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ABSTRACT:  

A study was undertaken to assess the earthquake risk to the Greater Wellington Regional 

Council flood protection assets in case of a major seismic event on the Wellington Fault. 

The vulnerability of various flood protection assets to seismic damage for Hutt, Otaki, 

Waikanae, Porirua, and Wainuiomata river flood protection schemes was assessed. The 

assets included 40 km of stopbanks, outlet structures, rock lines, block lines, groynes, 

flood walls, training banks, detention dams. Potential failure modes, extent of potential 

damage to the flood protection assets and the post-earthquake consequences for flood 

protection were considered. Requirements for and cost estimates of the reinstatement 

works to return the flood protection schemes to equivalent level of flood protection were 

developed. The study was carried out using a GIS platform, and this also facilitated 

presentation of maps showing the assessed damage states for the flood protection assets. 

1 INTRODUCTION 

There have been a number of flood protection asset failures during earthquakes in New Zealand and 

elsewhere. It is expected that some damage can potentially be experienced by the flood protection 

assets in the Wellington Region subject to the construction/condition of the assets, the stability of the 

ground they are founded on and levels of seismic shaking. Opus International Consultants Limited 

(Opus) undertook a study to assess the earthquake risk to the Greater Wellington Regional Council 

(GWRC) flood protection assets in case of a major seismic event on the Wellington Fault. The assets 

covered by this study included Hutt, Otaki, Waikanae, Porirua, and Wainuiomata flood schemes. The 

Hutt River Flood Protection Scheme comprises: 24,481 m of stopbanks, 10 outlet structures, 1,288 m 

of training banks, 10,031 m of rock lines, 21 rock groynes and 327 m of block lines. Otaki River Flood 

Protection Scheme comprises 12,322 m of stopbank, 4 outlet structures, 2800 m of rock lines and 7 

rock groynes.  Wainuiomata, Porirua and Waikanae Flood Protection Schemes are smaller in size and 

altogether comprise 3,406 m of stopbanks, 5 outlet structures, 2 detention dams, 675 m of flood walls, 

1520 m of block lines, 1318 m of rock lines, 2 grade control weirs and 23 rock groynes. 

2 PAST RECORDED SEISMIC DAMAGE TO FLOOD PROTECTION ASSETS 

There have been a number of flood protection asset failures during earthquakes in New Zealand and 

elsewhere. On 2 March 1987 the Rangitaiki River Plains experienced a Richter Magnitude 6.2 

earthquake (1987 Bay of Plenty Earthquake). This was preceded by a series of foreshocks as big as 

Magnitude 5.2 starting on 23 February and was followed by several significant aftershocks. It was 

estimated that the main earthquake was centred within 10 km of the earth’s surface. Peak ground 

accelerations from 0.3g to 1.0g were estimated in the affected area. The earthquake caused reactivation 

of the Edgecumbe, Onepu, and Rotoitipakau Faults and several new surface ruptures ranging in length 

from 0.5 km  to 7 km.  Typically the north-western part of the rupture dropped relative to the south 

eastern. The largest displacement was near the centre of the Edgecumbe Fault rupture. This 

displacement was up to 2.5 m vertically and 1.8 m horizontally. The earthquake swarm caused 

extensive liquefaction of the young alluvial deposits within the plains. The evidence of liquefaction 
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included sand boils, cracking of river banks and movement towards the river (lateral spreading). 

Following the Edgecumbe Earthquake, 1 m to 2 m of the ground settlement was recorded extending 

from where the fault crosses the river to downstream of Edgecumbe. The settlement occurred 

gradually with time after the earthquake and at some locations was measured to be up to 7 mm a day. 

The earthquake caused extensive damage to the flood protection works on the river plains. All 

approximately 26 kilometres of stopbanks associated with major schemes in the area (the Rangitaiki – 

Tarawera River Major Scheme and the Whakatane River Major Scheme) sustained some damage. 

Following the earthquake, all the stopbanks along the river were inspected for damage and the 

following types of damage were observed (Wilshere, 1987): 

• Cracking of river berm areas, 

• Slumping of the stopbanks or movement/damage to floodwalls, 

• Transverse and longitudinal cracking of stopbanks,  

• Foundation failure of concrete walls, concrete wall failure, 

• Cracking of the ground on the landward side of the stopbanks, 

• Major failures of stopbanks in areas where the main fault line rupture crossed the river, 

• Existing protection works slumped into the river. 

Similar types of damage to flood protection assets were recorded during the January 17, 1995 

Hyogoken-Nanbu Earthquake in Japan (University of California at Berkeley, 1995). The earthquake 

was associated with a peak ground acceleration of approximately 0.2g to 0.3g in the area. 

Approximately 1.5 km to 2 km of stopbanks (which were up to 8 m high) on the south side of the 

Yodo River, the principal river in the region, experienced major damage in the form of extensive 

cracking and slumping. The damage was caused by settlement and spreading of the stopbanks over a 

liquefied foundation soil. Some sections of the stopbank settled almost half of their total height. The 

damage was less extensive for the stopbanks founded on denser non-liquefiable foundation soils. 

The river embankments along the Kushiro, Tokachi and other rivers suffered considerable damage 

including longitudinal and transverse cracks, slope failures and cave-ins during the Kushiro-Oki 

Earthquake of January 15, 1993 in Japan (Sasaki et al, 1995). 

There are also other reported cases of damage to flood protection works in large earthquakes.  It is 

expected that similar types of damage can potentially be experienced by the flood protection assets in 

the Wellington Region subject to the construction/condition of the assets, the stability of the ground 

they are founded on and the intensity and duration of earthquake. 

3 EARTHQUAKE RISK ASSESSMENT METHODOLOGY 

Standard methods for evaluation of earthquake damage to buildings, structures, dams and road 

embankments are well established (Applied Technology Council, 1985; EERI, 1989; HAZUS, 1999). 

For this project the earthquake losses were expressed in terms of the damage factor, where the damage 

factor is defined as follows (Applied Technology Council, 1985):                                         

Damage Factor (DF) = ( Dollar Loss / Asset Replacement Value) x 100%                                            

It was assumed for this study that the dollar loss can be estimated from the assessed repair cost to fix 

the earthquake damage. To our knowledge, there are no guidelines or recommendations for the 

assessment of earthquake damage to flood protection assets. Therefore, the following project-specific 

methodology was developed and implemented for this study:  

1. Develop classification of damage states for all flood protection assets giving a description of 

expected asset damage and repair cost. 

2. Develop asset-specific classification of vulnerability to seismic damage. Classify the assets 

into different classes using the vulnerability classification and information on the current 

condition of the assets. 
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3. Develop seismic motion – asset damage relationships for different assets or classes of assets 

where appropriate.  

4. Assess expected intensity of seismic shaking, potential for liquefaction and fault rupture at 

asset location based on the GWRC Seismic Hazard Maps. Assess damage factors due to 

seismic shaking, fault rupture and liquefaction. 

5. Calculate the total damage factor for the whole asset (e.g. flood wall, detention dam, etc.) or 

for a subsection of asset (e.g. a section of stopbank or a section of rock line). Map the assets 

and seismic damage to the assets.  

The above methodology is illustrated on the flowchart (Figure 1). 

4 SEISMICITY AND EARTHQUAKE SCENARIO 

The main fault sources in the Wellington Region are shown in Figure 2, and characteristic magnitudes 

and recurrence intervals given by Stirling (2000). The southwestern segment of the Wellington Fault 

(Wellington SW), which passes through Wellington City and the Hutt Valley, dominates seismic 

hazard in the most densely populated part of the region. The average recurrence interval for the 

Wellington Fault event is 600 years, which is less than half of the recurrence interval estimated for 

other faults. Movement of the Wellington Fault is also expected to result in subsidence of the Hutt 

Valley of approximately 1 m. This will obviously have major implications for the Hutt Valley 

drainage system and effectiveness of the flood protection system. The Wellington Fault event is 

expected to pose the biggest risk to the total portfolio of the flood protection assets because of its close 

proximity to the Hutt River scheme, which has the largest proportion of the assets, and its short 

recurrence interval compared to other sources. Rupture of the Ohariu Fault (see Figure 2) will cause 

more damage to the Otaki River, Waikanae River and Porirua Stream schemes, but its average 

recurrence interval is much longer, 2000 - 3500 years compared to 600 years for the Wellington Fault 

event. Therefore, the Wellington Fault Event Scenario was chosen for this initial study. 

The methodology and GIS data /systems developed for this study (with some adjustment) can be used 

for further seismic risk studies for other earthquake scenarios. 

Intensities of seismic shaking for the Wellington Fault scenario at the locations of the flood protection 

assets were assessed based on the GWRC Ground Shaking Hazard Maps (Wellington Regional 

Council, 1992a). The intensities of seismic shaking were assessed in terms of the Modified Mercalli 

Intensity (MMI) scale. 

5 DAMAGE STATES 

A common method used to characterise earthquake damage is to define “damage states” that provide 

qualitative measures of damage. The damage states were defined for each flood protection asset type 

based on the expected mode/degree of earthquake damage for the different asset types. The expected 

mode/degree of damage was assessed based on previous case studies (refer to Section 3), our estimates 

of potential earthquake damage for different assets and descriptions of various damage states given in 

ATC-13 (Applied Technology Council, 1985). The following damage states were defined for all the 

assets: “Slight”, “Moderate”, “Heavy”, “Major”, “Destroyed”. Damage states for various asset types 

were defined. Damage states for river stopbanks are given in Table 1. Similar damage states 

classifications were developed for other flood protection assets. 

6 VULNERABILITY TO EARTHQUAKE DAMAGE 

Vulnerability of the flood protection assets to earthquake damage was assessed based on the available 

information on the current condition of the flood protection assets. Stopbanks represent one of the 

main flood protection assets, and substantial amount of information on the current condition of the 

stopbanks was available from GWRC. This information enabled us to define five vulnerability classes  
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Figure 1. Damage State Analysis Flowchart 
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Figure 2. Active Faults in the Wellington Region. 

for the stopbanks, including: “Very low” (Class A), “Low” (Class B), “Moderate” (Class C), “High” 

(Class D), “Very High” (Class E). The stopbanks built of good quality well-compacted material, 

having flatter batters, smaller total heights and lower risks of failure due to river bank instability 

(wider river berm) were generally classified as having lower vulnerability classes.  Classifications of 

the vulnerability were also developed for other assets. The classifications include the ranges of 

damage factors that were developed in consultation with GWRC based on the estimates of the repair 

costs to reinstate the assets after earthquake damage and the asset replacement costs. The ranges of 

damage factor in the tables vary from 0 – 2% for the state of “Slight damage” to 60 – 100% for the 

state of “Destroyed Asset”. 

Table 1. Damage States for River Stopbanks 

Damage 

State 

Definition Damage 

Factor Range 

Slight Isolated instances of minor cracking (<20 mm). No effect on the stability of the stopbanks under flood. Some 

infilling of minor cracks may need to be undertaken as part of routine maintenance. 

0 - 2% 

Moderate Slight cracking and settlement or slumping (<100mm).  Some sections of stopbanks may fail under flood 

conditions. With emergency repair the stop banks can be relied upon to withstand flooding. 

2 - 15% 

Heavy More extensive cracking, settlement or slumping (few 100 mm's). Substantial lengths of stopbanks may fail 

under flood conditions. Most stopbanks can be repaired, but some sections may need rebuilding.  

15 - 40% 

Major Substantial cracking, settlement or slumping (few 100 mm's to 1000 mm). Most of the stopbanks cannot 

withstand flooding. Most of stopbanks need rebuilding but some stopbank sections can be repaired.  

40 - 100% 

Destroyed Widespread settlement and lateral spread (>1000mm). No stopbanks can withstand flooding. Total rebuild 

required. 

100% 
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7 SEISMIC MOTION – ASSET DAMAGE RELATIONSHIPS 

Published relationships are available for a large number of asset types (HAZUS, 1997; Applied 

Technology Council, 1985). However there are no models available for flood protection assets. 

Therefore, asset-specific motion-damage relationships for different asset types were developed for this 

study as follows: 

� Expected levels of earthquake damage (physical damage) to a particular asset type for a range of 

Modified Mercalli Intensities (MMIs) were assessed. Where engineering methods to assess 

damage were not available, the expected damage was assessed based on case histories of previous 

earthquake damage to similar assets. 

� The expected levels of physical damage (description/degree of damage) for different MMIs were 

then used to assess the damage state and corresponding damage factors based on the damage state 

tables. 

� The assessed damage factors were then plotted against the assumed intensity of seismic shaking 

(MMI) to give the motion – damage¸ i.e. damage factor, DF(S) as a function of the seismic 

damage intensity, MMI.  

For the stopbanks, five different MM Intensity – Damage Factor relationships were developed for the 

five different vulnerability classes (Figure 3). Motion – damage relationships for other assets were 

similarly developed. Additional damage due to liquefaction, fault rupture was considered separately. 

Stopbanks: Motion - Damage Relationship
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Figure 3. Motion – Damage Relationship. 

8 LIQUEFACTION POTENTIAL – ASSET DAMAGE RELATIONSHIP 

If the ground conditions at the asset location comprise potentially liquefiable soils, and these soils 

liquefy at an earthquake scenario considered, the degree of asset damage at this location will be 

substantially higher than that for assets founded on non-liquefiable ground. Additional damage due to 

liquefaction was assessed as follows: 

� The ground potential for liquefaction (non-liquefiable, low, moderate, variable, or high) at a 

particular asset location was assessed based on the GWRC Liquefaction Hazard Maps 

(Wellington Regional Council, 1992b). 

� Probability of liquefaction of the ground was assessed based on the expected intensity of seismic 

shaking and the assessed ground susceptibility to liquefaction at the asset location. A procedure 

similar to that described in ATC – 13 (Applied Technology Council, 1985) was used to assess the 

probability of liquefaction. 

� The additional damage factor due to liquefaction DF(L) was assessed based on the probability to 

liquefaction. 
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9 FAULT RUPTURE HAZARD – ASSET DAMAGE RELATIONSHIP 

Additional damage due to fault rupture was assessed as follows: 

� The location of the Wellington Fault was assessed based on the geological maps of the region. 

� Three zones with potentially different degree of damage due to fault rupture were identified as 

follows (Applied Technology Council, 1985): 

• Fault zone, 20 metres each side of the fault trace, within which the faulting is expected to 

happen and where most severe asset damage due to shearing of soils near the ground surface 

is likely to occur. 

• Drag zone, 100 m each side of the fault trace, where damage is mainly due to the drag 

(horizontal movement) or warping (vertical movement) and is less severe compared to that in 

the fault zone. 

• A zone distant enough from the ruptured fault (more than 100 m from the fault), where no 

additional damage due to fault rupture is expected. 

� The additional damage factor due to fault rupture in the Fault Zone [DF(FR)] was assumed to be 

100%, i.e. the asset is expected to be completely damaged (destroyed) even if damage purely due 

to seismic shaking or liquefaction is minor. The additional damage factor due to fault rupture in 

the Drag Zone DF(FR) was assumed to be 20%. These damage factors are generally consistent 

with recommendations of ATC – 13 (Applied Technology Council, 1985). 

The damage factor due to fault rupture DF(FR) is additional to shaking and liquefaction damage. 

10 ASSESSMENT AND MAPPING OF EARTHQUAKE DAMAGE 

Assessment of earthquake damage to the flood protection assets was undertaken in accordance with 

the study methodology described in Section 3.   The analysis was undertaken in a GIS environment. 

The outputs of the analysis include GIS maps showing the assessed damage states for stopbanks, rock 

lines, groynes, flood walls, weirs and detention dams for the flood protection schemes due to a major 

event on the Wellington Fault. An example of such map is given on Figure 4, which shows damage 

states of Hutt River stopbanks in Lower Hutt. Similar maps were developed for all the flood protection 

assets considered. 

11 REPAIR COST 

Appropriate repair of the damaged flood protection assets would need to be undertaken after an 

earthquake event.  The estimates of the repair work costs were developed as follows: 

� The assessed asset damage states were estimated from the analysis undertaken in GIS 

environment as described in the study methodology. 

� The repair costs were estimated based on the damage factors corresponding to the assessed asset 

damage states and the asset replacement costs as follows: 

Repair Cost = Asset Replacement Cost x DF(T) 

where the Asset Replacement Cost is the replacement costs supplied by GWRC, 

DF(T) is the total damage factor corresponding to the asset damage state shown on the GIS 

earthquake damage maps. The summary of the repair costs as a percentage of the replacement 

costs for each flood protection scheme and for all the schemes is given in Table 2. 
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Figure 4. Map of Damage States for Hutt River Stopbanks 

 

Table 2. Repair Costs 

Flood Protection Scheme Repair Cost as a Percentage of Replacement Cost (%) 

Hutt River 15 

Otaki River 10 

Waikanae River 16 

Wainuiomata River 18 

Porirua Stream 8 

 

12 CONCLUSIONS 

A methodology for assessing the earthquake risk to the GWRC flood protection assets has been 

developed and damage to the assets due to a major event on the Wellington Fault has been assessed.  

Repair costs have been estimated and summarised separately for each flood protection scheme in the 

Wellington Region. The Wellington Fault earthquake scenario considered is expected to cause the 

highest level of overall damage to the flood protection assets in the region due to close proximity of 

the fault to the Hutt River assets. Generally the repair cost for the flood protection schemes considered 

vary from 8% to 18% of their replacement costs.  

An Ohariu Fault earthquake event would cause more damage to the Porirua, Waikanae and Otaki 

assets, but the total damage is expected to be less, as the recurrence interval of this event is much 

longer (3000 years versus 600 years for the Wellington Fault event) and value of the assets in close 

proximity is smaller. 

Petone 

Lower Hutt 

Seaview 
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Post-earthquake flood risks could be considered based on modelling of floods assuming the damage 

level of the flood protection schemes given in this report. This will enable areas with high risk of flood 

to be identified and repair works to be prioritised.   A detailed post-earthquake flood management plan 

(including immediate, short-term and long term response measures) could be developed based on the 

modelling, risk assessment and prioritisation. This will enable the risk to the community to be 

considered and emergency preparedness and response plans developed accordingly. 

The seismic behaviour of the flood protection assets should be considered as part of new design and 

appropriate design measures to reduce potential for seismic damage should be incorporated. 

In some instances such as fault rupture or lateral spreading caused by liquefaction, little can be done to 

reduce the damage. In other instances flood protection assets can be designed to have a reduced 

potential for seismic damage. 
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