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ABSTRACT: A seismic risk assessment was carried out for the existing high and steep 

rock slopes adjacent to the school buildings and facilities, as part of the development of 

the Wellington East Girls College master plan. The risk assessment was based on 

observation of the past behaviour of the slopes, geotechnical data and consideration of the 

behaviour of the slopes in the wider Wellington region. The risk assessment identified 

rock fall and rock sliding hazard, likely to cause fatalities, in case of a significant 

earthquake event. The risk assessed was found to be higher than the level commonly 

considered societally acceptable in similar situations, and at a level that requires actions 

to be reduced to as low as practicable. It is concluded that it is important to understand 

the risk associated with existing slopes adjacent to buildings as part of the seismic 

performance assessment of buildings. The risk should be mitigated to acceptable levels 

with reasonably practicable and cost effective mitigation measures, considered 

concurrently with building strengthening measures. 

1 INTRODUCTION 

The Ministry of Education was assisted by Opus International Consultants in the development of a 

Masterplan for the Wellington East Girls College (The College), and subsequently for the 

implementation of the associated works. The College is situated at the middle part of the west facing 

hillslopes of Mount Victoria in Wellington and is developed on different terraces formed by 

excavating and backfilling of the sloping ground. An initial assessment of the seismic risk associated 

with the buildings identified some structural risks and led to closure of the Main Block, but did not 

include consideration of the earthquake risk associated with the high and steep cut slopes close to 

several of the buildings. Given that Wellington is an area of high seismic hazard, the distinct risk 

posed by the existing cut slopes was considered as part of the masterplan development and 

implementation.   

2 GEOLOGY AND SEISMICITY 

Mount Victoria is predominantly underlain by rocks of the Torlesse Complex, which consist of 

alternating greywacke sandstone and mudstone (argillite), commonly known as Wellington 

Greywacke. The Wellington Greywacke rocks are metamorphosed, highly deformed and variably 

weathered (Begg, J.G. & Johnston, M.R. 2000). Locally, the bedrock is overlain by a thin layer of 

colluvium or residual soil deposits consisting of sand, silt, weathered gravels and clay. The Wellington 

Region is among the most seismically active areas in New Zealand. The active faults located within 

the Wellington Region, such as the Ohariu, the Wellington and the Wairarapa faults, as well as the 

proximity to the subduction zone are the main contributors to the high seismicity. The Earthquake 

Actions standard NZS 1170.5:2004 specifies a zone factor Z = 0.4 for Wellington City. 

3 EARTHQUAKE INDUCED SLOPE FAILURE RISK IN THE WELLINGTON REGION 

Most of the Wellington Region has a rugged terrain, characterised by sharp narrow ridges and steep 

hillslopes at angles of 35
o
 to 45

o
. Significant urban development has been carried out on the hillsides. 



2 

Understanding past landslide incidence and distribution in earthquakes is important for assessing the 

slope failure susceptibility. Based on the Earthquake Induced Slope Failure Hazard Study in the 

Wellington Region (Brabhaharan et al. 1994), significant earthquake – induced historical landslides 

were recorded after four major events, the 1848 Marlborough, the 1855 Wairarapa, and the two 1942 

Masterton earthquakes. It was concluded that earthquakes of felt Modified Mercalli intensity MM8 

and above during past earthquakes, have caused significant landslides in the region, while smaller 

intensity shaking can cause smaller scale slides and slips. The study indicated large slope failures are 

likely in cuttings steeper than 45 degrees in the fractured greywacke rocks in the area.  

Research into slope performance and design for earthquakes (Opus 2015), indicates that the Modified 

Mercalli intensity threshold for landsliding is MM6, and for widespread failures, the threshold is MM7 

to MM8. Based on the same study, shaking of MM6 or greater causes small to large failures on steep 

(≥~50°) unsupported road and railway cuts more than 3 m high, often causing road closures and 

disruption of transport. Formation of cut slopes to an average angle of 45
o
 or lower would limit the 

potential for earthquake induced slope failures. 

4 BEHAVIOUR OF EXISTING CUT SLOPES AT THE COLLEGE 

A general overview of the College area is shown in Figure 1. The existing cut slopes are represented 

by the dark shaded areas, while the light shaded areas represent the zone of influence of possible slope 

failure. The maximum height of the cut slopes in the College is of the order of 20 m to 30 m and they 

are excavated in greywacke rock mass, at steep angles ranging from about 60
o
 to near vertical.  

 

Figure 1 - General plan of Wellington East Girls College. 

The existing slopes were assessed since the early phases of the master plan in 2012. Various stages of 

investigations, geological mapping and inspections of the cuts following storm and earthquake events 

were carried out and as a result important observations were made on their behaviour, including types, 

mechanisms and frequency of failures. These observations consisted a valuable inventory that was 

used in the advanced stages of the risk analysis.  

Numerous past failures are observed on all of the existing slopes in the College grounds. The biggest 

in size is about 100 m
3
 in volume and is observed on the natural hill slopes at the southeast side of the 

Upper playing fields (Figure 1). The date and triggering conditions for this failure are not known. The 

types of failures are translational rock slides, through to combined defect and rock mass failure. 
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The majority of the past failures observed on the slopes were defect controlled rock slides, of 

combined wedge / planar / toppling types, predominantly of small to moderate volume, from 0.5 m
3
 to 

4 m
3
. Past failures of this type were abundant on all slopes across the school grounds, and were 

observed to be ongoing throughout the period of the study. Significant rock fall was also observed 

around the school, causing a consistent maintenance issue and locally an injury hazard. The school 

staff specifically indicated the rock fall problem from the slopes at the swimming pool area, as well as 

behind Blocks 7 to 20 (Figure 1).  

An inspection of the slopes was carried out, following the magnitude 6.2 Eketahuna earthquake event, 

which occurred on 20 January 2014, with accelerations measured in Wellington city less than 0.05g 

(Geonet 2014). Heavy rainfall also occurred in Wellington over the period of December 2013 and 

January 2014. On the day after the earthquake, rainfall was up to 34 mm, while the total for January 

2014 was 111 mm. Following these events, considerable rock fall as well as new minor to moderate 

size defect controlled failures were observed at all cuts, especially behind Blocks 3, 4, 5, 7 and 20 

(Figures 2 and 3).  

As a significant earthquake event has not affected Wellington since the 1942 Masterton earthquakes, 

the failures observed on the slopes have occurred following minor to moderate rainfall and earthquake 

events. These failures were of minor to moderate size, importance and risk and are consistent with 

what would be expected in such events. Most importantly, these failures were an indication of the 

likelihood and frequency of bigger failures in more significant earthquake events. Characteristic types 

of the described past failures and the ones observed on the slopes during the most recent inspections 

are shown in Figures 2 to 5. 

   

Figure 2 - Rock piece fallen from the slopes in fire 

egress path following the 2014 Eketahuna 

earthquake. 

Figure 3 - Rocks lying in the fire egress path from 

the slopes in the 2014 Eketahuna earthquake. 

   

Figure 4 - Rock fall on the swimming pool terraces. Figure 5 - Past rock slides on Cut face east of Block 

5 
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5 INITIAL RISK ASSESSMENT 

An initial qualitative risk assessment was carried out as part of the Preliminary Geotechnical Appraisal 

(Opus 2012) aiming to identify the cut slopes posing the highest risk, to be the focus of the next phases 

of design. The assessment followed the methodology used in the Earthquake Induced Slope Failure 

Hazard Study for the Wellington Region (Brabhaharan et al. 1994) considering factors such as slope 

height, angle and precedent behaviour in combination with the distance to the school buildings and 

possible consequences of failure.  

Two additional factors were taken into account in the assessment of the consequences of a potential 

failure: 1) the empty space between the slope and the buildings was intended to be used as egress path 

in case of fire and 2) Wellington East Girls College has reticulated gas. Post-earthquake fires are 

commonplace in earthquakes in cities with reticulated gas in particular. Fires following the 1906 San 

Francisco and 1931 Napier earthquakes caused widespread destruction of the city buildings in these 

events. Research in Wellington by Cousins et al. (2002) has indicated that there is potential for post-

earthquake fires which could cause widespread damage, with water for firefighting being limited in 

availability due to breaks in the water supply pipes during earthquakes.  

The continuous long cut at the east side of the Sports Centre, Swimming Pool, Fitness Centre, South 

Wing (Blocks 20, 6, 5 and 4) and the cuts at the south side of the Hall and East Wing (Blocks 3 & 7) 

see Figure 1, were assessed to pose a significant risk to buildings and human life. Details of the 

geometry of the high risk cut slopes and description of the possible consequences of failure are given 

in Table 1 and a general view in Figure 6. The rest of the cuts in the College grounds, although 

susceptible to failure, were not considered to be of high risk because the consequences of failure were 

not considered major, as they were not close to a building, College facility or fire escape routes, where 

people accumulate for long periods of time or at critical times such as aftershocks following the main 

earthquake.  

 

Figure 6 - A view of the high risk cuts adjacent to the school buildings (Block 4). 

6 GEOTECHNICAL ASSESSMENT AND ANALYSIS  

Detailed investigation and assessments were carried out for the high risk cuts of Table 1 in the next 

phases of design. The investigations comprised engineering geological mapping and the drilling and 

logging of boreholes. The mapping aimed at identifying the quality of rock and the presence and 

characteristics of rock defects. Two boreholes were carried out above the crest of the cut slopes east of 

the swimming pool and south of Block 3, to supplement the information. Geophysical testing 

including Acoustic Televiewer Survey (ATV) and Optical Televiewer Survey (OTV) were carried out 

in the boreholes to gather data on rock defects. 
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Table 1. Geometry of the Cut Slope behind Block 20 to Block 7 

Cut 

Zone 

No* 

Height of 

existing 

slope (m) 

Existing 

slope 

angle 

Distance from 

buildings/infrastructure 

Observed past 

failures 

Possible 

consequences of 

failure 

1 18 57
o
 ~1 m from or in contact 

with Block 20 

Rock slides up to 

~0.8 m
3
 and rock 

fall 

Damage to 

buildings / 

blocking of fire 

egress path / 

injury, life 

2&3 18 60
 o
 3 m behind swimming 

pool terraces and Block 5 

Rock fall  

4 20 71
 o
 -75

 o
 2 m behind or in contact 

with Block 4 

Rock fall  

5 18 75
 o
 <1 m from or in contact 

with Block 3 

Rock slides up to 

~2 m
3
 and rock 

fall 

 

6 20 71
 o
 -75

 o
 >3 m from Block 7 Minor rock slides 

and rock fall 

Building damage 

injury, life 

*Discretised sections along the cut, based on geometry, rock mass quality, observed failures etc.  

The following mechanisms of failure were identified for the cuts in Table 1 (terminology used is as 

per AGS 2007c):  

1. Rock falls. 

2. Defect controlled rock block slides, formed by adversely oriented single or combinations of 

defects and are small to moderate size. This type of failure can generate rock falls as well. 

3. Rock slides, due to translational or rotational movement, formed by combined defect and rock 

mass failure. These failures are of moderate to large size, controlled by persistent defects 

(shear zones and/or bedding) breaking through weak rock mass. This mechanism is usually 

critical under earthquake loading. 

Based on geotechnical stability analysis of each of the above mechanisms, the average horizontal peak 

ground acceleration to cause failure is 0.2g, which corresponds to a 1/100 year earthquake event. 

7 QUANTITATIVE RISK ASSESSMENT 

A quantitative risk analysis was carried out, considering risk to life in earthquake events only, based 

on the Landslide Risk Management (LRM) Guidelines (AGS 2007c, 2007d). The Tolerable Loss of 

Life Risk Criteria for the person most at risk based on AGS is 10
−4

 per annum (pa), for existing slopes 

and existing developments, and 10
-5

 pa for new slopes. New slopes include existing slopes which are 

modified by cut or fill or other stabilisation measures. The Acceptable Risk is usually considered to be 

one order of magnitude lower than the Tolerable Risk (AGS 2007d). Acceptable Risk criteria may be 

used for high consequence areas, such as schools, hospitals and emergency services, in recognition of 

the importance of these structures and as a way of covering societal risk concerns. For example, the 

Tolerable Risk levels defined by the Department of Urban Affairs and Planning, NSW Australia for 

such facilities is 5x10
-7

 pa.  

Three risk scenarios were examined for the high risk cuts of Wellington East Girls College. The 

scenarios were developed on the basis of the critical mechanisms of failure described in section 6, i.e. 

rock fall, moderately sized rock slides and large translational or rotational failures. Earthquake events 

with recurrence intervals from 100 years to 1000 years, and associated potential for aftershocks were 

considered in the risk assessment. The probabilities of failure in earthquake events assumed for the 

mechanisms were based on engineering judgement, informed by geotechnical analyses.  
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The results of each analysis were plotted on an F-N Chart (Number of Fatalities - Frequency of 

fatalities per year) with levels of Societally Acceptable, ALARP (as low as reasonably practical) and 

Unacceptable Risk as defined by ANCOLD (2003) and Leroi et al. (2005). The results of the analysis 

for the considered mechanisms of failure, plotted on an F-N chart for the 1/1000 earthquake are 

presented in Figure 7. The method of assessment and the results are discussed below. 
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Figure 7 - Number of Fatalities - Frequency of fatalities per year (F-N) chart for the existing cuts  

The main earthquake event was considered to cause failures from the rock slopes possible to affect 

people present either in the adjacent buildings or in the emergency exit and fire egress footpath, 

depending on the type of failure. The main event could also cause loosening of the rock mass and the 

rock defects forming tension cracks, overhanging rock blocks and incipient failures. Further failures 

could occur during aftershocks following the main event, even if they are of a lower magnitude, due to 

the initial loosening of the rock mass in the main earthquake event. Rock fall analysis and 

observations were taken into account for estimating the velocities and possible impact distances for the 

different types of failures considered. 

Failures during aftershocks also increase the vulnerability of people and consequently the number of 

injuries / fatalities, as the probability of people using the emergency exits or fire egress to evacuate the 

buildings is higher. The temporal spatial probability of students and staff being at the school during 

the earthquake and in the fire egress during aftershocks were taken into account in the analysis. For 

small to moderate size failures, the fatalities are assumed to be amongst the people present in the 

emergency escape area between the buildings and the rock slope during the aftershocks. Only large 

translational or rotational failures were considered possible to cause fatalities in buildings. Large slope 

failures could cause complete blocking of the fire escape, entrapping people in the emergency escape 

or in the buildings, or cause severe damage / partial collapse of the buildings closest to the slopes. In 

this case, additional fatalities could occur, especially in case of fire, however such scenarios were not 

examined in this risk analysis. 

For all of the factors considered, a range of values was assigned to examine the sensitivity of the 

analysis. The risk was assessed as a function of the annual probability of the earthquake event, the 

probability of failure from the slope, the temporal spatial probability (i.e. people present in the school 

during the earthquake and in the fire egress during aftershocks) and the vulnerability of people 

(depending on their presence in buildings or the fire escape) and the type of failure.  
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The results presented in Figure 7 indicate that:  

1. Rock falls lie within the Societally Acceptable Risk area of the graph for earthquake events of 

1/100, 1/250 annual probability of exceedance and within the ALARP region of the graph for 

the 1/500 and 1/1000 events, with at least 1 fatality.  

2. Moderately sized rock slides lie within the ALARP region of the graph for earthquake events 

of 1/250, 1/500 and 1/1000 annual probability of exceedance, with up to 6 fatalities. 

3. Large failures lie within the ALARP region of the graph for earthquake events of 1/250, 1/500 

annual probability of exceedance. Large failure lies within the ALARP and Unacceptable Risk 

region of the graph for the 1/1000 year event (design event), with potentially up to 20 

fatalities.  

4. The cumulative total annual risk of all types of failures for the 1/1000 year event (design 

event) is within the Unacceptable Risk region of the graph. 

8 ROCK SLOPE STABILISATION 

An integrated rock slope stabilisation scheme was adopted and implemented. It comprised re-profiling 

the steep 60 to 75 degree slopes immediately behind the school buildings and swimming pool to an 

average 40 to 45 degree slope, with localised mesh and rock bolts. A rock fall protection fence was 

installed between the toe of the slope and the buildings. The stabilisation works were completed 

during December 2014 to February 2015, and the stabilised slope is shown on Figure 8. With the 

application of the above proposed mitigation measures, the assessed post- mitigation risk lies within 

the broadly societally acceptable levels in the F-N Societal Risk Chart for all possible mechanisms of 

failure. The re-profiling was much more cost effective than alternative rock anchor stabilisation of the 

existing rock slopes. The stabilisation measures were practicable and cost effective, and as a result 

they were adopted by the Ministry of Education and Wellington East Girls College. 

 

Figure 8 - View of re-profiled cut slopes with rock fall protection mesh and fence installed 

In addition, an integrated strategy led to the effective use of the cut materials from the re-profiling for 

stabilisation by buttressing of the downhill slopes and retaining walls on the western side of the school 

buildings. The reinforced soil buttress also provided additional benefits as it created more space for car 

parking and development of the school as part of the master plan. This integrated approach led to a 

highly cost effective outcome for the Ministry and also avoided the traffic disruption that would have 

been associated with removal of the cut material off-site through the narrow suburban streets and busy 

city road network. 

9 CONCLUSIONS 

High and steep man made or natural slopes at building sites may pose significant risks to buildings and 

occupants due to their susceptibility of failure in large earthquake events. Mechanisms of failure could 

range from small size rock falls to moderate and large size rock and debris slides that could cause 
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significant damage to property but also injuries or loss of lives. This is a common situation in the 

Wellington Region, due to the morphology and geology. Significant urban development is carried out 

on hillslopes and buildings are often built adjacent to steep excavation in poor quality rock or soil 

materials or near steep natural slopes.  

The previous seismic risk assessments for the buildings at the Wellington East Girls College had 

identified vulnerabilities in some of the buildings at the school, leading to their closure. The integrated 

structural and geotechnical consideration during the master planning phase identified risks from the 

steep slopes and retaining walls. This led to implementation of slope stabilisation and retaining wall 

strengthening, integrated with building strengthening and reconstruction of the main block, which is 

currently under design development. Such an integrated strategy is important to achieve school 

buildings and a wider built environment that is resilient to earthquakes and other natural hazards. 

In particular it is important that when buildings are assessed for earthquake performance, the risks 

from the wider building environment, such as slopes, are also considered to achieve a holistic and 

realistic assessment of the risk to the buildings and associated facilities. Assessment of existing slopes, 

based on sufficient observation of their past behaviour, adequate geological and geotechnical 

information and consideration of the possible mechanisms of failures, could provide a comprehensive 

insight into the level of risk and inform possible mitigation strategy. Smart, reasonable and cost 

effective mitigation measures can be applied to reduce the risk to acceptable levels. 
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