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The Canterbury Earthquake Sequence in September 2010 and February 2011 caused 
large areas of land to change by differing amounts throughout Christchurch, New 
Zealand. Land levels fell by more than 300 mm in some areas. This increased flood 
risk in the tidal reaches of the Avon River. Urgent repairs were completed with the 
objective to restore the tidal river defences to a crest level equivalent to a 1% AEP 
tide level. This work needed to be completed prior to impeding spring tides. 

The levees will be required for up to 20 years and then probably be rebuilt on a new 
alignment. To better understand the risks associated with the ongoing reliance of 
the levees for flood protection in the interim, a risk assessment was undertaken 
using conventional Australian National Committee on Large Dams (ANCOLD) 
practices and levee design procedures. Careful consideration was made to the 
performance of the existing levees under seismic, flood and tidal loading from which 
the societal and individual risk profiles were derived. The work included the 
following: 

• The identification of critical sections along both sides of the 11 km levee river 
alignment through consideration of the foundation and embankment construction 

1. Combining seismic events with tides and flood events with tides using levee 
lifetimes of 1, 5, 10 and 20 years 

2. Consideration of overtopping failure and piping through the levee embankment, 
foundation or tree roots and narrowed embankment sections owing to trees 
being blown over 

3. Application of the International Levee handbook (CIRIA 2013) and the “Piping 
Toolbox” (USACE et al 2008) 

4. Evaluation of risk reduction with upgrade options  

This paper will present the levee design and the process applied for the analysis of 
the levee and the upgrade options selection.  
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Introduction 

Christchurch is protected from tidal flooding along the lower reaches of the Avon river using low 
height levees, also known as stopbanks.  The Canterbury Earthquake Sequence in September 
2010 and February 2011 caused large areas of land to change by differing amounts throughout 
Christchurch. Land levels fell by more than 300 mm in some areas and rose by similar amounts 
in others. This exacerbated flooding in several areas of the city, particularly in the tidal reaches 



 

 

 

of levees.  Emergency repairs were completed with the objective to restore the river defences 
for a 10 to 12 year design life prior to impending spring tides. 

A contractor was engaged by the Christchurch City Council (CCC) with the objective to restore 
the river defences initially to a minimum crest level and then later to a raised crest level to 
approximately the original design level of RL 11.2 m.  Construction continued between March 
and June 2011 with the aim of utilizing a variety of levee forms.  

A standard levee design was developed using a “dirty pit run” gravel material with a shallow 
central cut off, 1 in 4 outer slopes and an approximate crest width of 1 m.  The pit run, as shown 
on Figure 4, was a blend of 3 different materials, one of which had significant fines content and 
resulted in a strong, erosion resistant low permeability material. Limited space meant the 
generic design could not be used for the repairs in all areas. Sand bags were utilized in small 
areas where there was virtually no space without encroaching the adjacent road and 
infrastructure. Some areas had room for an aggregate stop bank but there was not enough 
space for heavy machinery to undertake the construction. As a result of this, some portions of 
the levee did not have a cut off or engineered foundations and they relied on the placement 
equipment only for compaction.  

Following the original construction, minimal maintenance was undertaken prior to this study. 
Maintenance that had been undertaken comprised of periodic crest level surveys and 
subsequent re-grading of areas less than the original required minimum.  

At the commencement of this study, it was clear that the existing levees would be needed for up 
to an additional 20 years at which time they would probably be relocated and rebuilt for a 
longer service life, which would include allowance for sea level rise and stability in future 
earthquakes.  GHD was engaged by CCC to investigate the risks, benefits and costs associated 
with the ongoing reliance on the Avon River existing stopbanks, for flood protection in the tidal 
reaches of the Avon River for a design life of up to 20 years.  In order to achieve this, a risk 
assessment approach was used as described in this paper. 

Levee Definition & Identification of Levee Critical Sections 

Desktop Review of Existing Levee Embankment Configuration and Ground 
Conditions 

During the levee repairs, it was agreed with CCC that for ease and rapid rate of construction, the 
standard levee configuration would be constructed as follows: 

• Minimum crest elevation of RL 10.8 m; 

• Trapezoidal cross section, crest width of 2.5 m and side slopes of 1:4 (V:H); 

• Cutoff trench typically 0.3 m to 1.5 m deep and 2.0 m base wide to be taken into the 

original levee or founding material; 

• With material comprising silty gravel with maximum particle size 200 mm and containing 

approximately 15% fines. The material was reasonably well graded and was easily 

compacted. The gravel/cobble component comprised rounded or sub-rounded material;  

• The material was sourced from a number of quarries and was blended at the contractor’s 

yard. The material was placed and compacted to approximately 95% of maximum modified 

dry density; and  

• The permeability of this material as measured in the laboratory and an in situ measurement 

showed that the permeability ranged from 10-9m/s to 10-6m/s 

Typical gradings of the levee fill material are shown in Figure 4. 



 

 

 

 
Figure 4  Levee fill material typical gradings 

Photographs of the repaired levee are shown in Figure 5 and Figure 6. Due to the working space 
constraints, certain sections of the levee were not constructed in accordance with the standard 
configuration where crest widths as little as 1.0 m were constructed. In some instances, side 
batters were as steep as approximately 1:1, or even near vertical if retained by Diamond Pro 
Block or portable segmented concrete barrier retaining walls. Compaction had also been 
compromised in some areas and in almost all locations compaction of the side slopes had not 
been performed. This results in superficial cracking of the slopes that may worsen through 
water ingress. 

Geogrid, Triax TX160, and Bidim Geofabric had been used in some areas, particularly those with 
poor founding conditions. Sandbags were placed on the levee crest at several areas where the 
width of the levee was narrow owing to space constraints. In addition to this, the levees were 
constructed around and adjacent to trees which were protruding the crest and levee side slopes. 



 

 

 

 
Figure 5 Photograph of Typical Levee Section 

 
Figure 6 Photograph of levee topped up with eroded sand bags and protruding trees 

Site Inspection and Risk Workshop 

A walkover of the site was undertaken involving staff members from GHD and CCC. The purpose 
of the site inspection was to evaluate the existing condition of the levees and identify critical 
sections and appurtenant structures for the risk analysis.  

The following key items were identified along portions of the levees: 

• The absence of cut off drains 

• Low points along the levee walls 

• Trees growing on and adjacent to the levees 

• Deteriorated sand bags on the crests of the levees 



 

 

 

• Slumping and lateral spreading 

• Longitudinal cracks on the downstream face of the levees 

• Seepage through the foundation sands 

A total of 19 discrete sections were identified for analysis in the risk assessment. These locations 
are shown in plan in Figure 7. 

Following the site inspection, a workshop was held with GHD and CCC with the purpose of 
discussing the following: 

• The probability of tidal loads for the acceptable risk levels 

• The consequences of failure based on the available inundation mapping 

Probability of tidal loads for acceptable risk level 

The tidal loading is a daily occurrence, however, an average recurrence interval (ARI) had been 
calculated for the Avon river and was used for the study.  Floods and seismic loading are random 
with varying annual exceedance probabilities for the magnitude of the events.  The scope of the 
study required combining seismic events with tides and flood events with tides using levee 
lifetimes of 1, 5, 10 and 20 years. Given that risk cannot be calculated using the product of two 
annual exceedance probabilities, it was important to combine the tidal probability within the 
lifetime of the levee with the annual exceedance probability of the floods or tides.   

The CCC had defined that a design life up to 20 years was reasonable to consider for the risk 
assessment of the medium term structure. Error! Reference source not found. shows the 
probability that the levee will experience a tidal load equal to or greater than the loading within 
the design life.  The decision was made by the CCC that a load exceedance of 10% or greater was 
acceptable and this meant that tidal recurrence intervals above 1 in 200 were not required to be 
evaluated, as shown on the table. 

The likelihood of the tidal loading from the annual event to the 1 in 200 ARI occurring within the 
levee design life was combined the annual floods and seismic events using the percentages 
shown on Error! Reference source not found..   

Table 26 CCC Load combination (probability of event occurring within design life of the structure) 

Design 
Life 

Tide Average Recurrence Interval (ARI) Years 

1 2 5 10 20 50 100 200 

1 100% 50.0% 20.0% 10.0% 5.0% 2.0% 1.0% 0.5% 

2 100% 75.0% 36.0% 19.0% 9.8% 4.0% 2.0% 1.0% 

5 100% 96.9% 67.2% 41.0% 22.6% 9.6% 4.9% 2.5% 

10 100% 99.9% 89.3% 65.1% 40.1% 18.3% 9.6% 4.9% 

20 100% 100.0% 98.8% 87.8% 64.2% 33.2% 18.2% 9.5% 

Consequences of levee failure  

An assessment of the loss of life caused by levee failure was carried out as part of the risk 
assessment. The Reclamation Consequence Estimating Methodology (RCEM 2014) was used to 
undertake the assessment. To carry out this assessment, flooding extents of three discrete 
water levels were assessed using a bathtub inundation flood model. An example of the 
inundation flood modelling is provided in Figure 8. It should be noted that green properties 
signify existing inhabited properties and red properties signify properties that were evacuated 
following the 2010 and 2011 earthquakes. The evacuated properties are no longer inhabited 
and therefore do not currently represent a Population at Risk (PAR). 

 



 

 

 

 
Figure 7 Aerial view of Avon River and locations of critical levee sections adopted for the study 

 



 

 

 

 
Figure 8 Example of flood inundation mapping output 

Hazard Analysis 

In addition to tidal influence of the Avon River, the levees are subject to seismic and hydrological flood 
loading conditions.  

Tidal Influence 

Tide fluctuations along the Avon River vary significantly between the maximum and minimum water level on 
the levees. The peak tidal levels, however, do not vary significantly, as shown on Figure 9 .  Tides up to the 1 
in 200 AEP event were considered as required for the CCC risk tolerance. 



 

 

 

 
Figure 9 Tidal level data at Bridge Street (along the Avon River alignment) 

Flood Loading 

Hydrological models were provided by CCC to GHD for up to the 1 in 200 AEP event.  The water levels 
associated with the floods at each section of interest is presented in Figure 10. 

 
Figure 10 Flood and river bed levels along the river 

Flood and Tide Level Coupling 

As discussed above, the likelihood of floods and tides were combined using the probability data shown on 
Table 26 for the tidal data with the annual exceedance probabilities for the flood events.  This avoided the 



 

 

 

combination of two annual exceedance probabilities for the risk estimation.  However, the level data was 
combined using the results of the flood routing and tidal modelling as follows. 

Larger tidal events have the potential to drown out smaller flood events near the mouth of the river. 
Between Bridge Street and Chainage 17,900, the 1 in 50 AEP Tide with the 1 in 5 AEP flood indicates an 
almost linear Hydraulic Grade Line (HGL). Considering all of the other flood events in the data set, the HGL 
was almost the same in this section, hence tidal water level influence was considered dominant over flood 
water level influence downstream from Chainage 17,900. 

For all flood events provided in the data set, a difference in HGL slope could be seen when comparing 
Chainage 14,300 to 17,900 and Chainage 17,900 to Bridge Street (Chainage 19,700). Considering the largest 
available flood event (the 1 in 200 AEP flood with the 1 in 20 AEP Tide) and the 1 in 50 AEP tide coupled with 
the 1 in 5 AEP flood, between Chainage 9,300 to 17,900 it could be seen that the larger flood was creating 
higher water levels. 

Conversely, smaller floods were creating lower water levels than the larger tides in this location. Hence, for 
the flood events coupled with different tidal events, this section was considered as changing point and flood 
levels were compared against the tidal levels with no flood influence and the greater water level was 
adopted for the event under consideration. An example of this process is shown in Figure 11. 

 
Figure 11 Example of flood and tide coupling 

Seismic Loading 

Seismic loading for the risk assessment was adopted from a literature source describing the seismic hazard 
of the Canterbury Region, New Zealand (Stirling et al. 2008). Spectral acceleration of 0 seconds was adopted 
for the seismic loading considered in the risk assessment. The Peak Ground Acceleration (PGA) for the 
seismic events under consideration are shown in Figure 12. 



 

 

 

 
Figure 12 Christchurch PGA vs return period adopted for risk assessment 

Failure Modes Analysis 

The following failure modes were evaluated in detail for the risk analysis. 

• Overtopping 

Seismic deformation loss of freeboard and overtopping  

Floods or tides overtopping the gravel embankment  

Floods or tides overtopping the sandbag sections   

• Piping 

Seismic cracking   

Cracks in the embankment due to differential movement 

Through the sand foundation 

Through rotted tree roots 

Through narrowed section caused by trees blowing over and damaging the embankment  

Slope instability was evaluated and found to be of significantly lower likelihood than the above failure modes 
and was dismissed for further analysis. 

Overtopping 

Overtopping failures were assessed where the water level in the Avon River exceeded the crest height of the 
levee under consideration. Overtopping flow up to 500 mm flow depth was assessed as this was close to the 
maximum caused by the flood events under consideration in this risk assessment.  

Sections which had existing sandbags were assessed taking the top of the sand bag as the reported levee 
crest level from the LIDAR data provided to GHD by CCC.   

The potential for overtopping erosion failure was evaluated using data from "The International Levee 
Handbook", (CIRIA 2013) as follows.  

The critical velocity that would likely cause erosion of the levee crest was evaluated for the levee fill 
material. Two scenarios were considered (see  

Figure 13 below) 

• Erosion of the gravelly levee fill material 

• Erosion of the sandbags that form the crest of the levee (note: portions of the levees topped up by 

sandbags including both cementitious and non-cementitious sandbag fill materials which were 

considered separately) 

 

 



 

 

 

 
Figure 13 (a) Levee Gravelly levee fill material (b) Sandbags that Form the Crest of the Levee 

The following critical erosion velocities were estimated for the levee materials (Table2) 

Table 27 Critical erosion velocities for levee bund fill materials 
Levee material zone Estimated critical erosion velocity (m/s) 

Gravelly fill 1.5 

Cementitious sandbag 1.5 

Regular sand bags 0.5 

The overtopping failure probabilities were assessed for the applicable flood and tide loading conditions. The 
outcomes of this assessment are summarized in Figure 14. 

 
Figure 14 Estimated conditional probability of overtopping failure for range of flow depths 

Piping (Internal erosion) 

The International Levee Handbook (CIRIA 2013) defines the internal erosion failure modes as follows: 

• Internal erosion through the embankment 

• Internal erosion through the foundation 

• Internal erosion at the levee foundation contact 

Piping through the embankment and the foundation was primarily assessed using the “Piping Toolbox” 
(USACE et al 2008) and Sellmeijer (2011).  The evaluation of the piping failure modes were mostly based on 



 

 

 

the generic sequence of events presented in Figure 15, which is commonly used for dams and is also the 
basis for the successive phases of internal erosion given in the International Levee Handbook (CIRIA 2013). 

 
Figure 15 Generic sequence of events for piping failure modes analysis 

This sequence of events was also considered appropriate for the Avon levees with modifications used to 
allow for the differences in section properties between a levee and a dam, where the data provided in the 
“Piping Toolbox” can be adapted for the levee.  For example, the dam zoning category “0 Homogeneous 
earthfill” in the Piping Toolbox is essentially the same as the Avon levee, which was homogeneous, as 
depicted on Figure 16. 

Cracking  

The mechanisms for cracking that were assessed as applicable for the Avon levees were: 

• Cracking caused by differential foundation settlement 

• Seismically induced cracking 

• Cracking along defects adjacent to tree roots through the embankment and/or the foundation of the 

levees 

Hydraulic gradients  

The hydraulic gradients used to assess the likelihood of piping initiating through the embankment were 
calculated for a range of partition levels. Following the 2010 and 2011 seismic events, cracks were observed 
at various locations along the levee alignment on both the left and right banks. Transverse cracks were 
generally observed to be diagonal to the axis of the levee rather than perpendicular hence the seepage 
length was taken as three times the transverse width (perpendicular to the axis of the levee). The estimated 
piping initiation level was taken as the levee crest level after settlement (initiated by seismic loading) minus 
half of the original height of the levee. The estimation of hydraulic gradients for the piping assessment is 
shown schematically in Figure 16. 



 

 

 

 
Figure 16 Schematic illustration of hydraulic gradient calculation 

Initiation  

The probability of piping initiation was assessed using the “Piping Toolbox” (USACE et al 2008) for the 
embankment and Sellmeijer (2011) for the foundation. For embankment piping mechanisms assessed using 
the piping toolbox, the probability of piping initiating in a crack through the embankment given an average 
hydraulic gradient was estimated for the cracks at various depths within the levees.  

The probability of piping through the foundation sands was assessed using Sellmeijer (2011) by estimating a 
critical hydraulic gradient for piping and evaluating the gradient against the calculated hydraulic gradient for 
each water level. The general levee geometry and water levels used to estimate the critical hydraulic 
gradient required to initiate piping is shown in Figure 17.  

 
Figure 17 Geometry of backward erosion piping model (Sellmeijer, 2011) 

Continuation  

The levee is homogeneous and, therefore, a probability of 1 was assigned to the occurrence of this event. 

Progression  

The main issue for the levee was whether the pipe will collapse or whether upstream zones could control the 
erosion process by flow limitation or crack filling.  The likelihood of progression was evaluated using Table 
11.1 of the “Piping Toolbox”. 

Intervention  

Given the rapid response to the previous seismic events, the likelihood of not intervening was taken to be 
0.5 for the smaller seismic and flood events to 0.9 for the larger events. 

Breach  

No differentiation was made with respect to the breach mechanism for the risk analysis. Given the low 
height of the Levee and construction material, the most likely breach mechanism was expected to be 
sloughing or unravelling for which the likelihood was evaluated using Table 13.12 of the Piping Toolbox.  This 
indicated that the probability could have been between 0.1 to 1, depending on the amount of seepage likely 
to pass through the embankment zone. The probability of breach was therefore, taken to be 0.5 for the low 
flood events to 0.9 for the largest flood event.  
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Risk Analysis Results  

Risk Analysis Results for the Existing Levee Sections 

The annual probability of failure was assessed for the 19 sections under consideration. The analysis 
considered a design life of 1, 5, 10 and 20 years as required by CCC. Annual probabilities were estimated 
combining the likelihood of the hazard loading (ie. Floods, Tides and Earthquakes) with the likelihood of the 
adverse response (ie. Piping, Overtopping, etc) given the hazard loading that occurs. Annual failure 
probabilities for the existing configuration of the 19 sections under consideration are shown in Figure 18 and 
Figure 19. The contribution of each failure mode to the sections under consideration was also assessed and 
plotted in Figure 20 to identify the major contributor to the risk. The risk analysis results clearly show that 
the risk was dominated by flood overtopping with the sections having sandbags contributing the highest 
proportion of the risk. 

 
Figure 18 Avon levees seismic and tidal events total probability of failure for sections within 1, 5, 10, 20 year 
lifetimes 



 

 

 

 
Figure 19 Avon levees flood and tidal events total probability of failure for sections within 1, 5, 10, 20 year lifetimes 

 

 
Figure 20 Avon levees annual risk (lives/yr) for each failure mode and section location for floods and seismic events 

Societal and Individual Risk Profile of Existing Levee Sections 

The societal risk was calculated for the repaired stopbank and is presented in Figure 21 for the combined 
seismic and tidal events and floods and tides and for the seismic events and tides alone. The results 
indicated that the risk for floods coupled with tides significantly increased the risk to above the tolerable 
limit for which upgrade works were required.  

 



 

 

 

 
Figure 21 Avon levees societal risk for floods and seismic events 

The individual risk was calculated for each section under consideration, as shown in Figure 22, It was 
determined that Sections 6, 7, 8 and 12 were at or exceeded the ANCOLD limit of tolerability of 1E-4 
lives/annum.  

 
Figure 22 Avon levees individual risk 

Levee Upgrade Options and Risk Reduction Measures 

Given the highest risk was associated with floods overtopping the levees, the most significant risk reduction 
could be achieved by raising the stopbanks for floods up to the 1 in 200 AEP. The levee raise heights required 
to lower the risk to acceptable limits ranged from 40 mm to 460 mm. It was therefore recommended to raise 
the levees to at least these heights. 

The resulting societal risk after completion of the upgrade works is shown in Figure 23, which indicated that 
the risk was reduced to below the ANCOLD tolerable limit and further upgrade works should be considered 
based on the ALARP principle. The individual risk is also presented in Figure 24 showing that the risks were 
acceptable after upgrade. 



 

 

 

 
Figure 23 Avon levees societal risk after raising to prevent overtopping 

 
Figure 24 Avon levees individual risk for floods, seismic and tidal events after raising to prevent overtopping 

Sensitivity Analysis 

Given the extent of work required to achieve the lower risk profile to account for floods up to the 1 in 200 
AEP event, the CCC were keen to investigate whether lower flood immunities for the design life of either 1 in 
50 AEP or 1 in 100 AEP could provide acceptable risk levels. 

The following sensitivity analyses were, therefore, completed as shown on Figure 25. 

• Existing levee with removal of flood events greater than the 1 in 100 AEP from the analysis 

• Existing levee with removal of flood events greater than the 1 in 50 AEP from the analysis 

• Raised levees to the level required to prevent overtopping for 1 in 100 AEP events with analysis up to 

the 1 in 200 AEP flood 

• Raised levees to the level required to prevent overtopping for 1 in 100 AEP events with analysis up to a 

design flood of 1 in 100 AEP flood 

• Raised levees to the level required to prevent overtopping for 1 in 50 AEP events with analysis up to a 

design flood of 1 in 50 AEP flood 



 

 

 

 
Figure 25 Avon levees societal risk for sensitivity analysis 

The analyses clearly showed that reduction of the design flood AEP of 1 in 50 or 1 in 100 would achieve the 
required risk reduction similar to the risk with the raising required to achieve the 1 in 200 AEP flood 
protection. 

Conclusions 

The Avon levees (stopbanks) can be considered as being permanent for as long as they stand given that their 
construction material is very unlikely to degrade.  The temporary nature for the Avon levees was a function 
of the immediate need for the levees following the 2011 event and the limited area available for the 
construction of more robust structures. The embankments will stand for as long as they are not affected by 
seismic loading, overtopping or piping failure modes. The permanent sections will be more robust structures 
in areas not prone to the lateral spreading or bank slope failure. 

Management plans were developed for immediate actions, 5 year and 20 year periods. The failure escalation 
factors versus lifetime for Tidal and Seismic Events, as given on Figure 19 show that, in general, the long 
term likelihood of failure was not significantly increased after the first five years of operation.  The five year 
management plan was, therefore, to raise the embankments to prevent overtopping by floods or tides 
following seismic events while the 20 year plan included possible relocation of the stopbanks to permanent 
locations 

The Societal Risk for the Stopbanks confirmed the following: 

• The Societal risk was acceptable for the Seismic and Tidal events alone. This confirms that the original 

design intent to reduce risk for tidal events was achieved. 

• The Societal risk was well in excess of the ANCOLD Tolerable limit for the seismic, floods and tidal 

events up to the 1 in 200 AEP magnitude. 

• The levee sections at locations 6, 7, 8 and 12 dominated the risk profile and were locations where 

sandbags and reduced levee crest widths were used for the repairs.  

• The flood events dominated the risk and confirmed the need for prevention of overtopping failure of the 

stopbanks resulting from flood events. 

• A reduction of the design flood from the 1 in 200 AEP event to 1 in 50 or 1 in 100 AEP would achieve 

the required risk reduction similar to the risk with the raising required to achieve the 1 in 200 AEP flood 

protection 

• There was a significant increase in potential failure within the next five years following which the 

likelihood of failure was not significantly increased as evident from Figure 19.   



 

 

 

Application for Levee Design 

The following lessons learnt are appropriate for current levee design. 

• Use can be made of the “Piping Toolbox” (USACE et al 2008), together with the International Levee 

Handbook (CIRIA 2013) for the evaluation of the potential failure modes associated with levee design. 

• Careful consideration of the design life is required for both flood and seismic events to prevent 

overdesign while still maintaining an acceptable risk level 

• Evaluating the performance of a levee within a specific design lifetime when considering combining 

tidal and flood events requires careful consideration and must be mathematically correct. 

• Working around trees should be avoided where possible to mitigate piping failure modes associated 

with tree roots and overtopping for trees falling over. 

• Temporary works can often become permanent by nature of their construction materials as was the case 

of the Avon levees and careful consideration needs to be given this when conducting emergency repairs 
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