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ABSTRACT 
 
On 22 February 2011 an earthquake measuring Mw6.2 caused significant damage to the infrastructure 
of Christchurch City, including functional failure and the loss of 32,000 m

3
 of water from Huntsbury 

Reservoir, the city’s largest water storage facility. Post-earthquake inspection of the reservoir revealed 
an en-echelon pattern of cracking in the floor slabs and roof, with movements of 10 to 50 mm both 
laterally and vertically recorded in the floor slab. Partial roof collapse in a tunnel containing the inlet/ 
outlet pipe to the reservoir exposed a soft clay “gouge”. Observations indicated a NW – SE oriented 
shear zone passing through the basaltic rock beneath the reservoir site. Investigation trenches and 
inclined boreholes confirmed the presence of a shear zone some 20 m wide along which the 
movement occurred and review of similarly oriented fractures in surrounding streets indicates an 
extension of the shear zone beyond the reservoir site. Design options were developed to replace lost 
water storage to limit immediate summer water restrictions, while considering ongoing seismicity and 
the likelihood of future movement as well as the psychological wellbeing of the community and 
economics. The selected design solution satisfying the requirements of Christchurch City Council 
comprised modifying and strengthening the existing structure to form two independent reservoir 
structures of 6,200 m

3
 and 7,400 m

3
 located to either side of the main shear zone. This paper 

addresses the key geotechnical considerations in arriving at a viable solution in the required 
timeframe. 
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1 INTRODUCTION 
 
On 22 February 2011 the Christchurch earthquake, measuring Mw 6.2 with an epicentre located 6 km 
south of the Christchurch central business district, caused significant damage to the horizontal and 
vertical infrastructure within Christchurch and surrounds. Huntsbury No. 1 Reservoir (Huntsbury 
Reservoir) is located a third of the way up the Port Hills on a crest of Huntsbury Spur. The reservoir 
was exposed to significant strong ground motion, with interpreted horizontal and vertical ground 
accelerations in excess of 1g. The reservoir sustained significant structural damage resulting in 
functional failure and the loss of 32,000 m

3
 of potable water. The reinforced concrete reservoir (circa 

1954) of 35,000 m
3
 capacity was a critical element of Christchurch’s water supply network, providing 

water storage to maintain pressure head within the network. Considering the criticality of this asset 
Christchurch City Council (Council) required rapid assessment and reinstatement of functional 
operation (full or in part) prior to the summer of 2011/ 2012 in order to limit the need for severe water 
restrictions to the city. 
 
Assessment, design and construction of the reservoir remediation were performed by the 
Infrastructure Rebuild Management Office (IRMO) Fulton Hogan team with Beca Ltd as engineering 
consultant. The project was later incorporated into the Stronger Christchurch Infrastructure Rebuild 
Team (SCIRT) programme of works. 
 
2 REGIONAL GEOLOGICAL SETTING AND FAULTING 
 
2.1 Geological Setting 
 

Huntsbury Reservoir is located on a northern spur of the extinct Lyttelton Volcano that erupted 
between 9.7 and 11 million years ago (Sewell et al., 1988). Wind-blown erodible loess mantles some 
of the less steep slopes and fills valleys where it has washed down and been mixed with volcanic rock 



debris to form colluvium. Foundation materials at the reservoir site are mapped as Mt Pleasant 
Formation of the Lyttelton Volcanic Group, comprising basaltic to trachytic type lavas that in the 
Huntsbury area, dip gently to the NNW (Forsyth et al., 2008). The lava flows are some 5 m to 50 m 
thick interbedded with ash or breccia beds up to 5 m thick; some of the basalt lava has undergone 
hydrothermal alteration (Forsyth et al., 2008). 
 
2.2 Regional Faulting 
 

Prior to the Canterbury Earthquake Sequence (CES), no active faults (faults active in the last 125,000 
years) have been recognised in the Port Hills or within 20 km to 25 km of Christchurch city (GNS 
Science active fault database; Forsyth et al., 2008). During the CES the recorded earthquake and 
aftershock epicentres provided an indication of the location and extent of faults in the region. These 
faults are inferred to be pre-existing features that may not have been active for some 15,000 years 
(www.geonet.org.nz). Faults identified were: 

 Greendale Fault: 4 September 2010, Mw 7.1, reverse faulting mechanism, surface rupture 
44 km West of Christchurch CBD 

 Port Hills Fault: 22 February 2011, Mw 6.2, reverse (thrust) faulting mechanism, 6 km SE of 
Christchurch CBD, no surface expression but indicated from seismic profiles 

 Unnamed fault beneath Brighton: 13 June 2011, Mw 6.0, strike-slip mechanism, 13 km East of 
Christchurch CBD. 

 
3 EVIDENCE OF GROUND MOVEMENT 
 
3.1 Observations at the reservoir 
 
3.1.1 Reservoir Structural Damage 

Immediately following the 22 February 2011 earthquake, internal and external inspection of the 
reservoir was performed to allow assessment of the viability of the structure. Damage mapping 
occurred throughout the earthquake sequence as the extent and severity of damage continued to 
increase with aftershocks.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Plan showing: mapped cracking on the reservoir floor and in the tunnel, borehole and trench 

investigation locations and evidence of shearing, modified positions of reservoir walls 
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Figure 2. Photos showing structural damage to the reservoir roof and floor 
 
The key structural damage observed comprised: 

 Extensive cracking of the reservoir floor base-slab (Figure 1) with an en-echelon pattern of 
cracking extending across the reservoir from the SE corner to the NW. The zone of cracking 
was some 20 m to 25 m wide and oriented at 280º to 300º. The cracks extended full depth 
through the floor slabs. A similar pattern of cracking was observed in the roof of the reservoir, 
‘picked out’ by water penetration. 

 Horizontal displacement of up to 50 mm and vertical displacement of up to 20 mm in the 
direction of base slab shearing. This suggested that the ground to the south of the reservoir 
moved towards the northwest with a permanent displacement of < 50 mm. The magnitude of 
displacement measured following the 13 June 2011 earthquake was half of that recorded 
following the 22 February 2011 earthquake. 

 Vertical cracks in the perimeter walls and opening of construction joints were observed in the 
vicinity of the NW and SE corners, where the floor cracking meets the walls. Two wall panels 
displaced north by 20 - 40 mm.  

 
3.1.2 Tunnel Inspection 

An unlined arched tunnel beneath Huntsbury Avenue located adjacent to the reservoir, provided full 
exposure of the in-situ basalt and pyroclastic deposits. This was inspected following both the 22 
February 2011 and 13 June 2011 earthquakes. A sub-vertical zone of 1 m to 1.5 m width comprising 
extremely weak saturated rock/ soil (fracture zone) intersected the tunnel at an orientation of 
approximately 300º. The tunnel roof had collapsed as a result of the earthquakes. From a distance 
(direct access could not be safely achieved) sub-vertical fractures with polished slickensided surfaces 
with a thin clay coating could be observed in the collapse zone. Other steep fractures were observed 
to cross the tunnel walls and roof at a similar orientation, with < 5 mm aperture. The weak zone 
collapsed further following the 13 June 2011 earthquake exposing further and more extensive defects. 
 
3.2 Observations beyond the reservoir site 
 

A walkover inspection of the neighbourhood surrounding the reservoir identified minor shearing of 
road pavements in a number of locations. Cracking could not be explained by slope instability, lateral 
spreading or the siting of services trenches.  Each of the observed pavement shears was oriented at 
between 280 º and 310 º and when plotted on a map, fell on a roughly linear alignment of the same 
orientation that intersected Huntsbury Reservoir. Infrastructure and residential dwelling damage was 
observed to be more severe along this projected alignment.  



 
3.3 Preliminary assessment of principal cause of structural failure 
 

Mechanisms that might potentially explain the observed cracking include: 

 slope instability/ mass movement, 

 differential movement on different founding conditions beneath the reservoir,  

 dynamic structural damage resulting from a differential seismic response of the structure since 
only part of the structure was embedded in rock, and/ or 

 movement along a shear zone or fault beneath the reservoir. 
 
Considering the damage recorded, the most likely cause was that the ground beneath the reservoir 
structure had sheared in response to earthquake strong ground motion. Subsurface investigation was 
needed to confirm the presence and as far as possible the extent and dip of such a shear zone, which 
would inform decision making on viability of the site for construction of a new reservoir. 
 
4 SITE INVESTIGATIONS 
 

Subsurface investigations carried out at the reservoir site to confirm validity of the shear zone 
hypothesis included: 

 Three inclined (20 – 33 
o
 below horizontal) rotary machine boreholes of up to 61.5 m in length, 

drilled through the reservoir base-slab perpendicular and oblique to the inferred zone of 
shearing; 

 Visual in-situ inspection of defects within one of the boreholes using a CCTV camera; 

 A series of seven separate trenches up to 3.4 m deep with a combined total length of 135 m,  
excavated across the observed zone of cracking in the reservoir floor slab. The sides and 
bases of the trenches were logged recording variations in the rock mass and the presence 
and nature of defects. 

 
Locations of the boreholes and trench investigations are shown on Figure 1. Logging and 
interpretation of the core was complicated by the variable and fractured nature of the rock mass and 
the need to recover samples from inclined holes. The boreholes intersected zones of sheared rock, 
clay lined fractures, fractures with slickensided surfaces, and defects with clear striations associated 
with rock movement (Figure 3). 
 
5 INTERPRETATION 
 
5.1 Geological 
 

Geological interpretation of structural damage and geological investigations confirmed that the 
reservoir was constructed above a zone of ground shear.  The distribution of fractures observed in the 
reservoir base slab, reservoir tunnel, and recorded in ground investigations, identifies a zone of shear 
movement some 20 m – 25 m wide. Contouring of crack separations showed two parallel (but linked) 
zones along which maximum movement occurred. The shear zone is oriented NW – SE (290 - 310°) 
along a series of planes of weakness and is steeply inclined to the SW at 65 - 85 ± 10º (Figure 4). The 
dip of the discontinuity into the spur suggests that this is not part of a large scale down-slope 
movement. The en-echelon cracking with horizontal displacement along the strike and sub-horizontal 
striations also cannot be readily explained by a landslide mechanism. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Example defects: [A] clay gouge filled defects, [B] striations indicating movement. 
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Figure 4. Interpreted cross-section of shear zone developed from subsurface investigations and 
surface mapping of structural damage. 
 
The orientation of the shear zone coincides with the orientation of some aftershock groups, alignment 
of the major river systems in the area, and a section of the Greendale fault system. The alignment of 
the shear zone is offset by approximately 60º from the inferred orientation of the hidden Port Hills fault, 
located to the south of the reservoir. 
 
The shear zone is a zone of weakness that has allowed differential movement of the ground on either 
side during earthquake strong ground motion. The zone, previously unknown, is likely to be associated 
with past seismic activity along the Port Hills (or other) fault.  
 
5.2 Risk  
 

Future seismic activity in the area could result in further movement on the Huntsbury shear zone (as 
was evidenced on 13 June 2011). This was considered in development of repair and replacement 
options for the reservoir at the existing site. It is not possible to accurately predict future movements. 
However, the amount of movement is expected to follow a similar pattern and magnitude to that which 
occurred on 22 February 2011. Due to the close proximity of the epicentre and strong ground motion, 
which exceeded the design earthquake with annual probability of exceedance of 1 in 2,500, further 
lateral and vertical movement of 10 mm to 30 mm in future earthquakes is anticipated. 
 
The Ministry for the Environment (MfE) document ‘Planning for Development of Land on or Close to 
Active Faults, a guideline to assist resource management planners in New Zealand’ (Kerr et al, 2003) 
provides guidance to regional authorities for implementing a risk-based approach to establish resource 
consent categories for buildings within a fault hazard avoidance zone. The principles of the MfE 
guideline were applied to the Huntsbury shear zone and assessment of continued viability of the site 
for a reservoir. The detailed investigations carried out and observed performance during significant 
earthquakes allowed identification of the zone of movement and selection of a set-back from this zone. 
 
While it is not possible to forecast future seismic events or the amount of movement that will occur in 
the future, scientists considered at the time that elevated levels of seismic activity in the Canterbury 
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area could continue for a period five years and then diminish over time (perhaps the next 50 years) 
(www.geonet.org.nz). If one event capable of resulting in renewed displacement along the Huntsbury 
Reservoir shear occurred on average each year for the following 5 years, then some 50 mm to 
150 mm of movement could occur along the shear zone and perhaps also as vertical displacement, 
before the area returns to a more quiescent phase. 
 
6 REMEDIATION OPTIONS 
 

It was critical that the significant loss of water storage capacity be reinstated prior to the 2011/2012 
summer in order to prevent very severe water restrictions and rationing in Christchurch. The designer 
and contractor worked together with Council and peer reviewers to develop an appropriate solution 
considering the criticality of the project, the very short time frame for design and construction, 
engineering geological challenges, project economics, future performance, and the continuing 
aftershocks.  
 
6.1 Alternative reservoir site 
 

Construction of a new reservoir at an alternative site was considered. However, it was identified that 
the shear zone that exists beneath the Huntsbury spur may not be unique, and it is possible that 
similar zones of weakness exist beneath other elevated sites in the area. Identifying a sufficiently large 
reservoir site compatible with the water supply network with its tight elevation requirements, which was 
not subject to similar or other geological hazards (such as slope instability and rockfall) would be 
challenging. Time associated with site selection and land acquisition, construction and stabilisation of 
a suitable reservoir platform and new reservoir structure and completely new infrastructure linking to 
the reservoir at an alternative site would not satisfy timeframes, and would have a high capital cost.  
 
6.2 Reinstate reservoir functionality at existing site 
 
6.2.1 Site Viability 
Evaluation of viability of a reservoir at the existing site was performed, concluding that it was possible 
to engineer a solution that could accommodate the anticipated future ground deformations. A 
displacement design criterion was developed based on engineering judgement supported by review 
and consideration of observations of performance during the Canterbury Earthquake Sequence. Key 
items of the geotechnical design criteria relating to potential shear zone displacements included: 

 Permanent relative translational movements, in any direction, each side of the shear zone and 
distributed between shear planes within the shear zone, of 10 mm to 30 mm on conclusion of 
an individual significant event 

 Dynamic ground movements during a significant event of 10 mm to 30 mm (this movement is 
additional to the permanent displacement resulting from the event) 

 Long term aggregate displacements of 50 mm to 150 mm horizontally and 20 to 100 mm 
vertically, with the assumption that this occurs within a 5 to 50 year timeframe 

 Extent and width of the shear zone of 20 m to 25 m was defined across the reservoir site from 
mapping of cracking of the existing base slab and subsurface investigations. 
 

6.2.2 Reinstatement Options 
Conceptual solutions were reviewed considering structural performance and residual risk, anticipated 
cost, and timeframe for implementation. Three structural concepts were developed for feasibility 
assessment. Each concept had multiple sub-options with respect to storage volume, cost, and 
programme, technical and environmental attributes. A summary of the options follows: 

 Option A: Reinstatement of the existing reservoir including upgrading/ strengthening. This 
option would essentially maintain the existing reservoir footprint, repairing, modifying and 
strengthening the existing structure to attempt to accommodate the geotechnical design 
criterion. The storage volume would be reduced slightly from that previously provided 

 Option B: Single new reservoir. A single replacement reservoir, of various sizes, types and 
geometries, was considered. The reservoir would be constructed across the shear zone, and 
require robust design to accommodate the geotechnical design criteria 

 Option C: Multiple new reservoirs. Construction of multiple smaller sized reservoirs of different 
size and shape, set back from the identified shear zone.  

 



6.2.3 Assessment of Performance and Risk for Reservoir Concept Options 
Catastrophic collapse or the sudden loss of water was assessed as being of low risk for all three 
concept options. However, the residual risk that events could occur that exceed the geotechnical 
design criteria remains. While considered to be of low probability, the consequences of exceedance of 
the geotechnical design criteria were evaluated as part of the options assessment. 
Reinstatement of the existing reservoir (Option A) had a high risk of structural damage and associated 
functional failure during the period of heightened seismicity in Canterbury, and was considered to be 
the lowest value solution. This risk could be reduced by allowing the ground to translate beneath the 
reservoir. Separation of the existing North and East walls from the perimeter base-slab and 
strengthening was considered feasible. The modified reservoir structure would accommodate one or 
two ‘events’, but leakage would be expected. In response minor to moderate repair to the walls and 
base-slab would be required, temporarily placing the reservoir out of service to facilitate repair. 
However, displacement across the shear zone would accumulate with each event. A step increase in 
the severity of structural damage would occur with each event, potentially to a level where repair 
becomes uneconomic requiring a reservoir rebuild. 
 
A single replacement reservoir (Option B) located centrally on the site (straddling the shear zone) had 
elevated risk that functional performance would be impacted by ground movements, as discussed for 
Option A. However, the performance of a new reservoir specifically designed for the engineering 
geological hazards at the site would exhibit improved performance. A steel reservoir with inherent 
flexibility and ductility would accommodate displacement and deform with the ground. Installation of an 
HDPE liner could provide a second level of protection. A foundation system could be developed to 
partially isolate the reservoir allowing the ground to slide beneath. The reservoir would be expected to 
accommodate the associated ground movements without loss of function for one or two ‘events’. 
Accumulated deformation of the reservoir structure would eventually result in damage requiring minor 
repair, placing the reservoir temporarily out of service. 
 
Although Options A and B were technically feasible solutions, they were not progressed due to the 
assessed residual risk, seismic performance and overall value they provided. These options could 
also not satisfy the Council’s programme requirements. Providing temporary storage was considered, 
but this had low feasibility because of the large water volume, strict elevation requirements, and 
insufficient area for establishment. 
 
Two smaller replacement reservoirs located either side of the shear zone (Option C), set back from 
the zone of potential movement had the lowest residual risk. As the majority, but not all, of ground 
movement occurs within the shear zone, the effects of this on the overall performance of the reservoir 
structures are not anticipated to be significant. A range of reservoir types was considered including; 
steel, post tensioned reinforced concrete, and modification of the existing reservoir structure. 
Modification of the existing structure was selected considering repair cost and earthquake remedial 
timeframes. A disadvantage of this option was that the storage volume would be significantly less than 
the existing reservoir. However, Council determined that it could satisfy minimum long term water 
supply storage requirements. Staged construction could allow one of the reservoir structures to be 
brought on line prior to the 2011/2012 summer peak supply period. For all of these reasons Option C 
with modification of the existing reservoir structure was selected for the remedial repair of the 
Huntsbury Reservoir. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Photos of Huntsbury Reservoir during construction (left) and completed (right). 
 



7 HUNTSBURY RESERVOIR REMEDIAL WORKS 
 
The remedial works comprised construction of two reinforced concrete reservoir structures of 6,200 m

3
 

and 7,400 m
3
 located in the NE and SW corners of the existing reservoir. New internal walls were 

constructed set back 5 m to 10 m from the main zone of shear movement at their closest point. 
Components of the existing structure remaining were repaired and strengthened by construction of a 
new reinforced concrete floor, repairs and strengthening of existing columns, and construction of a 
new roof slab with waterproofing. This design solution satisfies the project geotechnical design criteria 
and provides a robust structure with a residual design life of 50 years. The central section of the 
existing reservoir located above the shear zone was partially demolished, removing roof and columns. 
Existing reservoir walls remained in place and were modified to form perimeter retaining walls. A new 
pump station structure was constructed in the adjacent Huntsbury Park set back from the shear zone. 
New piped infrastructure crossing the shear zone was constructed with PE pipe, providing continued 
functionality with ground deformation. Figure 5 shows the reservoir during construction and the 
completed reservoir structures, with clear park amenity space where the shear zone crosses. The SW 
reservoir was successfully commissioned prior to the 2011/2012 peak supply period, reducing the 
severity of water restrictions in Christchurch. 
 
Baseline monitoring of the reservoir structure has been established to allow structural deformation or 
translation of the reservoir during future earthquakes to be quantified. 
 
8 CONCLUSIONS 
 
Recent observations during the Canterbury Earthquake Sequence and geological investigations at the 
Huntsbury Reservoir site identified and confirmed the presence of a 20 m to 25 m wide previously 
unknown shear zone striking approximately NW - SE beneath the reservoir. Geotechnical design 
criteria were developed from judgement and recorded evidence of ground deformations. This informed 
assessment of risk and site viability, and the development of appropriate structural solutions for repair/ 
replacement. The adopted solution which maximised value and satisfied the Council’s programme for 
commissioning comprised removal of the section of the existing reservoir above and set back from the 
shear zone, and modification and strengthening of the remainder of the existing structure to form two 
separate reinforced concrete reservoirs. The structural design accommodates anticipated incremental 
and cumulative vertical and horizontal shear movements. 
 
The experiences at Huntsbury Reservoir highlight the importance of integrated engineering geological 
and geotechnical assessments when designing critical infrastructure. Identification and mitigation of 
hazards at a site can be challenging, and residual risk and unknown hazards may remain following 
completion of the project.  
 
9 ACKNOWLEDGEMENTS 
 
The authors would like to thank Christchurch City Council, SCIRT and Fulton Hogan for supporting the 
sharing of details contained in this paper. The contributions of the following key Beca engineering 
geologists and structural engineers are acknowledged; Dennis Hunt, Dionisis Koumoutsakos, Ian 
Billings, Jacqui Coleman, Nicholas Charman and Warwick Prebble. Geological peer review was 
performed by David Bell of the University of Canterbury. 
 
REFERENCES 
 
Forsyth, P.J., Barrell, D.J., and Jongens, R., 2008: Geology of the Christchurch Area. Institute of Geological and 

Nuclear Sciences 1:250,000 Geological Map 16 

Kerr, J. et. al., 2003: Planning for Development of Land on or Close to Active Faults, a guideline to assist 
resource management planners in New Zealand, Ministry for the Environment, Report ME 483, July 2003. 

Sewell, R.J., Weaver, S.D., and Thiele, B.W., 1988: Geological Map of New Zealand 1:50,000 Sheet M36BD 
Lyttelton. New Zealand Geological Survey. 

Website: www.geonet.org.nz 


	Main Menu
	Author Index
	Conference Programme

