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ABSTRACT: The recent Canterbury, New Zealand Earthquake Sequence triggered many
thousands of rockfalls, unfortunately resulting in both human and capital losses. These rockfalls
damaged motorways, residential dwellings, and commercial structures. Eleven 3D terrestrial
laser scan surveys were collected at several rockslope sites throughout Christchurch to document
rockfall activity as well as assess the post-earthquake stability of the slopes. This unique dataset
spans five years and encompasses several major earthquake events. These data were processed
using a recently developed clustering algorithm to detect individual rockfall events and generate
magnitude-frequency curves of volume distributions. These magnitude-frequency curves show
trends of an increased rate of rockfall activity after the sizeable earthquakes, which gradually
decreases to normal rates with time. Ultimately, this analysis provides some of the most detailed
quantitative information of post-seismic rockfall activity on cliffs available to date.

1 INTRODUCTION

The Canterbury Earthquake Sequence (CES), New Zealand, triggered many mass movements
in the Port Hills of Christchurch including rockfalls, rock and debris avalanches, landslides,
and associated cliff-top cracking and soil slumps. The CES commenced on 4 September, 2010
(New Zealand time UTC + 12 hours) with the Mw 7.1 Darfield earthquake, situated 45 km
west of the Port Hills. The Darfield earthquake caused damaging levels of ground shaking
and liquefaction in Christchurch but relatively few rockfalls in the Port Hills. Sadly, the
damage and loss inflicted by the Darfield earthquake were eclipsed by the Mw 6.2 Christ-
church earthquake of 22 February 2011, which occurred directly under the Port Hills, generat-
ing extreme ground motions—exceeding 2 g in some locations, (Massey et al., 2014).
The Port Hills are the northern sector of the eroded extinct Lyttelton basalt volcano (cen-

tered on: 43.60378° S, 172.71996° E) which is comprised of five overlapping volcanic cones
(Hampton, 2010). The rocks forming the 400–500 m high ridge, slopes, and sea cliffs of the
Port Hills belong to the Lyttelton Volcanic Group rocks of late Tertiary (Miocene) age, and
are about 10–12 million years old (Forsyth et al., 2008). These volcanic rocks comprise layers
of hard, jointed, basalt and trachy-basalt lava flows cut by numerous dykes, and interbedded
with breccia (scoria), agglomerate (coarse angular gravel), epiclastic beds (tuff or tuffaceous
sandstone, intercalated with or grading into fine to coarse pebbly lapilli tuffs and gravelly
sandstone and conglomerate), and ancient (Miocene) buried soils. Older volcanic deposits are
cut by infrequent dykes (Massey et al., 2017).
The slopes in the Port Hills are typically long, narrow (at their base) ridges, which represent

the nature of the lava flow sequences that formed them. These ridges tend to end abruptly at
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the coast, and form steep cliffs, many of which have now been abandoned by the sea. These
cliffs are steep (65–90° to locally overhanging) and high (15–90 m), and were susceptible to
rockfalls and debris avalanches during the CES. This study will focus on the rock slopes at
Peacock’s Gallup (also known as Shag’s Rock Reserve). Shag Rock Reserve is a particularly
precarious rock slope given that it is located adjacent to a thin strip of land that serves as the
main highway between Sumner and Christchurch. The slopes at this site range from 70 to 80
m tall with typical slope angles ranging from 80 to 90 degrees from toe to crest. Table 1 pro-
vides estimated ground motions modeled with site amplification based on nearby instrumenta-
tion (Massey et al. 2017) and volumetric loss at the site. Figure 1 shows the slope distribution
and geomorphology of the cliff face.

2 METHODS

2.1 TLS acquisition and processing

A total of 11 terrestrial laser scan (TLS) surveys were captured with a Riegl LMS-Z420i terrestrial
laser scanner over a period of five years from March 2011 to February 2016 (Table 2). For each
epoch, the data were geo-referenced with acquisition of Global Navigation Satellite System
(GNSS) coordinates at the scanner locations as well as at the locations of strategically placed tar-
gets. The georeferencing was completed in Riegl Riscan Pro software. The georeferencing was
refined using a “multi-station adjustment technique,” which utilizes planar patches extracted
throughout the point cloud as additional constraints in the adjustment to the targets and GNSS
coordinates to improve the relative accuracy between overlapping scans. Following registration, a
subsampled version of the point cloud was created by computing the centroid of all points within
a user-defined voxel size of 0.05 m. Then, the points were cropped to the exposed cliff surface.
Vegetation on the cliff face was removed by utilizing the Canupo algorithm (Brodu and Lague,

2012) in CloudCompare. Canupo utilizes machine learning techniques to distinguish different
classes in the dataset based on commonalities with points in a training dataset. For this applica-
tion, the training set consisted of two classes: rock/soil and vegetation. Points with 95% confidence
of being rock or soil were kept as ground points in the dataset for the subsequent analysis.

Table 1. Estimated ground motions and volumes at Peacock’s Gallup (modified fromMassey et al. 2017)

Earthquake
date

Dist. to
epicentre

Volume
Loss

Vol.
Error

Synthetic earthquake parameters

PGA (m/s/s) PGV (m/s) Arias (m/s)

km m3 ± m3 Hor. Vert. Hor. Vert. Hor. Vert.

9/3/2010 47.5 30 10 3.3 Not modelled

2/22/2011 5.5 27,983 5,797 8.5 7.5 0.6 0.2 2.8 1.0

4/16/2011 2.6 - - 0.5 0.3 0.02 0.01 0.01 0.003

6/13/2011 0.8 29,400 440 4.3 3.0 0.2 0.2 0.5 0.3

12/23/2011 5.3 820 70 1.8 1.3 0.1 0.1 0.2 0.1

2/14/2016 9.5 72 26 1.7 Not modelled

Figure 1. Localized slope map at Peacock’s Gallup (computed for across a 30cm by 30cm window).
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2.2 Change analysis

Change analyses were completed between epochs by differencing subsequent surveys in order
to generate magnitude frequency relationships. A best fit plane was computed from the
cropped point cloud for the first survey of the site and then each cell was differenced relative
to that best fit plane to compute the change model. Based on the registration errors observed
between epochs, a significant change threshold of ±0.09 m was used such that only change
above and below those thresholds were considered in the clustering analysis to compute indi-
vidual rockfall volumes.
Magnitude–frequency relationships show the frequency distribution of large to small vol-

umes of material release for rock slopes (D’Amato et al., 2015; Olsen et al., 2013; Barlow
et al., 2012; Santana et al., 2012; Rosser et al., 2005; Lee and Jones., 2004). Such distributions
provide important information needed to support landslide hazard and risk assessment (San-
tana et al., 2012; Lee and Jones, 2004). The relationship between the frequency of rockfall and
the magnitude is described by a power law, as shown in Equation 1:

f ¼ a � vb ð1Þ

where f is the frequency, v is the volume, a is the scaling coefficient, and b is the exponent.
Both a and b are found through regression by computing the number of rockfalls within dif-
ferent volume bins (typically in logarithmic increments). Bins were created for volumes based
on log increments (e.g., 1, 3, 10, 30, 100, etc. m3) and the total number of rockfall clusters for
each change epoch were counted for each bin. To compute the frequency, the counts were
then normalized by the surface area of the cliff surface (using the minimum value of surface
area between the two epochs) and the number of days between each survey.
We utilized the streamlined approach developed in Olsen et al. (2015) to analyze time series

point clouds, to isolate individual failure clusters (i.e., rockfall events) on the rock slope, to
quantify volumes of each cluster, and to generate magnitude–frequency relationships from those
clusters. In this approach, a connected components algorithm on the change model between
epochs is used to isolate the individual rockfalls and assign each one a unique ID and then the
area multiplied by the change for each pixel in that cluster were summed compute the volume.
Often, the left portions of the plots (low volumes, high frequency) tend to flatten or deviate

further from the power law regression. This rollover effect occurs because of survey technol-
ogy limitations to accurately detect smaller rockfalls resulting from insufficient resolution and
inaccurate in the scanner (e.g., ranging error, angular uncertainty, etc.). They also are influ-
enced by temporal resolution since smaller rockfall events occurring close to each other
cannot be distinguished with low temporal resolution. Olsen et al. 2015 discusses these influ-
ences in much more detail with respect to terrestrial laser scanning resolution and survey
accuracy. On the right portion (high volume, low frequency), data becomes more sporadic
and sometimes deviate from the power law trend given that larger rockfalls may not occur at
each epoch and more infrequent. Clauset et al. (2009) provides a rigorous approach to

Table 2. Summary of data collected at each survey epoch.

Epoch Date # Scans # of points # points after filtering

A Mar. 09, 2011 3 scans + 1 tilt 10,846,746 5,815,847

B Apr. 05, 2011 3 scans 10,054,050 5,527,475

C Jun. 15, 2011 3 scans 10,908,173 5,710,058

D Jan. 17, 2012 4 scans + 3 tilts 12,241,042 6,418,300

E May 3, 2012 3 scans + 3 tilts 7,627,874 4,101,427

F Sep. 12, 2012 4 scans + 4 tilts 10,164,402 5,798,979

G Dec. 19, 2012 4 scans + 3 tilts 12,011,720 6,701,391

H Nov. 13, 2013 5 scans + 3 tilts - 5,325,083

I June 25, 2014 5 scans + 4 tilts 10,669,206 5,711,222

J June 3, 2015 - - 6,146,957

K Feb. 19, 2016 2 scans 10,713,460 5,622,016
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selecting appropriate portions of the magnitude frequency relationships for fitting power law
regressions to these magnitude frequency curves. For clarity, only the points used for fitting
the power law regressions to each of these curves are shown in the results.

3 RESULTS AND DISCUSSION

This section presents example results of the change detection and clustering analysis, the mag-
nitude frequency curves between each epoch, and the analysis of those magnitude frequency
curves in terms of activity rates with time.

3.1 Change analysis

Changes were computed between all of the epochs and clustered into individual rockfall
events to compute volumes. Figure 2 presents example change analyses for three change
epochs while Figure 3 provides the clustering results for those same epochs.

Figure 2. Surface change at Peacock’s Gallup between different epochs encompassing the June 13, 2011

and December 23, 2011 earthquake events.
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3.2 Magnitude-frequency curves

Using the results of the volumes computed in the clustering analysis in Figure 3, a series of
magnitude-frequency curves were generated (Figure 4, Table 3). Hollow markers are used in
the plots to readily identify curves where an earthquake occurred between the two epochs ana-
lyzed for that curve.
The highest frequencies are observed in the first epochs after the February 22, 2011 earth-

quake, which was the first earthquake in recent years to produce sufficient shaking in the Port
Hills to induce rockfall activity. These epochs do not encompass an earthquake, but show sig-
nificant rockfall activity as a result of the weakening and fracturing within the rock that
occurred from the earthquake.
Subsequent earthquakes show an increase in rockfall activity compared with the other

epochs; however, these are not as substantial (in magnitude or intensity) as the February 22,
2011 earthquake. In part, the shaking was not as substantial at these sites. However, the
second part is that the earthquakes occurred so closely together that there was not sufficient
time for the cliffs to substantially weather between the earthquake events compared to the

Figure 3. Sample clustering results at Peacock’s Gallup between different epochs encompassing the

June 13, 2011 and December 23, 2011 earthquake events. Each color patch represents a unique rockfall

cluster.
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weathering that occurred during the quiescent period prior to the February 22, 2011 event at
the start of the CES.

3.3 Magnitude-frequency analysis

This section provides the results of the changes to the scaling coefficient (Figure 5) and exponent
(Figure 6) in the magnitude frequency curves with time following the earthquake. First, we
examine the scaling coefficient, which reflects the overall volume of rockfall occurring at a site.
The trends show that the overall volumes and sizes of rockfalls decrease with time, ultimately
returning to “normal” volumes and rates approximately 2 years after the earthquake. Data
from the February 14, 2016 survey were excluded from these plots since the effects of that event
were highly localized and did not have much of an effect on rockfall activity at this site.
In Figure 5, we explore two scenarios of change with time, including: (a) the most recent

earthquake event and (b) continuous since the February 22, 2011 event. The trend is stronger

Figure 4. Magnitude-frequency relationships plotted by epoch for the Peacock’s Gallup site. The dates

represent the latter survey between the epochs analyzed.

Table 3. Summary of surveys, earthquake events, and magnitude frequency parameters. Days are com-

puted based on Survey II.

Survey
Date

Days
between
surveys

Days since Feb
22, 2011 EQ

Most recent
sig EQ date

Days to
most recent
EQ

Magnitude Frequency Parameters

I II Exponent Coefficient R2

A B 27 42 2/22/2011 42 -1.071 1.213E-05 0.996

B C 71 113 6/13/2011 2 -0.635 6.397E-05 0.991

C D 216 329 12/23/2011 25 -0.637 9.602E-06 0.995

D E 107 436 12/23/2011 132 -0.936 2.741E-06 0.994

E F 132 568 12/23/2011 264 -0.986 4.877E-06 0.975

F G 98 666 12/23/2011 362 -1.121 1.750E-06 0.993

G H 329 995 12/23/2011 691 -0.840 2.024E-06 0.989

H I 224 1219 12/23/2011 915 -1.055 2.223E-06 0.969

I J 343 1562 12/23/2011 1258 -1.058 1.255E-06 0.967

J K 261 1823 2/14/2016 5 -0.887 3.363E-06 0.988
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following the most recent event; however, the moderately strong trend observed following the
February 22, 2011 event likely indicates the effects of that strong earthquake on increasing
rockfall activity are still apparent for several years after the event.
Next, in Figure 6, we explore the variation of the exponent in the magnitude frequency rela-

tionship with time based on the aforementioned scenarios. For scenario (a), at some sites a
moderate trend is observed; however, at other sites, there is no distinguishable trend. For scen-
ario (b), no distinguishable trends were found. Data from the February 14, 2016 dataset were
excluded from these plots since the effects were very localized and they did not have much of
an effect at the sites in this study.
The following observations can be drawn from this analysis. In general, stronger trends (R2

between 0.66 and 0.92) are observed with the scaling coefficient compared with the exponent
(R2 between 0.08 and 0.54). The scaling coefficient indicates the proportion of total material
failing whereas the exponent indicates the distribution of material failing. Regarding the scal-
ing coefficient, at Peacock’s Gallop it appears the rockfall activity was likely dominated by
the individual events rather than the initial large event. The moderate (R2~ 0.5) trend observed
in the change in the exponent in Figure 6a occurs from the increase in larger failure volumes
directly as a result of the earthquake (i.e., the change result from the epoch immediately after

Figure 5. Changes in the scaling coefficient in the magnitude frequency relationships for Peacock’s

Gallup with time (a) since the most recent earthquake producing significant shaking on the cliffs and (b)

since the February 22, 2011 event.

Figure 6. Changes in the exponent in the magnitude frequency relationships for Peacock’s Gallup with

time (a) since the most recent earthquake producing significant shaking on the cliffs and (b) since the

February 22, 2011 event.
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the earthquake); however, the distributions tend to be very similar for the subsequent surveys
with time after the earthquake event. For the continuous analysis since the 2/22/2011 event,
no trend (R2 ~0.08) was detected in the change of the exponent with time. Changes in the
exponent are therefore more dominated and detectable based on the immediate aftermath of
the most recent event rather than the largest, controlling event.

4 CONCLUSIONS

This work analyzed several TLS surveys of a rock slope following several major earthquake
events in the CES, capturing trends of rockfall activity with time. Strong trends were observed
in rockfall activity increases following the earthquake event that tapered down to lower levels
with time (a few years) since the earthquake. Some immediate changes were noted in the distri-
bution of rockfall volumes (exponent) right after the event; however, the exponent remains
relatively consistent for the other epochs regardless of time since the earthquake. These data
can be useful to help engineers consider potential impacts of increased rockfall activity follow-
ing major earthquake events to ensure more resilient infrastructure, particularly for planning
and mitigating lifeline corridor routes that are vital to remain open for recovery efforts.
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