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ABSTRACT 
 
A large number of Christchurch City Council (CCC) retaining walls supporting and protecting CCC 
assets suffered damage as a result of the Canterbury Earthquake Sequence (CES) of 2010/2011 due 
to the high ground accelerations. Observed damage to retaining walls ranged from very minor to 
complete collapse. The level of wall performance was found to relate to wall type, spatial location, 
height, retained materials exhibiting high apparent cohesion and wall displacement without structural 
damage (Stone et al., 2015). The Stronger Christchurch Infrastructure Rebuild Team (SCIRT) alliance 
was tasked with assessment and repair of the earthquake damaged retaining walls. This paper shares 
a design approach and philosophy which was developed during the repair and replacement of the 
earthquake damaged retaining walls on the Port Hills, incorporating lessons learnt during design and 
construction of the wall repairs. Consideration is given to the Loess materials encountered, both 
parameters for design and the future performance of the Loess following the CES. Type of wall 
selected was often controlled by surrounding constraints and minimising effects to stakeholders.  
Retaining wall repairs were selected using a level of service approach and with NPV of whole of life 
costs including theoretical earthquake scenarios investigated.   
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1 INTRODUCTION 

The Canterbury earthquake sequence (CES) of 2010/2011 and the associated strong ground motion 
resulted in damage ranging from very minor to collapse of many of Christchurch City Council (CCC) 
retaining wall assets. Approximately half of the CCC retaining walls are constructed downslope of local 
and arterial roads to support filling for the carriageway. The rest of the walls are located above the 
road, typically stone masonry facings, constructed to limit erosion to loess cut faces, and on occasion 
to support fill platforms.  Severity and typical failure mechanisms leading to retaining wall damage are 
discussed in a companion paper (Stone et al., 2015). 

The Stronger Christchurch Infrastructure Rebuild Team (SCIRT) was established in response to the 
extensive damage sustained during the 22 February 2011 earthquake. This alliance comprises the 
New Zealand Government (CERA and NZTA), Christchurch City Council, and five civil contractors, 
with support from an integrated design office of engineers from 14 different local engineering 
consultancies. SCIRT was tasked with the assessment and repair of earthquake damaged 
infrastructure, creating a legacy of resilient infrastructure, whilst also providing value for the client 
organisations. The infrastructure included in SCIRT’s scope, termed horizontal infrastructure, included 
Wastewater (WW), Water Supply (WS), Stormwater (SW), Roading (RD), Bridges (BR) and Retaining 
Walls (RW). The SCIRT scope did not include slope instability or rockfall hazard mitigation, unless this 
was agreed to be undertaken to protect a critical council asset. 

For the retaining walls, SCIRT’s scope included assessment, design and delivery of physical repairs or 
replacement structures to remediate earthquake damage to CCC owned retaining walls. This paper 
shares a design approach and philosophy which was developed during the repair and replacement of 
the earthquake damaged retaining walls on the Port Hills by the Red SCIRT design team, 
incorporating lessons learnt during design and construction of the wall repairs. 
 
 



1.1 Canterbury Earthquake Sequence 

The CES commenced on 4 September 2010 with the Mw7.1 Darfield earthquake. The epicentre was 
located some 40 km west of the Port Hills. The most significant of the aftershocks were the 22 
February 2011 (MW6.2) and 13 June 2011 (MW6.0) located directly beneath the Port Hills and adjacent 
to the Port Hills. The majority of the retaining wall damage resulted from the February and June 2011 
events. The February event also caused significant damage to the horizontal and vertical 
infrastructure within Christchurch and surrounding region and this resulted in the loss of 185 lives. 

The CES subjected the Port Hills to very strong ground shaking during the February 2011 earthquake, 
peak ground accelerations (PGA’s) of over 0.8 g were recorded on rock at Lyttelton and on a shallow 
soil site close to the Port Hills. The February and June earthquakes were characterised by the 
relatively high proportion of vertical acceleration to horizontal acceleration, in some cases exceeding 
the horizontal acceleration. There was noticeable topographic amplification of shaking and a trend of 
greater damage to structures located near the crest of the spurs or above large cliffs. 

1.2 Regional Setting 

1.2.1 Port Hills Geology 

The Port Hills form the northern spur of the extinct Lyttelton Volcano that erupted between 9.7 and 11 
million years ago (Sewell et al., 1988). Geology comprises Lyttelton and Mt Pleasant Formation 
volcanics. These are made up of extremely variable volcanic derived rock, comprising an alternating 
stratigraphy of basalt lava flows and pyroclastic materials, both of varying degrees of weathering. 
Strength parameters for the volcanic deposits vary significantly with each specific material type, 
though cut slopes in the volcanics are typically self-supporting imposing negligible load onto retaining 
structures. 

Wind-blown erodible Loess mantles the volcanic rock on some of the less steep slopes and fills 
valleys where it has washed down and has been mixed with volcanic rock debris to form Loess 
Colluvium. Wind deposited undisturbed dry to moist Loess exhibits high apparent cohesion, allowing it 
to be self-supporting on large cut slopes. However, once disturbed or wet, Loess and Loess Colluvium 
loses much of its apparent cohesion.  

Fill makes up the remainder of the geological setting on the Port Hills. Historically fill has been placed 
in a non-engineered manner in the older areas of development. Zones of unsuitable materials or poor 
compaction can be encountered. Quality of filling generally improves as the age of development 
reduces. Typical fill materials consist of reworked Loess and Loess Colluvium, cut volcanic material, 
construction or industry waste, and greywacke alluvial gravel materials. 

1.2.2 Retaining Walls 

There are more than 2,500 retaining walls associated with the CCC roading and residential properties 
in the greater Port Hills area. The retaining walls considered by SCIRT were limited to CCC owned 
walls typically located above or below road carriageways. Many of the walls were constructed over 20 
years ago before the current design standards were introduced. A larger proportion of the walls were 
deemed non-structural facings, typically constructed from stacked stone with or without mortar. Many 
of the retaining walls in the Port Hills were not engineered and even fewer were engineered for 
seismic loading. It was noted that those walls that had been engineered and well-constructed 
performed significantly better than those walls that had no engineering input or had construction 
issues (Stone et al. 2015). The SCIRT rebuild programme included 440 retaining wall repairs and the 
typical damage, failure mechanisms and performance of the SCIRT retaining walls are covered in 
detail by Stone et al., 2015. This paper focuses on the lessons learnt through the assessment, design 
and construction of the repairs for the SCIRT walls and how best to provide value and resilient 
solutions. 

2 SCIRT RETAINING WALL ASSESSMENT AND DESIGN PROCESS 

The SCIRT Assessment and Design Process is summarised in Figure 1. The investigation, design and 
repair of retaining wall assets were targeted based on a prioritisation score developed by the asset 
assessment team at SCIRT. This prioritisation process considered the severity of the damage to the 
asset, the hazard to the general public and to private or council assets, the importance of adjacent 
roads and the consequence of wall collapse or delaying repair works. 



 

 

 
Figure 1. SCIRT Design Process Summary 

Design teams reviewed the assessment of prioritisation undertaken by the asset assessment team, to 
confirm technical aspects of wall condition and the associated hazard. If there were multiple retaining 
walls along a stretch of road, it was intended that all the walls would be repaired at the same time to 
reduce the disruption to residents and to maximise construction efficiencies. Groups of walls or 
individual walls were incorporated into projects and programmed based on the refined prioritisation 
assessing both the overall most critical walls in the network and the overall criticality of the project.  

At Concept Design the condition of the damaged wall is assessed and the extent of repair or 
replacement and rebuild is considered. A range of design solutions are developed that satisfy the 
SCIRT design criteria and level of service approach. These options must comply with the Building 
Code and meet the required minimum percentage of new build standard %NBS (refer Figure 2), and 
comply with the SCIRT Infrastructure Recovery Technical Standards and Guidelines (IRTSG). The 
assessment for each wall considered the performance of the damaged wall sections and the greater 
global stability, the importance of the asset, the severity of the damage and the ability to economically 
repair the damaged sections. Where it has been determined that full replacement may not be 
necessary at the Project Definition stage SCIRT Design Guideline 015 (DG015) was used to 
determine if sections of the damaged wall were repairable. DG015 is summarised in Figure 2 and was 
developed within SCIRT to provide an appropriate level of repair or replacement. The outcome of the 
Concept Design was a recommended solution that was the most economically viable. 

The Detailed Design took the recommended solution from Concept Design and performed detailed 
engineering analysis and calculation to develop design drawings, specifications and a bill of quantities. 
Through the detailed analysis the extent of repairs or replacement may be revised as appropriate. 

At both the Design phases there was interaction between all the SCIRT engineering disciplines 
(structural, geotechnical, wastewater, water supply and stormwater) and utility providers to optimise 
the rebuild of all assets and utilities in the area and reduce the impact on local residents and 
potentially realise cost and programme savings. As part of the Design phases Early Contractor 
Involvement (ECI) was performed to optimise the design, incorporate innovations from the Delivery 
Teams and to ensure constructability of the design and potentially reduce costs.  
 
3 DESIGN PHILOSOPHY AND LEVEL OF SERVICE APPROACH 

The design philosophy for retaining walls was refined as SCIRT transitioned from response to 
recovery. A level of service approach was adopted by SCIRT, whereby solutions were designed to 
repair the earthquake damaged asset to provide the same or similar level of service as the 
undamaged pre-earthquake asset. The design solutions were also required to meet the minimum 
%NBS and satisfy the Building Code. The approach to the design of repairs was similar to undertaking 
a risk assessment. The process of design being focused on quantifying potential risks, the likelihood 
and consequence of each of those risks and ensuring that the significant risks are addressed through 
the design process and there is some control over how the repaired wall will perform in a future design 
load case, be it static or seismic. 

Improvements to the pre-earthquake level of service were not included in the design solutions. If there 
was an opportunity to include some improvements as part of the repair works this was highlighted and 
additional funding sought from CCC. Such opportunities might arise where there was a strong 
economic, constructability or safety case for incorporating the improvement as part of the repairs, for 
example, including a traffic crash barrier on top of a wall where previously there wasn’t one. Other 
opportunities are related to the durability or performance of the asset to be repaired and the repair 
could be improved to meet 100 %NBS for little additional cost over the proposed repairs. 
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Figure 2. Design Guideline 015 - Retaining Wall Concept Design Option Generation 
 
3.1 Peak Ground Acceleration, Displacement and Durability Performance Requirements 
 
The design requirements of retaining wall assets and their associated repairs are dependent on the 
assets location being above or below the road and the importance of the road within the road network, 
or supported structures. The seismic design requirements for the different location scenarios were 
detailed in Table 3.4.3 of the Retaining Walls Repairs Works Design Brief Document (CCC, 2011). 
Specific seismic design is not required for minor walls (less than 1.5 m height and which can be 
maintained and/or replaced without impeding the function of the adjacent road) and these were not 
included in the SCIRT scope of works. The guidance document also outlined the requirements for 
acceptable displacement for displaceable walls under seismic loading presented in Table 3.5.7 (CCC, 
2011). These two tables have been summarised in Table 1. Durability requirements are also set out in 
this guidance document, for walls directly supporting the road the material durability design life is 100 
years, for walls uphill or not directly supporting the road the material durability design life is 50 years. 
For minor walls the material durability design life can be reduced to 50 years. 
 
3.2 Designing for Flexibility 
 
One of the key learnings from observations of the Council owned retaining wall assets on the Port Hills 
related to the performance of flexible walls. Whilst the high PGA’s experienced across the Port Hills 
were generally in excess of what the walls were designed for, those walls that were able to displace 
and flex without excessive structural damage continued to provide support to adjacent infrastructure 
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and private property. Small outwards movements of the wall result in a reduction of the seismic 
loading on the wall. The CCC walls that the authors have observed are not integral with structures, but 
it is noted that where walls are restrained and their deformation limited, appropriate limits in flexibility 
and displacement must be considered in design. 
 
It is the authors’ position that when designing retaining walls due consideration should be given to the 
rigidity and allowable outward displacements of the wall. The amount of outward movement that is 
tolerable will be governed by the height of the wall, the wall type and the impact displacements will 
have on adjacent infrastructure, property and assets. 
 
Table 1:  Seismic Design Annual Probabilities of Exceedance and Maximum Allowable Wall 

Displacements 

Wall Situation 
Annual Probability of 

Exceedance for ULS 
a Wall Type 

Maximum 
Displacement 

Walls above road level supporting 
structures within 2H of wall face 

Refer below All types Nil 

Walls located on Arterial Roads 1/1,500 
Rigid Wall 100 mm 

Flexible Wall 
b
 150 mm 

Walls located on Collector 
(Distributor) Roads 

1/1,000 
Rigid Wall 100 mm 

Flexible Wall 
b
 200 mm 

Walls located on Local Roads 1/500 

All types 
No collapse, 
must remain 
serviceable 

Walls located on Local Roads with 
less than 250vpd and less than 3m 
high 

1/250 

a
 Refurbished existing walls shall meet two thirds of the peak ground acceleration based on this seismic criteria. 

b
 Flexible wall capable of displacement without structural damage 

 
3.3 Designing for Displacement 
 
Where walls and their repairs were considered capable of limited controlled permissible permanent 
outward displacement under strong earthquake shaking, the design for displacement complied with 
the recommendations of the Road Research Unit Bulletin 84 (Wood & Elms, 1990). The CCC 
maximum allowable displacement limits are outlined in Table 1. Further to this the allowable 
displacements were limited to ensure the wall would not infringe upon property boundaries, minimum 
clearances or cause damage to services that may exacerbate movements or cause instability. The 
displacement criterion was further limited by the tolerable wall displacement for the specific wall 
structure.  
 
Retaining wall design allowing for displacement utilises a critical acceleration (kc) for assessment of 
stability and determination of earthquake loading on the structure (Wood & Elms, 1990). This design 
acceleration is selected considering the displacement criterion, and reduced from the peak ground 
acceleration (PGA) provided in the loading standards. It is important that during design, loading 
assumptions and displacement compatibility are checked. If compatibility is satisfied, assessment of 
stability using kc provides a factor of safety (FOS) against sliding of unity. Where FOS exceeds unity 
the displacement is less than the loading assumptions have allowed requiring iterative analysis with a 
higher kc until an FOS of unity is achieved. If the FOS is less than unity, the displacements will be 
greater than the criterion, requiring further assessment of the wall design to increase the FOS. 
Assessment of global stability is preformed considering the PGA provided in the loading standards. 
 
For some retaining wall repair scenarios assessment can lead to identification that serviceability limit 
state design cases can govern design of the wall repairs, especially for composite wall structures. This 
can lead to providing a design solution that has ultimate serviceability performance in excess of the 
minimum %NBS (refer Figure 2), for no additional cost. 
 
3.4 Whole of Life Costs 
 
Where appropriate the SCIRT designers would consider the whole of life costs when comparing two or 
more options with different material durability design lives, varying levels of seismic performance and 
vulnerability to future earthquakes, or operation and maintenance cost implications. Options were 



reviewed by considering capital cost of the remedial, operational costs, and future repair costs for 
various earthquake scenarios. For each of the earthquake scenarios, the probability of the event 
occurring and the estimated costs consequential to remediation of the wall were considered. This 
provided a means for the net present value (NPV) of each of the design solutions to be quantitated 
and compared evenly. 
 
The whole of life approach was adopted for a 5 m high timber crib retaining wall that supported a 
footpath and local no exit road. The wall was constructed in 2004-2005 and was not designed for 
seismic loading. It is approximately 80 m long and the central 65 m had suffered earthquake damage, 
displacing outwards along the crest of the wall and suffering settlement of the backfill behind the wall. 
This resulted in loss of the footpath and kerb and channel, and damage to the asphalt road surface. 
During Concept Design several options were explored, including the option to replace and repair the 
wall to 100 years design life (as it was directly supporting the local road). Following the DG015 
process it was established that only the damaged section of the wall should be repaired. The options 
to repair and replace this section of wall to 100 year design life were expensive, in excess of $1M. The 
remaining undamaged sections of the wall would also have durability significantly less than the 100 
years that these new or repaired sections would have. For these reasons it was decided to develop 
options that would have a 50 year design life for material durability and compare the costs of that 
repair option being constructed twice (now and in 50 years’ time) and compare the net present value 
of the 50 year options with the 100 year options as discussed above. It was established that the option 
with the 50 year durability was significantly cheaper both in the short term and when considering the 
life of the asset, representing a saving of the order 30 – 40 % when comparing the NPV’s of the 
favoured 100 year option and the 50 year option. 
 
3.5 Repair and Rebuild, not Replace 
 
The DG015 process placed an emphasis on retaining as much of the existing damaged structure as 
possible. This served three purposes; firstly, it reduces the amount of demolition and waste generated 
by the removal of the existing wall; secondly, it can reduce the instability issues of removing a 
retaining wall supporting private land or carriageway; and thirdly, it often would provide significant cost 
and time savings for the construction of the repair works. In another example, a 2m high timber crib 
wall supporting private land above a local road had bulged out over the lower third of the face height. 
This deformation had resulted in internal structural damage to the timber elements over this height. 
Instead of demolishing the wall, which was assessed to be suitably stable under design load cases, it 
was elected to construct a reinforced concrete beam in front of the bulged section of wall. This 
removed the need to demolish and excavate the existing crib wall which would have exposed power 
and telecommunications cables and potentially undermined private property immediately behind the 
wall. The repair design was also considered to be straightforward to construct by the ECI Delivery 
Team, with costs of the order 25 % less than the rebuild option. The significant drawback of this option 
was the reduced sight distances for drivers driving up and around the winding road. The Asset Owners 
Representative and Technical Advisor were consulted and it was agreed that this was the most 
practical option given the site constraints and risks associated with demolition and rebuilding the 
damaged length of wall. 
 
3.6 Repairing Heritage Assets 
 
Many non-structural stone walls (pre 1900) damaged during the earthquakes had heritage value. Most 
of these walls were concentrated in Lyttelton. Stone from collapsed or damaged sections of these 
walls was carefully salvaged and stored for future rebuilds. Reconstructing the walls to their original 
design is not feasible due to technical challenges, Building Code non-compliance, and the 
unacceptable residual hazard to public safety and property. Building Code compliant remedial 
solutions were developed, with various reinforced concrete retaining wall structures satisfying 
durability and designed to accommodate the design loading. Provision to allow future fixing of a stone 
facing was incorporated into the designs. Reinstating all heritage walls in a manner to maintain the 
original character was considered not economically feasible for SCIRT. Heritage New Zealand and 
CCC came to a pragmatic agreement to provide provision for including salvaged stone in the rebuild of 
a subset of walls with highest heritage value and visibility. 
 
 
 



3.7 Designing for Failure 
 
The extent of remedial work on retaining walls could be reduced by limiting the wall failure 
mechanisms and severity of damage, and through isolating or mitigating the consequence of the wall 
failure. An example of application of this philosophy is the remediation of a mortared rock facing above 
an arterial road and intersection. This facing sustained minor to moderate outward displacement with 
cracking during the earthquakes. The designers were aware that the road beneath was to be realigned 
as part of an unrelated intersection relocation. This provided opportunity, as the consequence of wall 
failure was reduced. Assessment concluded that the Loess and volcanic materials behind the facing 
were largely self-supporting. Focus of the remedial work was on limiting damage and mitigating 
catastrophic collapse of the facing. A pragmatic remedial solution was adopted, comprising restraining 
the non-structural facing with a grid of anchors and plates, and improving flexural capacity by 
integrating a mat of Helfix structural elements. The lower third of the facing was supported through 
construction of a landscaped fill buttress. Relocation of the footpath alignment away from the potential 
wall debris hazard zone, and the buffer provided though the landscaped buttress reduced exposure of 
the public to hazards, with this mitigating consequence of facing failure. 
 
4 SPECIFIC DESIGN CONSIDERATIONS 
 
4.1 Loess and Loess Derived Deposits 
 
High apparent cohesion observed in moist to dry Loess results from suction forces associated with an 
open soil structure formed during deposition of the windblown silt. In this state the soil is competent 
and cut slopes are largely self-supporting. The Loess is highly dispersive and the ingress of water or 
disturbance of the soil structure results in a loss of the apparent cohesion, reducing the material 
parameters to those of a typical soft to stiff silt.  
 
The material parameters selected by the designer need to consider the method of deposition, moisture 
content, and level of soil structure disturbance. Laboratory testing (McDowell, 1989) has recorded 
drained cohesion for competent Loess in excess of 20 kPa, and angles of internal friction of 28° to 30°. 
Following the CES the frequency of slope instability has increased and progressive deterioration of 
soils has been observed within SCIRT project sites. The authors recommend limiting cohesion for 
wind deposited Loess to 10 kPa for most retaining wall projects, with review of appropriateness on a 
site by site basis. Selection of lower cohesion (3 kPa to 10k Pa) may be more appropriate where; the 
ground has been disturbed, effects of water ingress such as tunnel gully erosion are observed, and on 
lower slopes and depressions where overland stormwater flows elevate the potential for water ingress. 
A sensitivity assessment considering the reduced cohesion, will inform the designer of the type and 
severity of potential failure mechanisms. Engineering judgement must be used when selecting 
material parameters, considering the consequence of failure and likelihood of water ingress over the 
life of the asset. 
 
Incorporation of design detailing to limit entry of water and internal erosion of the dispersive Loess is 
recommended. Measures could include: swales and surface contouring, wall drainage, impermeable 
drainage aprons at the base of the wall and geotextile filters. 
 
Water has been observed to have influenced ultimate bond strength for anchors installed on project 
sites. Sacrificial anchors have measured a range of ultimate bond strengths of 70 kPa to 110 kPa, with 
project anchor testing recording anchor failure’s with ultimate bond strengths down to 10 kPa to 20 
kPa. The lower ultimate bond strengths are typically associated with effects of moist to wet soils. 
 
4.2 Volcanic Deposits 
 
Volcanic materials on the Port Hills exhibit high variability in material competence over short 
distances. Experience has highlighted frequent variance between ground conditions inferred by project 
ground investigations to the conditions encountered during construction. The authors recommend that 
wall designers assess the sensitivity of their wall design to foreseeable variation in competence or 
elevation of volcanic materials, amending designs to reduce sensitivity where practical. In addition, 
development of potential remedial strategies prior to construction can reduce delays or need for 
redesign and associated costs. 
 



4.3 Specifying Crushed Aggregate 
 
Some of the lessons learnt from observations of retaining walls during the recent CES indicated that 
the rounded river run backfill material typically used for retaining walls around Canterbury did not 
perform well. Walls backfilled and in-filled with crushed or angular aggregates were observed to 
perform much better. It is thought that the rounded fill would ratchet the wall out as it settles during the 
shaking. From this learning the authors have specified that angular or crush backfill should be used for 
retaining wall repairs in the Port Hills. It is noted that the recent MBIE guidelines (MBIE, 2014) has 
also made this recommendation. 
 
4.4 Safety in Design 
 
The importance of considering Safety in Design (SiD) has been highlighted during the SCIRT rebuild. 
In some instances the original wall designer could have optimised wall type and design detailing for 
improved compatibility with; infrastructure behind, effects on private property, and consideration of 
feasibility of future repair or replacement. A defined and formal SiD process during design would allow 
early identification and opportunity to mitigate life cycle and Health and Safety risks. 
 
5 CONCLUSION 
 
Key points we recommend that designers consider when designing earthquake remedial retaining wall 
repairs or rebuild: 

 The level of service approach provides a sound basis for ensuring best value for money. The 
development of DG015 at SCIRT sets out a framework that was followed when remediating 
earthquake damaged walls. 

 Preserving and utilising aspects of the existing damaged retaining wall often provides significant 
value to the retaining wall repair. Value was provided either through cost savings, health and 
safety improvements or continuation of asset functionality during repairs.  

 Incorporating flexibility and allowance for deformation during earthquake loading is effective at 
reducing wall loading. The amount of tolerable displacement will be governed by the wall type, 
wall location and susceptibility of adjacent infrastructure and property to deformation. 

 During design of repair options the whole of life cost of each option was determined to maximise 
project value. 

 Consider adverse effects of water on Loess material parameters, and influence on wall 
performance over the design life.  

 Implement Safety in Design, considering life cycle and Health and Safety risks. 
 
The authors understand that MBIE is looking to extend the scope of the guidance on seismic design of 
retaining walls in the Port Hills to be a national code or guideline. The authors support the extension of 
a national code or guideline on seismic design of retaining walls. It is important that the lessons learnt 
from the CES are incorporated in any such document. 
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