4.1 Boulder dynamics 

For the detailed analysis of boulder rotations, one particular rockfall has been selected: boulder 16 

(b16a; Figure 5.4.2). One boulder was selected from 20 due to the large time requirement to process 

and analyse data from the accelerometer and video data. Boulder 16 in particular was chosen as the 

recordings were reliable and fully captured the entire length of the event.  

The sequence of rotational and translational velocities of b16a (Figure 5.4.3) shows clearly the changes 

in its dynamic state during the runout process. The results of the sequence will herewith be referred 

to as events A-H, as per Figure 5.4.3 and Figure 5.4.4.  

Event A: As the boulder is released from its source-socket (force from air compression and crowbars) 

it initially rolls downslope across the cliff, until it builds enough rotational energy (the rotational 

velocity overcoming the inertia of the block) to bounce. Event B: While the boulder is airborne, the 

rotational velocity is constant for the duration of the ballistic trajectory (e.g. the flat areas of the 
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rotational curve indicated by event D), whilst the translational velocity increases. Event C: A sharp 

increase in rotation and decrease in translation signals impact (Figure 5.4.2C). On impact the boulder 

dissipates energy by reducing translational velocity and turning it into rotational velocity, as it needs 

to generate a sufficient angular moment to overcome the inertia imposed by impact.  

Event D: The boulder leaves the source cliff and enters a period of free-fall at ~30 m, where again the 

rotational velocity is stable during trajectory, and translational velocity increases steadily. Event E: 

There is then a slight increase in rotation as the boulder impacts soil for the first time, and a large 

decrease in translation. This is followed by a large decrease in rotation, corresponding with the change 

in slope angle (the slope is now flatter), and the boulder has to sacrifice some rotational energy to 

keep the block translating linearly, and the change in substrate type. This impact clearly shows a large 

volume of soil displacement in the video footage, and records in the field show clear rock 

fragmentation.  

Event F: At this point, the boulder’s rotation and translation have reduced significantly as it loses 

energy, but they start to increase again as it travels, mainly rolling, downslope. At a point where the 

rotational velocity is once again large enough (~5 rad s -1), the boulder enters a phase of bouncing 

(Event G). The bouncing mode is not sustainable for the boulder however, and the boulder once again 

reverts to rolling (Event F). Event H: The boulder rolls to a stop at ~30 seconds, outside of the frame 

of Figure 5.4.3, as the rotational and translational velocity become insufficient to overcome the 

friction of the block and the block does not have enough energy to keep moving.  

Note that the impact signals vary for boulder impact with rock, impact with soil, and rolling. For 

impacting (bouncing), the sudden increase in rotational velocity immediately after impact, and the 

later decrease following impact, are more rapid for boulder impacts on rock rather than those for soil. 

The impact of the boulder on soil is not instantaneous in the rotational velocity profile. Following the 

initial impact of the boulder with the soil, the rotational velocity increases relatively slowly (compared 

to boulder on rock impacts) before reaching a maximum. This is thought to be due to gradual energy 
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loss, caused by shearing of the soil on impact, which reduces the rotational (and translational) velocity, 

therefore taking longer to dissipate the energy (drawing out the time it takes for the boulders 

rotational velocity to respond to the impact). When the bolder is rolling, the peaks and troughs in the 

rotational velocity profile represent ground contact by different block attitudes. The (relatively) 

drawn-out decreases are when the rotational energy of the block is trying to overcome a moment of 

inertia due to unfavourable impact geometry (Figure 5.4.1).     

 

Figure 5.4.1 An example of rotational velocity changes on impact. Due to the impact geometry, the first 
block has a greater tangential than normal velocity, and rotational velocity increases. In the second example, 
normal velocity is greater than the tangential, and rotational velocity decreases. This can also apply to 
rolling. 
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Figure 5.4.2 Mt Vernon Substrate map. All uncoloured areas are considered as loess soil. Red dots show the path of b16A  
in terms of points of boulder contact with the ground. 
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Figure 5.4.3 A comparison of Elevation, Translational velocity and rotational velocity along the runout path (distance (m)) 

of b16a. 
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Figure 5.4.4 Boulder 16, recorded at Mt Vernon. A) Release and rolling, B) Boulder becomes airborne, C) Rock-rock impact, 
D) Bounce and free fall from cliff, E) Rock-soil impact, fragmentation, soil displacement, F) Predominantly rolling, G) 
Predominantly bouncing, H) Sliding to a stop. 

5.4.2 Ground conditions 

The soil at the Mt Vernon site was studied to ascertain whether it was the same substrate type as seen 

at Rapaki, further down the valley. Apart from a slightly higher organic content close to the cliff source, 

the soil types and their spatial variation were observed to be the same, mainly loess, with colluvial 

content increasing with proximity to the rock slope source. The soil characteristics, in particular 

moisture content, varied from those at Rapaki when field work was conducted in 2011. Soil water 

content tests were conducted on soils from the Mt Vernon site and the results showed that the water 

contents were generally high. Close to source the content was between 50-165%; this decreased with 

distance from the source to a minimum of 28%. Typical Port Hills loess moisture content values found 

in the literature are ~20% or less (Table 5.4.1). 

Table 5.4.1 Port Hills Loess moisture content values found in relevant literature. 

McDowell (1989) 4 – 20 % 

Jowett (1995) 10 – 22% 

Carey et al (2014) 14 – 19 % 

Goldwater (1990) 7.5 – 24.7 % 
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These differences can be attributed to seasonal changes, and the slightly higher organic and clay 

content of the loess nearer the rockfall source areas. The field tests were conducted in May, late 

autumn in New Zealand, and after a prolonged rainy period (Table 5.4.2) - the weather station at 

Governors Bay, near the test site, recorded 267, 263 and 44 mm of total rainfall for March, April and 

May respectively. Comparatively, the rockfall field data from Rapaki were collected from rockfalls that 

occurred in summer, where the same weather station had recorded 58, 50 and 38 mm for December, 

January and February respectively. Therefore, the soil moisture conditions at the time of the 22 

February 2011, earthquake are thought to be representative of dryer summer conditions, and the soil 

moisture conditions at the time of the field tests are thought to be representative of wetter winter 

conditions. 

Table 5.4.2 Rainfall data leading up to both the 22 February earthquake event and the field testing, recorded by NIWA, 
Governors Bay weather station. 

  2010-11 2014 

 Dec Jan Feb March April May 

Total Rainfall (mm) 58.1 49.7 37.6 266.6 262.6 44 

Wet Days - Number Of Days With 1mm Or More Of 
Rain 

8 8 7 8 15 5 

Rain Days - Number Of Days With 0.1mm Or More 20 21 18 12 22 10 

Maximum 1-Day Rainfall - 9am To 9am Local Time 24.1 24.5 14.5 135.6 76.9 17.1 

Date of above 28 18 7 4 17 13 

 

One could expect to see changes in boulder behaviour reflecting the wetness of the ground, and a 

preliminary analysis of impact scar measurements shows that there could indeed be some differences 

although more data are needed to confirm the relationship. Figure 5.4.5 shows the depth to length 

ratio of soil impact scars at Rapaki Bay and Mt Vernon for similar soils. Given the proximity of the site 

and the similar substrate types, these two data sets could be considered a proxy for winter and 

summer. Whilst the data are limited, they show that there may be a greater depth relative to length 

of scarring during the winter when soil is moist, compared to the summer when the soil is dry. This is 

consistent with test results from loess derivative soils, which show a decreasing strength with 
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increasing water content (e.g. McDowell, 1989). In addition, the shear strength of the soil when wet 

is likely to be less than when dry as increased pore pressures, on boulder impact, would reduce the 

effective stress and therefore shear strength of the soil (Goldwater, 1990b). 

 

Figure 5.4.5 Impact scar data collected at Rapaki and Mt Vernon. Rapaki/summer data collected from CES, Mt 
Vernon/winter anthropogenic rockfall. 

Impact scars were recorded in the field using GPS, and in some cases measured more closely ( Figure 

5.4.6 and Figure 5.4.7). Almost all impact scars in soil show the expected morphology: the ploughing 

movement of the boulder as it impacts the soil pushes soil forward as it slides along the uncovered 

soil surface until it reaches a maximum friction and rotational momentum. Observations from the 

trenching of several impact scars suggest that: 1) the initial boulder point of contact with the soil 

indicates that the boulder penetrates the substrate, as well as sliding through it in a down-slope 

motion (causing compression and shear. 2) The scarp of the impact scar (e.g. Figure 5.4.6) shows linear 

features radiating out from the point of impacts and are thought to be consistent with an irregular 

object penetrating the soil. 3) As the boulder slides through the material, the displaced soil is bulldozed 

downslope forming a “wedge-shape”. 4) The soil wedge remains intact, held together by what appear 
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to be grass roots, which in some cases appear to have been excavated and overturned by the boulder 

(Figure 5.4.7, Figure 5.4.8). 

 

Figure 5.4.6 Impact scars of boulder 16, recorded at Mt Vernon. A & B) Looking downslope from behind a scar. C & D) 
Looking side on to a scar. 

 

Figure 5.4.7 Impact scars, Mt Vernon. A & B, C &D) close-up images of trenched overturned material. 
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Figure 5.4.8 Schematic diagram of an impact scar profile. 

 

5.5 Numerical modelling and field data comparison 

5.5.1 Model setup 

RAMMS was set up similarly to Rapaki Bay in Chapter Four. Substrate changes were delineated 

spatially in ArcGIS, based on field mapping and aerial photography (Figure 5.4.2), and assigned friction 

parameters. These shapefiles, together with the CES LiDAR, created the framework for modelling.  

Two parameter sets were used: 1) the substrate parameters presented in Chapter 4, based on 

calibration of RAMMS to dry summer conditions, and 2) altered parameters that more accurately 

reflect the wet soil conditions of the experiment site (Table 5.5.1). These altered parameters (Error! 

Reference source not found.) were determined by modifying the original calibration to incorporate 

more soil damping of the boulder. The parameter κ was decreased to reflect the longer slip distance 

through soil (1/κ = impact length), and the parameter β was decreased to reflect the longer impact 
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time (1/β = impact time). The µ values- the friction applied to the boulder over the period of the impact 

(Figure 2.6.1)- were not adjusted, as the soil type had not changed. 

Table 5.5.1 RAMMS parameters assigned to substrate materials for wet and dry conditions. 

 condition µmin µmax ε Drag layer 
coefficient 

β κ 

Outcropping rock dry 0.7 2 0 0.3 50 0.5 

Outcropping rock wet 0.7 2 0 0.3 50 0.5 

Loess and 
volcanic 

colluvium 

dry 0.45 2 0 0.5 30 0.6 

Loess and 
volcanic 

colluvium 

wet 0.45 2 0 0.55 25 0.5 

Loess dry 0.3 2 0 0.5 30 0.5 

Loess wet 0.3 2 0 0.55 20 0.4 

 

The GPS location of b16a was used as the start cell for all simulations, and the actual GPS end point 

was mapped on the substrate in RAMMS for comparison purposes (Figure 5.4.2). The boulder was 

given a z parameter (release height of the centre of mass of the boulder) of 2 m, to ensure that  it was 

released from above the ground surface. Z was defined as only 2 m becasue the boulder was not 

dropped but eased from its socket. The geometrical specifications of b16a were used to create a virtual 

replica (Figure 5.5.1), hereafter referred to as b16b. This virtual boulder was released from the same 

source area in the model, with 100 different randomly-generated release orientations. This means the 

the x, y and z axes positions were incrementally varied from the starting point, 100 times. The boulder 

density was specified as 2700 kg m3, based on laboratory density testing of similar rock (Mukhtar, 

2014). 
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Figure 5.5.1 Boulder 16, Mt Vernon. A) Measurements taken in the field (B16a). B) The simulated boulder in RAMMS  
(B16B). 

5.5.2 Model results 

5.5.2.1 Runout 

The 100 simulated trajectories of b16b for dry and wet soil conditions can be seen in Figure 5.5.2 and 

Figure 5.5.3 respectively. In both cases the runout distances vary somewhat in distance and lateral 

dispersion from the actual boulder stopping point. This is clearly a direct result of the changes in 

release orientation, as that is the only component of the simulation that was considered 

probabilistically. It is likely that the different trajectory paths and lengths and rotational velocities are 

a result of the pseudo-random process of the rigid-body block interacting with the terrain – as on each 

impact the modelled outgoing path of the block is defined by the block orientation and the 

topography. This randomness is propagated through the rockfall path, and it would be impossible to 

replicate the same boulder trajectory twice as there are infinite paths that it could take. However 

Figure 5.5.3 shows that by reflecting the actual soil conditions in the parameterisation of the substrate, 

there is less variation in runout distance and lateral dispersion. Furthermore, the results are less 

extreme and more reflective of the b16a trajectory. 
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Figure 5.5.2 Runout of b16b in RAMMS, showing rotational velocity, for dry soil conditions. Note the green dots signify 
the actual start and end point of the boulder. A) 3D view of the simulation. B) 2D view of the simulation. C) Close -up of 
the 2D view. 
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Figure 5.5.3 Runout of b16b in RAMMS, showing rotational velocity, for wet soil conditions. Note the green dots signify 

the actual start and end point of the boulder. A) 3D view of the simulation. B) 2D view of the simulation. C) Close -up of 
the 2D view. 



 

124 
 

5.5.2.2 Rotational velocity 

The rotational velocity of the 100 rockfall trajectories simulated in RAMMS at Mt Vernon can be seen 

in Figure 5.5.5. By varying the release orientation, the rotational results of b16b are highly variable 

within a range (<25 rad/s). The maximum recorded rotational veloci ty, 25 rad s-1, is only recorded by 

two boulders. There are several (recorded maximum velocities) around the 10-15 rad s-1 threshold, 

and many around 5-10 rad s-1. This shows that within the model, typical rotational velocity for b16b is 

a maximum of 5-15 rad s-1, with extremes above and below this. 

Rockfall dynamics are defined by a range of factors, including source point, rock properties, initial 

conditions and slope properties; the initiation of different rock blocks from different source points 

with differing initial conditions will produce different rockfall trajectories (Li and Lan, 2015). If a 

rockfall is repetitively initiated from a fixed source area and with the same rock block the amount of 

variables effecting the rockfall is significantly reduced; however experiments show that even small 

variations in initial conditions can result in different rockfall trajectories when the same rock is used 

(Lan et al. 2015). Glover (2015) demonstrates that in the motion of an irregularly shaped rock, changes 

in rock release orientation result in different edges and facets impacting the slope first, resulting in 

clear differences in the runout results (Figure 5.5.4). 

Releasing 100 blocks in different starting orientations means that there will be 100 randomly 

generated trajectories, all of which are a function of impact geometry and topography at each contact 

point with the ground. The rotation results of b16b compare well to b16a, as a variation in b16a results 

would be expected if the initial conditions were iteratively varied. 
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Figure 5.5.4 An example of trajectory dispersion in rockfall from laboratory experimentation 
(Glover, 2015). The same block has been used, with three varying start orientations. 

 

 

Figure 5.5.5 The time sequence of 100 modelled boulder rotations (b16b), Mt Vernon; inset: rotational velocity profile for 
b16a. 
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Within RAMMS, individual trajectory lines can be selected for analysis of the various dynamics. Two 

b16b trajectories were chosen to study more closely the rotational behaviour of the rockfall within 

the model (Figure 5.5.6). Both bouncing and rolling periods can be confirmed by the closeness of 

contact points on the topography line. The trajectories show the same patterns for boulder-rock and 

boulder-soil impacts, similar to the accelerometer results, although this is difficult to confirm from the 

low resolution of the RAMMS-generated graphs (Figure 5.5.7). Any bouncing impact with rock shows 

an almost instantaneous increase and subsequent decrease in rotational velocity ( Figure 5.5.7A). 

Whilst interacting with the colluvial soil, the boulder appears to take more time to increase and 

decrease its momentum, similar to the accelerometer data (Figure 5.5.7B).  Rolling is signified by highly 

variable rotational speeds within a small range over an extended period of time.  

 

Figure 5.5.6 Two individual b16b trajectories showing rotational velocity at elevation and distance from the release point , 
topography and substrate types. A) Widely spaced red dots and high rotational velocities indicate an area of bouncing, B) 

Closely spaced red dots and lower rotational velocities indicate an area of rolling. 
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Figure 5.5.7 A comparison of recorded and modelled rotational time sequences. A) Boulder interactions with outcrop are 
signified by short sharp increases and decreases in rotational velocity, showing that rock-rock interactions are generally 

instantaneous. B) Boulder interactions with soil show that the peaks and troughs of rotational veloci ty are drawn out, 
relative to the rock-rock interactions. This implies that rock-soil interactions are not instantaneous. 

 

5.6 Discussion 

From the correlation of observations made from the accelerometer and video data at Mt Vernon, it is 

clear that the various sub-events of a rockfall: the boulder-rock impact, boulder-soil impact, rolling, 

bouncing and sliding, have clear velocity signals. The boulder shows rapid to instantaneous increases 

in rotational velocity on impact, as a result of conversion of translational energy to rotational energy 

(Wyllie, 2007). The translational velocity reflects this signal, with a sudden decrease immediately 

following impact. Ballistic components of the rockfall display a constant rotational velocity following 

a decrease after impact. The translational velocity simultaneously shows a small increase, a small 

decrease and then a large increase (Figure 5.6.1). This is consistent with the boulders behaviour being 

affected by gravitational acceleration after the initial increase of velocity that launches the boulder. 

As the boulder travels upwards the kinetic energy is converted to potential energy, by reducing 

translational velocity. As the boulder reaches maximum bounce height the potential energy is then 

converted to kinetic energy, by increasing translation.  
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The bouncing impact signal itself varies for impact with rock and impact with soil. The sudden increase 

in rotational velocity on impact, and the decrease following impact, are sharper for rock impacts than 

those for soil indicating an increased damping effect of the soil. This effect can be described 

mathematically by the coefficient of restitution (the ratio of velocity before and after impact), typically 

used for parameterisation of substrates in rockfall modelling. However, the coefficient is replaced by 

the use of a slippage component in RAMMS, where the entire impact is parameterised by minimum 

and maximum friction (µ), time (κ), and slip length (β).  

The boulder appears to have a threshold of between about 5 rad s-1 and 8 m s-1 (this is less consistent) 

to start bouncing. Below this the boulder is rolling, and the signal is one of small variations, likely the 

result in changes in the irregularly-shaped block’s attitude as it moves along the ground surface. 

 

Figure 5.6.1 Zoomed image of figure showing translational and rotational velocity  for b16a. Highlighted 
red area shows boulder behaviour during flight. 

The substrate materials at Mt Vernon were consistent with those at Rapaki Bay, although the ground 

conditions were different due to seasonal changes (increased rainfall in autumn/winter leading to 

wetter soil, Table 5.4.2 and Table 5.4.1), as well the slightly higher organic content of the loess, which 
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is able to retain more water than the pure loess silt. Almost all impact scars in the Mt Vernon soil show 

the expected morphology: the ploughing movement of the boulder as it impacts the soil, pushing soil 

forwards as it slides along the uncovered soil surface until it reaches a maximum friction and moment 

of inertia. This confirms that the use of the ’slippage’ model component in RAMMS is realistic.  

For each modelled trajectory, b16b was varied randomly about its three principal axes. By adding this 

probabilitic dimension to what is essentially a determinitic rockfall model, the stochasticity of the 

actual rockfall and its rotations can be represented numerically (Glover 2015; Lan et al. 2015; Li and 

Lan 2015). In nature, if the same block was released again, the boulder dynamics and end point would 

vary, but by how much is unknown. Because rockfall is an inherently stochastic process, probabilistic 

variation of rockfall model components are very important. The only randomness we can control is 

epistemic uncertainty, or the uncertainty in the information provided. This uncertainty is represented 

by probabilistic modelling, and by supplying as much information to the model calibration as possible.  

To this end, the parameter set (Table 5.5.1) was adjusted slightly from the calibration exercise of 

Chapter Four to reflect the increased soil moisture content and the damping effect this has on 

rockfalls. By increasing the distance and time of slip through soil on impact, the decreased shear 

strength of the soil is represented. The runout of dry vs wet soil modelling (Figure 5.5.2 vs Figure 5.5.3 

resepctively) shows that by adjusting the parameters to suit the ground conditions, the actual runout 

is better represented. Given that the predominant topographical feature on the runout slope is a gully, 

the possible cone of trajectories is narrowed significantly compared to a flat slope cross-profile, as the 

gully tends to constrain the runout paths (Wyllie, 2007). Despite this, the range of runout paths is still 

highly variable, not only laterally but in length as well. The width:length runout ratio for dry soil is 

0.25, compared to wet soil, which is 0.16. Although not hugely different, there is more lateral 

dispersion of boulders when the dry soil parameters are used. Although it can be argued that 

modelling rockfalls in wet conditions is uneccesary for hazard analysis as the goal is often to simulate 

the worst-case scenario (dry soil will produce more extreme rockfall runout than wet soil), the results 
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of this chapter imply that practitioners need to consider that their models are calibrated for dry rather 

than wet soil to ensure the maximum possible rockfall intensity has been accounted for.  

The large number of modelled trajectories that do not reach the maximum runout end point of the 

actual boulder can be attributed to the rock shape. Due to the elongate shape of the block, at some 

impacts the block will not have enough tangential velocity to overcome the normal velocity of rocks 

that impact in a way that their centre of mass is closer to the uplslope side that the downslope side of 

the topography. At this point, and it is usually earlier on in a boulder’s travel, the boulder may simply 

slide to a stop (Glover, 2015), as many have appeared to do in RAMMS (Figure 5.6.2).  

The maximum recorded rotational velocity of b16b, 25 rad s -1, is recorded by 2/100 boulders. Several 

(recorded maximum velocities) are around the 10-15 rad s-1 threshold, and many around 5-10 rad s-1. 

This shows that within the model, typical maximum rotational velocity for b16b is a maximum of 5-15 

rad s-1, with extremes above and below this. The rotation results of b16b seem an acceptable range in 

comparison to b16a (<15 rad s-1), as a variation in b16a results would be expected if the initial 

conditions were iteratively varied. This links back to the idea of trying to replicate the inherent 

stochasticity of a rockfall event. By supplying all of the possible information we can to a rockfall model, 

we eliminate epistemic uncertainty (uncertainty in the data provided). By considering a component 

probabilistically, we attempt to replicate the natural uncertainty.  
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Figure 5.6.2 A close up of the RAMMS wet soil conditions simulation, showing boulders  

that slide to a stop early on in the trajectory path. 

 

5.7 Conclusions 

Field testing conducted at Mt Vernon on the Port Hills has provided video and accelerometer data for 

the purpose of comparison with a pre-calibrated 3D rockfall model. One particular boulder fall 

recorded in the field testing has been chosen for in-depth analysis and comparison to modelled results 

of b16b. The main conclusions of this analysis are: 

 The various sub-events of a rockfall: the boulder-rock impact, boulder-soil impact, rolling, 

bouncing and sliding, have clear velocity signals. 

 The bouncing impact signal varies for impact with rock and impact with soil. The sudden 

increase in rotational velocity on impact, and the decrease following impact, are sharper for 

rock impacts than those for soil indicating an increased damping effect of the soil. 

 The substrate materials at Mt Vernon were the same as those at Rapaki Bay, however the 

ground conditions differed. The soil water content was much higher at Mt. Vernon, and this 
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can be attributed to seasonal changes (increased rainfall in autumn/winter leading to wetter 

soil). 

 By adjusting the parameters to suit the ground conditions, the runout is more favourable 

when compared to real runout. 

 Practitioners need to be careful that their model calibration is performed for dry rather than 

wet soil when investigating potential hazaard extent. 

 Creating 100 trajectories from the variation of initial rock orientation, all of which are a 

function of impact geometry and topography at each contact point with the ground, we 

attempt to replicate the natural uncertainty. 

 This, together with supplying all of the possible information we can to a rockfall model is the 

best we can do to accurately represent the hazard. 

From this work, it can be said that the most influential factors in a rockfall are the rock shape  (Figure 

5.4.1; affecting the rotational and translational velocity of the block based on rock orientation at the 

time of impact), substrate type (rock vs. soil, reflected in the rotational velocity records; Figure 5.5.7), 

substrate conditions (wet vs. dry soil affecting the runout distance and lateral dispersion of boulders; 

Figure 5.5.2 and Figure 5.5.3) and slope angle (affecting the potential energy of a block, affecting the 

translational velocity; Figure 5.4.3).  

The model has been shown to be capable of simulating rockfall behaviour, both runout and boulder 

dynamics, in the Port Hills. The next logical step is to apply the well -calibrated and analysed model to 

a large section of the Port Hills, to validate and test its ability to conduct rockfall hazard analysis.  
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Chapter Six: Model Validation 

 

6.1 Introduction 

The calibration of RAMMS thus far has consisted of comparing simulated runout, velocity and bounce 

height with field data; and comparing simulated runout and rotational and translational velocity with 

field-scale experimental results. Numerical modelling for rockfall analysis requires a high degree of 

confidence in the computational abilities of the model; although the calibration thus far has been 

robust, a final step to validate RAMMS, and the assumed parameters, is required.  

 This chapter describes the process of model verification by comparing simulation results over a large 

area that was not involved in calibration, to CES data. This process is necessary to confirm that not 

only does the model perform well at the two previous study sites, but that it can also perform well 

over large areas of the Port Hills, where the topography is different and marked by a substantial 

vegetation coverage. The process has involved simulating a large number of rockfalls, using real rock 

geometries recorded in the field, across a large site. These simulated boulder runout distances have 

then been compared to CES runout distances. The same process has been repeated incorporating 

vegetation effects into the model. The model results including, 1) simulations with vegetation; and 2) 

simulations without vegetation, were compared to the field mapped CES boulder positons, to assess 

the performance of the model and its usefulness in rockfall hazard analysis. 

These results can be used not only to confirm the model calibration covered in the last two chapters, 

but also the usefulness of vegetation as a rockfall barrier or retardant. 
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Figure 6.1.1 Three metre DEM hillshade of the Port Hills and CES fallen boulder locations (red circles) showing the study 

area, site 3. 

6.2 Site description 

To verify the model, an appropriate area of the Port Hills was selected for simulation, based on several 

criteria that would test the model’s computational abilities. These were:  

 The area must have similar substrate types to those at the original calibration site (Rapaki 

Bay): the substrate types present at the calibrated site (discussed in previous chapters) are 

similar to those over most of the Port Hills therefore, the model parameters adopted from the 

calibration site are considered representative of the substrate types elsewhere in the Port 

Hills; 

 The area must have been subjected to strong ground shaking during the CES, and that the 

boulders that fell from the slopes were field mapped at similar levels of detail across the entire 

area;  
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 The area must have credible rockfall sources (outcropping rock as source area,) so 

slope/terrain delineation can be defined. 

 The area must have variable amounts of vegetation present, to test the incorporation of 

vegetation into rockfall analysis;  

 The area should have similar slope morphology to the calibration site, e.g.: convex, concave 

and planar run out slopes with intersecting drainage gullies. This is to ensure the simulated 

rockfalls perform similarly to the observed rockfall behaviour on varying slope morphologies;  

These requirements are satisfied by a section of the hills from the western end of Heathcote Valley, 

following the rockfall catchments continuously east and south to the western end of Avoca Valley 

(Figure 6.1.1 and Figure 6.3.1). The site area consists of three major valleys and bounding ridgelines, 

including several residential subdivisions and the main access route to the Lyttelton Port (Lyttelton 

Tunnel, a crucial lifeline for Christchurch). It is a relevant area of Christchurch city to select for rockfall 

hazard analysis, as rockfall here is an ongoing issue for affected residents and infrastructure.  

 

6.3 Model set up 

To set up the model for verification purposes, it was imperative that everything reflected the actual 

rockfall environment as much as possible. The boulder shapes and sizes, outcrop locations, 

geomorphology (material types and their genesis) and vegetation were all mapped, both remotely 

from air photos and LiDAR data sets, and in the field, to provide information for the model set up.  

Boulder shape and size are highly influential in the dynamics and run-out of a rockfall event (Leine et 

al., 2013; Volkwein et al., 2011). It is important that the boulder shapes and sizes used in the model 

simulations are representative of the true boulder geometries. A virtual boulder population was 

created, using the RAMMS ‘rock builder’ tool, which creates boulder point cloud based on a user-

defined shape and size. The sizes in this case were chosen from statistical analysis of the fallen boulder 
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inventory (3253, fallen boulders within the site area), which for many of the mapped boulders includes 

volume estimated from axis proportions. For each size class of boulder, varying shapes were selected, 

which are simplified to equant, flat and long (this methodology is described in Chapter four (Bartelt et 

al., 2013).  

Terrain and vegetation were mapped in ArcGIS, using a combination of desktop and field studies 

(Figure 6.3.1) described in chapter 3. Desktop studies utilised orthographic and satellite imagery and 

user expertise of the field area, so that variations in substrate and vegetation types were easily 

defined. Outcrop/source areas were defined using the raster calculator tool in ArcGIS, and were 

defined as any cell within the 3 m LiDAR that were ≥ 40° in slope gradient. In addition to these selected 

cells, any rocky areas that appeared to be below this threshold angle (whether it is loose or in situ 

rock) in satellite and orthographic imagery were also defined as a source . The 15 blocks in the rock 

population were released from every source point along these lines, resulting in thousands of 

trajectories for every simulated model run. More than 44,000 rockfall trajectories were simulated, 

resulting in a large array of data. For this reason, a virtual boulder population of 15 blocks per source 

point (1 every 5 m2) was used to best balance the need to generate a representative simulation of the 

rockfall process, with the need to be able to run the models efficiently (model runtime) and ability to 

process the data.  It should be noted that the 15 blocks per source point used in this research is not 

based on any assessment of the numbers of boulders that could be triggered from a particular source 

in a given event. 
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Figure 6.3.1 ArcScene image of the 3 m LiDAR DEM, displaying the mapped locations of the three main substrate types. Each substrate is assigned a set of friction values within RAMMS. 



 

139 
 

Terrain types and their associated friction parameters, the virtual boulders and the aforementioned 3 

m DEM were assimilated within the RAMMS interface to create the simulations. Two sets of 

simulations were run: the first without the use of any vegetation, and the second with vegetation 

delineated. Both simulations were parameterised according to dry soil conditions. Vegetation is 

modelled in RAMMS as a resisting force (forest drag) that acts on the rock’s centre of mass when it is 

located below the drag layer height. The forest is therefore parameterized by the effective height of 

the vegetation layer, as well as a drag coefficient. Typical values for this coefficient range between 

1000 kgs-1 and 10,000 kgs-1 (Bartelt et al., 2013; Leine et al., 2013). As vegetation was delineated during 

a desktop study, all polygons were consistently set as ‘light’ vegetation level, because vegetation has 

a damping effect on boulder travel, and the density of the vegetation could not be thoroughly field 

checked. Light vegetation is defined as a 1000kJ force acting up to 5 m above the ground surface for 

the extent of the user-delineated polygon (described in Chapter Three). This study only simply 

assesses the role of vegetation on retarding rockfall as no detailed field mapping of tree thickness, 

height, or spacing has been carried out, nor has the “damping effect” of the Port Hills specific 

vegetation been quantified, as it is outside the scope of the thesis. Given time to properly investigate 

types of vegetation in the field, simulation accuracy could be improved by accurately specifying forest 

height, and density; this was beyond the scope of this study. Furthermore, this thesis do not aim to 

promote vegetation as a means of rockfall mitigation. 

In the previous chapter the advantage of altering the initial conditions of a block are discusse d. Even 

small variations in initial conditions can result in different rockfall trajectories when the same block is 

released. By incorporating varying initial conditions into a simulation one could expect a wide range 

of trajectories from a single rockfall, therefore taking into account the stochastic nature of the process. 

Within this particular study the initial conditions were fixed. This was considered acceptable as 15 

boulders of varying shapes and volumes were simulated per source point, therefore taking into 

account much of the variability in the initial conditions. The RAMMS drop height function was not 

required, as every part of every outcrop was considered a source; therefore the boulders were 
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released from all heights of the source cliff, as under earthquake conditions it is has been shown by 

(Massey et al., 2014) and Rault (2014) that the relationship between the number of boulders/volumes 

of rock leaving a slope and the magnitude of the forcing event is uncertain. The nature of the forcing 

event and the geometry and geology of the source are all-important factors to consider when 

assessing the relative stability of a rock slope. We tend to fundamentally link larger outcrops with 

higher rates of boulder production. This may generally be the case over geomorphic time scales, but 

the data from the 2010/11 earthquakes shows may not be true at a site-specific scale (Rault, 2014). 

 

6.4 Results 

RAMMS simulations resulted in 22,000 trajectories at the site each for the vegetated and non-

vegetated trials. The resulting 44,000 trajectories have been mapped, and their stopping distances 

compared to those of the CES data.  

Simulation results are firstly presented schematically, with trajectory extents depicted (Figure 6.4.1) 

and colour coded to match the varying simulation inputs. Yellow li nes represent simulations that 

incorporate vegetation polygons, while blue lines represent simulations with no incorporated 

vegetation. Red circles represent field mapped CES initiated fallen boulder positions. The confidence 

placed on the simulated trajectories are assessed on: 1, the runout reach of modelled blocks compared 

with the actual boulder stopping positions; 2, the ability of RAMMS to mimic the topographical 

influence on trajectories displayed by actual boulders; and 3, the frequency distribution of deposited 

boulders down-slope. 
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Figure 6.4.1 Site overview displaying all modelled trajectories. Simulated trajectories are represented in yellow and blue. Yellow lines a re with, and blue lines are 
without vegetation effects incorporated. Red dots are locations of rockfall boulders from the CES.  
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The maximum runout (from source) of both simulated and actual boulder trajectories appears to 

coincide along the yellow (vegetation-incorporated) envelope. Some fallen boulders lie outside of the 

yellow simulated runouts, but always fall within the range of the blue simulated runouts.  Equally, 

some yellow simulations far outrun the actual boulders, and in all cases this can be attributed to either 

underrepresentation of the impact of vegetation at these locations, or outliers of the simulations (for 

example, if we launched large numbers of boulders in these locations it is possible that some may 

achieve these extreme runout distances). For example, Figure 6.4.2C shows a grouping of CES boulders 

caught within a localised, tall (~20 m) and densely planted pine forest “shelter belt” (Figure 6.4.3, 

Figure 6.4.4), planted to protect against rockfalls, whilst simulated trajectories run out much further.  
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Figure 6.4.2 Close up images of the simulation map. Top left box is the same as Figure 6.4.1. A B and C are zoomed areas of the corresponding box indicated by a red box on the 

overview map. A shows the alignment of most CES boulders with the runout of yellow simulations- those incorporating vegetation. B shows the topographical effects that both 
RAMMS and actual boulders have displayed. C shows an area where simulated run out is larger than the actual boulder run out- this can be attributed to a ‘dense’ forest belt that 
acts as a barrier, catching boulders. The ‘light’ vegetation incorporated in this simulation was not sufficient to reflect this process- this illustrates how detailed field mapping of 

vegetation will increase simulation accuracy. 
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Figure 6.4.3 The forest belt indicated in Figure 6.4.2C. Photo courtesy of Dr James Glover. 

 

Figure 6.4.4 The same forest belt (Figure 6.4.2C, Figure 6.4.3), showing a boulder stopped in 

its travel by a pine tree. Photo courtesy of GNS Science.  
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Topographically, RAMMS performs well, with lateral dispersion between boulder trajectories 

occurring on convex hill slopes, and channelling of many boulder trajectories occurring in gullies 

(Figure 6.4.2B, Figure 6.4.5). Ninety-eight percent of CES boulders fall on or within the yellow 

perimeter, and 100% within or on the blue perimeter. This quantification, however, is only measuring 

the ability of RAMMS to simulate a maximum runout event, and does not quantify how successful it 

is at simulating all expected runouts in a rockfall. 

 

Figure 6.4.5 Topographic forcing- channelling of boulders into a gulley, Heathcote valley. Photo 

courtesy of Dr James Glover. 

To quantify this, all of the stopping distances of simulated boulders were compared to those of the 

CES boulders. To aid this comparison, the slope was divided into shadow angle zones (Evans & Hungr, 

1993; Figure 6.4.6). The shadow angle zones were considered an appropriate way of breaking the 

slopes into manageable sections for analysis, as the shadow angle delineations represent changes in 

topography, and are a well-known method of analysis in the rockfall industry. (Massey et al., 2014). 

The slope has been divided into shadow angle brackets (Figure 6.4.6) of three degrees in the upper 

slopes (>35, 29-31, 27-29 and 25-27°) and singular increments is the lower slopes (24-25, 23-24, 22-
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23 and 21-22°). These shadow zones were delineated for rockfall risk analysis of the area by the 

Christchurch City Council (Massey et al., 2012 a,b, c). Within each of the shadow zones, the percentage 

of deposited blocks (stopping locations) was calculated for simulations with and without vegetation, 

and CES data (Table 6.4.1, Figure 6.4.7).  

The RAMMS simulations without vegetation are within 6% of the CES boulder distribution in all 

shadow angle zones. The simulations with vegetation are within 4% of CES distribution. Simulations 

without vegetation have fewer deposited blocks than the CES data in the higher slope areas (>27° 

shadow angle) and more in the lower slope areas (<27° shadow angle). For simulations with 

vegetation, the percentages of deposited boulders are higher in the upper shadow zones than that 

without vegetation, and very similar to the deposition pattern of the CES boulders. 

 

Figure 6.4.6 Rockfall shadow angles mapped in classes for the project site. 
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Table 6.4.1 Percentage of deposited boulders within each shadow zone for simulations with and without vegetation 
compared to the CES data. 

RSA bin Simulations with vegetation (% 
deposited boulders) 

Simulations without vegetation (% 
deposited boulders) 

CES boulders  
(% deposited boulders) 

21-23 3.3 9.0 4.5 

23-25 14.4 15.6 10.7 

25-27 18.7 17.0 14.5 

27-29 20.8 19.1 24.7 

29-31 15.9 14.9 19.2 

>31 26.9 24.4 26.4 

 

 

Figure 6.4.7 Frequency distribution histogram of fallen boulders from simulations with and without vegetation and CES 

boulders, within rockfall shadow zones. 
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6.5 Discussion 

The RAMMS code is performing well in terms of topography, as the expected topographical forcing of 

boulders is evident (Figure 6.4.2). The grouping of fallen boulders along the toe of the yellow 

simulation envelope shows that the calibration of RAMMS is working well as reflected in the maximum 

runout. The two different RAMMS simulations, with and without vegetation, provide a convenient 

method of considering vegetation, at the regional scale, in a rockfall simulation where vegetation is 

not accurately mapped or calibrated. The simulation without vegetation encompasses all mapped CES 

deposited boulders in the area. The simulation with vegetation encompasses 98%. This indicates that 

although simulating rockfall without vegetation presents a conservative outcome, modelling 

incorporating even light vegetation presents more realistic results. This is emphasised by the mapped 

results (Figure 6.4.2), where it is obvious that this ‘envelope’ aligns with the CES data.  

Furthermore the analysis of percentage boulder deposition within slope shadow zones reveals that 

the no vegetation model results are skewed more to the lower slope rather than the upper, as 

boulders are travelling farther due to the lack of vegetation. The deposition of modelled boulders in 

the vegetated simulations better matches the CES distribution. Although it is beyond the scope of this 

thesis to study the effect of vegetation on rockfall at the site-specific scale, it is obvious that by 

producing accurate field maps of types the varying heights and densities of vegetation patches, the 

accuracy of simulated boulder distributions would be further improved.  

Simulating rockfalls without incorporating vegetation, in an area where vegetation is having an 

obvious effect of the boulder trajectories, will produce conservative results where boulders run out 

further than expected naturally. From this work it might be appropriate to use the BLUE envelope 

when considering the credible potential maximum runouts of boulders, and the YELLOW envelope 

when considering maximum runouts assuming regional-scale vegetation effects.   

Furthermore, if the practitioner has the resources available to perform high resolution mapping of 

vegetation in the field, the accuracy of the minimum credible hazard envelope could be increased. 
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This is reflected in the frequency distribution of the RAMMS simulations with vegetation. Percentages 

of deposited boulders within the shadow angle classes are similar to that of the CES data. High 

resolution vegetation mapping could eliminate altogether the need for creating a minimum and 

maximum credible hazard window.  

6.6 Conclusions 

The calibration of RAMMS, through the use of field data and in situ testing described in previous 

chapters, has been successfully validated. A large section of the Port Hills (site 3), with rockfall hazard, 

was chosen to test the capabilities of the model, as the site slope morphology is variable, and a large 

amount of rockfall has been mapped for use in comparison with the RAMMS models. Simulations were 

conducted both with and without vegetation incorporated. Results show that RAMMS fallen boulder 

distributions are very similar of the CES data, when compared in shadow zone bins. Simulations 

without vegetation encompass 100% of the CES fallen boulders, and display a fallen boulder 

distribution that is within 6% of the CES distribution in all zones. The simulations with vegetation 

encompass 98% of the CES fallen boulders, and display a distribution of within 4% of the CES data in 

all zones. The two simulation methods could be used as minimum and maximum credible hazard, as 

simulating rockfall without vegetation in an area where vegetation is present and has an effect on 

rockfall runout will produce conservative results. The need for conservatism could be bypassed by 

comprehensively mapping vegetation in the field, which would increase the accuracy of the simulated 

runout distribution. 
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Chapter Seven: Conclusion 

 

7.1 Introduction 

The CES of 2010-2011 produced magnitudes of up to Mw 7.1 in the Christchurch area (Bannister & 

Gledhill, 2012). These events produced ground accelerations of maximum 2.2 g horizontally and 1.4 

vertically, triggering >6000 rockfall boulders on the Port Hills of Christchurch, many of these impacted 

houses and affected livelihoods of people within impacted areas (Massey et al., 2014). These 

earthquakes, occurring on fault lines with no prior surface expression (Bannister and Gledhill, 2012; 

Gledhill et al., 2011), were not anticipated; the contemporary seismic hazard model for Christchurch 

respectively allowed for PGAs in Christchurch of 0.25, 0.37 and 0.47 for a 150, 475 and 1000 year 

earthquake (Stirling, Pettinga, Berryman, & Yetton, 2001); thus the very long return period of the 

event would have discouraged preparation for it had it been anticipated. From these disastrous and 

essentially unpredicted natural events a need arose to be able to analyse the distribution of rockfall 

hazards in the future.  

The detailed understanding of rockfall as a physical process aids scientists and policy-makers to  

develop reliable analytical models to evaluate rockfall as a hazard to people and structures (Hungr, 

2005). Numerical rockfall models are a valuable analytical tool providing they are well understood and 

calibrated. Calibration of these models against reality is a critical step requiring field verification and 

user expertise (Berger & Dorren, 2006). The purpose of this project, which was initiated immediately 

following the most destructive earthquake of the CES (February 22, 2011), was to analyse the 

processes that are fundamental to rockfall in the Port Hills in order to create a rockfall analysis tool by 

using a three-dimensional numerical rockfall model. This thesis aims to enhance the profession of 

Engineering Geology, which is primarily defined as the application of geology to engineering. To this 
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end, the thesis has at all stages aimed to base any rockfall science in geologic reality, based on 

knowledge, literature and field studies. 

The project involved detailed field data analysis, specifically, empirically-derived bounce heights and 

translational velocities, and experimentally-derived translational and rotational velocities. This 

analysis allowed for site-specific model calibration of RAMMS, which enabled the distinction between 

the effects of wet and dry soil conditions in events, as well as the fine-tuning of calibrated parameters 

to the change in soil conditions. The culmination of this analysis involved large-scale trajectory 

modelling, verified against CES data. 

 

7.2 Applications 

An example of an application for the calibrated model is shown in Table 7.2.1. Shadow angle zones 

are commonly used in rockfall science (Evans & Hungr, 1993) and are straightforward to compute; 

they do not require the use of complex numerical models. Here, the calibrated model RAMMS has 

been used to statistically analyse the maximum velocities that are seen in every shadow zone (Figure 

6.4.6) over a large area (site 3) of the Port Hills. Table 7.2.1 presents the expected maximum kinetic 

energies in each shadow zone (using velocities simulated in RAMMS), for different boulder volumes 

and rock density. These tables would be useful to engineers and land-use planners wishing to get a 

broad overview of the expected impact energies at a site to consider risk analysis and/or protective 

structures. All that would be necessary is to ascertain the shadow zone the site lies within.  

This is just one example of the applications of the analysis tool created in this thesis. The calibrated 

model is an extremely applicable tool for use in many geotechnical arenas. Other examples of 

applications of the tool are: 

 Countermeasure design. Currently the Christchurch City Council is making decisions about 

financing rockfall countermeasures, where applicable. This involves analysing areas of the 
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rockfall ‘red zone’ (Massey, Gertenberger, McVerry, & Litchfield, 2012; Massey, McSaveney, 

& Lukovic, 2012; Massey, Lukovic, et al., 2012) where the placement and maintenance of (for 

example) either a bund or a catch fence is more economically attractive than the evacuation 

of properties. A Christchurch-specific calibrated model be useful as an analysis tool for this 

purpose. 

 Demolition and scaling. The deconstruction of properties within the rockfall ‘red zone’ 

requires extreme care. It is possible that earthquakes could occur during the process, 

triggering rockfall. Furthermore, the demolition process requires the use of heavy machinery 

to take apart buildings and scale cliff faces, the vibrations of which could trigger a rockfall. 

Both of these events would endanger personnel on site, and it is imperative that rockfall safe 

zones are mapped out prior to work commencing. This could be performed using a 3D rockfall 

model. This way personnel will be aware of a safe emergency evacuation place should a 

rockfall occur. 

 Land planning. To avoid further damage to property in Christchurch by future rockfalls, it is 

important that, before any residential or infrastructure project reaches construction, all 

relevant geohazards have been considered and addressed. By using a reliable rockfall 

simulation model, it is possible to say whether an area of land is in the rockfall impact zone or 

not, and based on simulated rockfall dynamics, whether countermeasure design or avoidance 

is the best option. 

 Risk. The calculation of risk to loss of life from a geohazard requires several parameters. These 

include the probability of a rockfall event, the probability of a person being present during an 

event, the probability of that person, if present, being in the path of the rockfall and the 

probability of a person being killed if present and in the path of a rockfall (AGS, 2007). A 

calibrated numerical model can not only provide information on where risk needs to be 

assessed, but also the spatial information to compute on a more site-specific basis, where the 

rockfall paths that interact with people may be. 
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Table 7.2.1 Expected energies for various boulder sizes in shadow zones. 

Energies (KJ) for boulders with densities ~2500 kg m-3 

Boulder volume (m3) 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

Shadow zones                     

>31 904 1808 2712 3616 4520 5424 6328 7232 8136.6 9040.6 

29-31 878 1756 2635 3513 4392 5270 6148 7027 7905 8784 

27-29 803 1606 2410 3213 4017 4820 5624 6427 7231 8034 

25-27 726 1453 2180 2906 3633 4360 5087 5813 6540 7267 

24-25 606 1213 1820 2427 3034 3641 4247 4854 5461 6068 

23-24 471 943 1415 1887 2359 2830 3302 3774 4246 4718 

22-23 387 774 1160 1547 1934 2321 2708 3095 3482 3869 

21-22 311 622 933 1244 1555 1866 2177 2489 2800 3111 
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Energies (KJ) for boulders with densities ~2700 kg m-3 

   

>31 976 1952 2929 3905 4881 5858 6834 7811 8787 9763 

29-31 948 1897 2846 3794 4743 5692 6640 7589 8538 9486 

27-29 867 1735 2603 3470 4338 5206 6074 6941 7809 8677 

25-27 784 1569 2354 3139 3924 4709 5493 6278 7063 7848 

24-25 655 1310 1966 2621 3276 3932 4587 5243 5898 6553 

23-24 509 1019 1528 2038 2547 3057 3566 4076 4586 5095 

22-23 417 835 1253 1671 2089 2507 2925 3343 3761 4179 

21-22 336 672 1008 1344 1680 2016 2352 2688 3024 3360 
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Energies (KJ) for boulders with densities ~2800 kg m-3 

    

>31 1012 2025 3037 4050 5062 6075 7087 8100 9112 10125 

29-31 983 1967 2951 3935 4919 5902 6886 7870 8854 9838 

27-29 899 1799 2699 3599 4499 5399 6299 7198 8098 8998 

25-27 813 1627 2441 3255 4069 4883 5697 6511 7325 8139 

24-25 679 1359 2038 2718 3398 4077 4757 5437 6116 6796 

23-24 528 1056 1585 2113 2642 3170 3699 4227 4755 5284 

22-23 433 866 1300 1733 2167 2600 3033 3467 3900 4334 

21-22 348 696 1045 1393 1742 2090 2439 2787 3136 3484 
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7.3 Limitations of the model 

Rockfall models are an approximation of our physical understanding of a complex natural 

phenomenon, and because of this we must be aware of the limitations of the model. Limitations 

pertinent to this thesis are: 

 The model has been calibrated with a large dataset of rockfalls on the Port Hills which were 

back-analysed to produce comparative results for the model. However stating the model is 

now calibrated against earthquake rockfall does not consider the idea that there could be 

more extreme rockfall (a large earthquake event with greater PGA than currently recorded for 

the CES, triggering more boulders with a potential for further runout from source)  in the 

future. It would be impossible to account for future rockfalls that may exceed the runout the 

model is calibrated against; however it is important the user is aware of this anyway. 

 The model is calibrated to a limited number of substrates: outcropping rock, wet and dry 

loess-colluvium and wet and dry loess. Other substrate types that may be found in the area 

would have to be accounted for in a new calibration exercise with new data.  

 The model is currently in its beta-phase. It has been released as a trial version only, and is not 

yet widely-available to practitioners.  

 The model does not account for boulder fragmentation, which has occurred widely in the Port 

Hills rockfall and almost certainly has an effect on the outcome of a rockfall although this is 

not yet well understood. 

 The vegetation modelled in this thesis has not been accurately calibrated, and therefore 

cannot be used as a correct parameterisation of the effect of vegetation on rockfall on the 

Port Hills. 

Model users must be aware of limitations to RAMMS and any model, before they place confidence in 

results, in particular for hazard analysis purposes which often involve the consideration of human life.  
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7.4 Questions addressed in this thesis 

The purpose of this project is to use earthquake-generated rockfall data to analyse the processes that 

are specific to rockfall, and to use this information to perform an in-depth calibration of a three-

dimensional model, creating a future rockfall analysis tool. Table 3 presents the questions addressed 

in this thesis, the possible answers, and in which chapter these can be found.  

Table 7.4.1 Questions addressed in this thesis and their relevant chapters. 

Question Answer Chapter 

What empirical information can be 

taken from field data to analyse the 

nature of the rockfalls? 

Empirical analysis of the CES data set provided ranges of 

bounce heights and velocities, boulder shapes and sizes 

and runout distances at Rapaki Bay. Additionally, field data 

was generated from physical experiments and implications 

of seasonal  changes to soil  conditions was  analysed. 

4-5 

How can this empirical information be 

used to accurately calibrate a rigid-body 

three-dimensional rockfall model on 

realistic terrain? 

Boulder dynamics ascertained from field data were 

compared to the simulated data, to ensure that not only 

were the boulders stopping at a realistic distance from 

source, but that they were behaving realistically during 

travel as well. The comparison confirmed that terrain 

parameters were accurately calibrated. 

4 

What influences do varying substrate 

type, rock size and rock shape have on 

the outcome of a rockfall event? How 

can these variations and stochastic 

processes be accounted for within a 

limited algorithm? 

These natural variations in a rockfall  event have a large 

effect on the outcomes of the event. Rock size and shape 

appear to affect the runout properties of a boulder i.e., a 

large boulder will  travel further, as it is less l ikely to be 

stopped by slope irregularities  and vegetation. Boulder 

shape affects the geometry of each impact, which in turn 

affects the boulder dynamics of an event. This is similar to 

the effect that substrate variations have on a rockfall 

4-6 
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event, as they affect the boulder dynamics at impact i.e., 

soft soil  absorbs more of a boulder’s energy than hard soil. 

It is virtually impossible to account for all  these stochastic 

changes within an event. The current solution is to 

incorporate random variations into the model algorithm, 

so that the simulated rockfall outcomes reflect reality. This 

can be done in RAMMS by varying the boulder axes in its 

initial position randomly by user-selected iterations. This 

function is used in Chapter Five, the analysis of 

experimentation data. Because only one boulder run was 

analysed, it was important to have an overview of all  

possible trajectories and boulder dynamics. 

Is this [calibrated] rockfall model 

applicable to areas other than the 

calibration site? How can it be used as a 

rockfall analysis tool for the future? Can 

it be used as an engineering tool for the 

design of rockfall protection structures? 

Yes, the model calibrated from field data at Rapaki Bay was 

successfully applied to the experimentation site, Mt 

Vernon, and to the model verification site, with good 

results. This tool can be used for rockfall  analysis, aiding 

many different project types. Some of these are described 

in earlier paragraphs (e.g. land planning, demolition, 

scaling and risk assessment). It is the author’s belief that 

the accuracy of the calibrated model implies that RAMMS 

would be reliable for countermeasure structure design. 

5-6 
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The final question posed in the introduction of this thesis is: 

What contribution does this calibration methodology make to current scientific understanding, and 

what questions follow on from this research? 

Table 4 lists six contributions that are, in the author’s opinion, valuable in the field of Engineering 

Geology. 

Table 7.5.1 A list of scientific contributions this thesis has made to engineering geology, a brief explanation, and the 
relevant chapter for reference. 

Contribution Explanation Chapter 

A defensible calibrated rockfall 

model that can be used by 

practitioners and policy makers 

to analyse rockfall hazard on the 

Port Hills for a variety of projects. 

The calibration of RAMMS can now be confidently used in 

rockfall  analysis in Christchurch, given that the user is aware of, 

and has mapped, the spatial changes of substrate types at a 

given site. 

6 

A calibration methodology that is 

replicable, not only for users of 

the programme RAMMS, but for 

users of any three-dimensional 

rockfall model, as the data used 

in the analysis is made available  

in this thesis. 

The methodology behind this model calibration, although 

extensive, is now available to practitioners. This could be used 

to calibrate RAMMS for other substrate types that are not 

represented on the Port Hills. Data from field mapping and 

experimentation is made available in chapters and appendices, 

so that users of any other 3D model may util ise it for calibration. 

4, 5, 

appendices 

The successful analysis of real 

rockfall data using Swiss 

empirical relationships that were 

previously developed from 

physical experimentation.  

This thesis is the first documented use of the application of 

empirical relationships developed during in-situ testing 

(Volkwein et al. 2011) to analyse boulder dynamics of real 

rockfall  events from field mapping of boulder bounce marks. The 

equations provide useful results, and seem within a realistic 

4 
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range. Furthermore they were useful for model calibration 

purposes. 

A methodology for analysing 

boulder size and shapes for large 

populations. 

In each of the main chapters of this thesis, different boulder 

geometries were used for model simulations. Boulder 

populations were created from the analysis of measured rockfall 

boulders in the field. As there were so many earthquake 

boulders that were measured, it was necessary to refine the 

range of possible boulder geometries at sites 1 and 3 (Rapaki 

Bay, and the large area used in Chapter Six). A combination of 

the Blott and Pye (2007) methodology for particle shape 

analysis, and the Sneed and Folk (1958) methodology for large 

particle shape analysis was used to estimate the likely boulder 

shapes and sizes for rockfalls at the sites. 

4, 6 

Preliminary information on the 

effect of seasonal soil changes to 

a rockfall event on the Port Hills. 

The Port Hi lls soils are mainly loess with some organic ‘topsoil’ 

content, and their properties fluctuate seasonally due to 

changes in the amount of rainfall. In the summer Christchurch is 

very dry, and in the winter (particularly after a wet period) the 

soil  can contain up to ~160% moisture (162% recorded at site 2: 

Mt Vernon). This inevitably has an effect on the dynamics of a 

rockfall - Impact scars appear to be deeper in winter, showing 

that during boulder impact the soil  is more easily displaced, and 

therefore absorbs more energy from the boulder. 

5 

The methodology of performing 

large-scale physical rockfall 

experiments with embedded 

accelerometers. 

The methodology of conducting large-scale rockfall testing in 

the field is described in Chapter Three of this thesis, and the 

results are discussed in Chapter Five. The experiments were 

unique in that accelerometers were embedded into very large 

natural boulders, the results of which proved the experiments a 

success.  

3, 5 
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The methodology is made available for practical and academic 

use. 

 

This thesis raises several questions in terms of rockfall science as a result of experience on the Port 

Hill. Three research areas that are particularly pertinent to the ongoing development of this rockfall 

analysis tool are: 

1. A tool for rockfall susceptibility analysis on the Port Hills. 

o This thesis presents an analysis tool for future earthquake-induced rockfall events, in 

terms of trajectories and boulder dynamics. An additional comprehensive 

investigation of kinematic feasibility of the (mainly coseismic) release of rock blocks 

would strengthen the tool. This would involve predicting which blocks would fall in an 

event, based on their structural properties (e.g. the type, roughness, orientation, 

spacing, aperture, filling and weathering of rock discontinuities (Palma et al., 2011)). 

It would be complex, however would be highly beneficial to rockfall analysis on the 

Port Hills. 

2. The effect of vegetation on rockfall in the Port Hills. 

o As described in chapter 6 of this thesis, the accuracy of rockfall simulations on the 

Port Hills can be improved with a comprehensive field map of vegetation patches, in 

particular their density and height. Vegetation is used worldwide as a form of rockfall 

protection (Dorren et al., 2005; Jancke et al., 2009; Stoffel et al., 2006; Volkwein et 

al., 2011; Woltjer et al., 2008), and although the vegetation on the Port Hills does not 

always definitively stop a rock, it may have an energy or velocity dissipation effect 

that needs to be incorporated into any rockfall hazard analysis to model possible 

future events. 

3. The effect of boulder fragmentation on a rockfall event. 
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o The model does not account for boulder fragmentation, which has occurred 

widely in Port Hills rockfall and almost certainly has an effect on the outcome of 

a rockfall, although the intensity of this is not understood. A greater 

understanding of boulder fragmentation and its role in a rockfall event is required, 

through the use of physical testing, to be able to adequately represent the process 

in a predictive algorithm. 
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Appendix Description 

 

A StoneNode information sheets 

B Example of translational velocity calculations from Kinovea video analysis  

C Raw accelerometer data and Matlab script for analysis 

D Water content data 

E Analysis of sensitivity of RAMMS parameters 

F Boulder dynamic data from impact scar analysis, and associated Matlab script. 

G Video data 

 


