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Term Definition 
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Figure 1.2: Location of the proposed dam (previously named the Lee Valley Dam) site on the Lee River.  

1.2 Proposed Dam 

The project comprises the construction of a concrete face rockfill dam (CFRD) which will impound a 
13 Mm3 reservoir at normal top water level, and is located in the upper Lee Valley approximately 
200 m upstream of Anslow Creek. The Lee River is one of two major tributaries of the Wairoa River 
which drains the Richmond Range east of the Waimea Plains. The Wairoa River is then joined by the 
Wai-iti River, and together they form the Waimea River. 

The dam is located at Chainage 12,430 m (measured upstream from the confluence of the Wairoa 
and Lee Rivers). The dam would be approximately 53 m high and 220 m long at crest level. The 
location and layout of the dam is shown in Figure 1.3 below.   

The storage reservoir will have a top water level of RL 197.2 m and will extend approximately 3.7 km 
upstream of the dam. The arms of the reservoir will extend approximately 1 km into Waterfall Creek 
on the right bank, and 350 m into Flat Creek on the left bank. The reservoir may be drawn down to a 
minimum operating level of RL 166.5 m.  

The CFRD will be constructed from approximately 430,000 m3 of locally sourced rockfill. Appurtenant 
structures associated with the dam include a spillway and a diversion culvert, the latter to be used 
after construction to house the outlet works. 

The dam is classified as a high PIC (Potential Impact Classification) dam in accordance with New 
Zealand Society on Large Dams New Zealand Dam Safety Guidelines (NZSOLD DSG 2015). The dam is 
therefore designed to the highest standards currently applicable in New Zealand for dams. 
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1.4.4 Peer review 

The Principal has engaged a number of peer reviewers for the design of the Waimea Dam. WWAC 
initially engaged Montgomery Watson Harza (MWH) to independently review the Engineering 
Feasibility Report (T+T, 2009) (noting the feasibility design had already been peer reviewed by 
Engineering Geology Ltd). Subsequently Opus International Consultants Ltd (Opus) (now WSP) was 
appointed by WWAC as their peer reviewer for Stage 3 detailed design in mid May 2011. Ian Walsh 
(WSP|Opus) has remained as the peer reviewer for the Stage 4 detailed design.  

Table 1.2 summarises the delivery of key reports and meetings with the Principal, the peer 
reviewers, the date the peer review was received and the date of any response (if relevant). This 
illustrates the involvement that the peer reviewers have had to date with the design. In addition to 
the key documents listed in Table 1.2, there have been occasional email and telephone discussions 
between T+T and WSP |  Opus.  
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1.7 Site survey 

The design for the Waimea Dam is based on the following supplied topographical information: 

1 Light Detection and Ranging data (LiDAR) provided by New Zealand Aerial Mapping Ltd 
(NZAM), who also supplied ortho-corrected photos from digital imagery captured at the same 
time as the LiDAR on 18 May 2011. 

2 Ground survey data provided by Staig & Smith Ltd, undertaken progressively between 
February 2011 and March 2012. 

3 Additional ground survey data provided by Staig & Smith Ltd and undertaken in late 
2017/early 2018.  

All survey information used for design was supplied in NZTM coordinate projection and Nelson 
Vertical Datum 1955 (NVD1955).   

Comparison and ground verification of the 2011 LiDAR using the ground survey was undertaken by 
Staig & Smith Ltd in 2012. This assessment was repeated in January 2018 and generally confirmed 
that the 2011 LiDAR was in close agreement (in the order of ±100 mm) with the ground survey in the 
areas that were cleared of vegetation/forestry before the LiDAR was flown.   

However, in the areas that were not cleared before the LiDAR was flown, the reported difference 
between the LiDAR and ground survey was up to -100 mm to +1 m (i.e. the LiDAR surface is higher 
than the actual ground). The LiDAR survey was assessed by Staig & Smith Ltd to be sensitive to 
vegetation and post processing of the raw LiDAR has not accurately adjusted the finished surface 
levels in the heavily vegetated areas around the dam site. 

This assessment by Staig & Smith suggests that the ground surface model (digital elevation model, 
DEM) used for the Waimea Dam design may overestimate the ground surface (i.e. ground surface 
appears higher than it actually is) in the locations that are currently heavily vegetated and were not 
covered by the terrestrial survey. Specific locations of interest are the true right abutment of the 
dam and the lower chute/flip bucket area, and less excavation may be necessary in these locations 
that currently shown in the design. 

It is strongly recommended that the Contractor or the Engineer to the Contract undertakes another 
terrestrial survey of the entire dam site following full clearance and to enable the required design 
excavation volumes to be identified before commencement of excavation.   

T+T recommends that Staig & Smith is engaged prior to construction to assist in positioning of long 
term monitoring site benchmarks/monoliths. These can be used both during construction and for 
post construction dam safety monitoring. These are not required to be installed until construction 
and in our opinion would likely be disturbed or destroyed if installed prior to the vegetation 
clearance. 
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4 Flood hydrology 

4.1 Design flood hydrographs 

4.1.1 Summary 

Design flood hydrographs were presented in the Engineering Feasibility Report (T+T, 2009) along 
with a discussion of how they were developed. Further details can be found in that report. 

Design inflow hydrographs were developed to inform the spillway design and flood routing 
assessments. The design reservoir levels and spillway discharges during floods are based on these 
inflow hydrographs.  

The design inflow hydrographs were developed using the flood volume frequency analysis method 
for the Wairoa River at Gorge/ Irvines site record as translated to the Waimea Dam site. These 
estimates where then adjusted for potential future climate change. A calibrated rainfall runoff 
model (refer below) was used to derive the inflow hydrograph for the Probable Maximum 
Precipitation Probable Maximum Flood (PMP PMF) (which was adopted as the IDF).  

The routed outflow hydrographs were derived using a spreadsheet model from the inflow 
hydrographs, reservoir storage elevation curve, and the design spillway rating curve. 

A review of the updated flow records (i.e. additional records since 2009) and potential effects on the 
design flood hydrology was undertaken in February 2018 as part of the Stage 4 design. This review 
confirmed that the design flood hydrology developed during the Stage 3 design remains appropriate. 

4.1.2 Hydrologic records 

The feasibility study for the Waimea Community Dam was finalised in December 2009 (T+T Ref. 
24727.100) and hydrological design parameters, for both flood passage design and operational 
simulations, relied on flow records up to April 2008.  

Tasman District Council (TDC) installed a recording station on the Lee River upstream of the 
Waterfall Creek confluence (Site 57536, Lee at Waterfall Creek) and commenced flow monitoring on 
20 April 2007. The catchment area above the recording station is 65.3 km2, while the catchment area 
above the dam site, situated about 1.2 km downstream of the recorder, is 18.7% larger at 77.5 km2. 
Recorded flows in the Lee River were found to closely mirror the flows in the Wairoa River at the 
Irvines/Gorge recorder (Site 57521/Site 57502), which has a well-maintained continuous flow record 
from November 1957.  

The correlation between the Lee River and Wairoa River flows provided confidence that the limited 
data available at the time of the feasibility study (one full year of Lee River flows from April 2007 to 
April 2008) was adequate to reasonably define the catchment water balance and assess the long 
term mean flow at the dam site.  

The rainfall-runoff catchment model was developed and calibrated using event rainfall and flood 
data recorded at the Lee at Waterfall Creek site. 

4.1.3 Rainfall runoff model 

A catchment rainfall-runoff model was developed for the Waimea Dam site during the feasibility 
study stage (T+T, 2009). This spreadsheet model was calibrated using a number of recorded storm 
rainfall and flood hydrograph events for the Lee River and wider Wairoa River catchments. HEC-HMS 
(Hydrologic Modelling System developed by the US Army Corp of Engineers) was also used to check 
the spreadsheet model. 
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In the feasibility study, three storm events were used to calibrate the model: 23 May 2007, 22 
January 2008 and 24 November 2008. The calibration results gave a reasonably good fit between the 
predicted flows and the actual flows recorded at the Lee above Waterfall Creek recorder (refer 
Figure 4.1 and Figure 4.2 below). 

 
Figure 4.1: Model calibration results for rainfall event on 24 November 2008. 

 
Figure 4.2: Calibration results for rainfall event on 22 January 2008. 

4.1.4 Stage 3 validation of calibrated rainfall runoff model 

A significant flood event occurred on 19 January 2011, after the completion of the feasibility study in 
2009. This flood event peaked at 208 m3/s, which is only about 12% lower than the largest 
calibration event used previously, viz. the 24 November 2008 flood which peaked at 236 m3/s and 
represented an approximately 14 year ARI event.   

This flood event was selected as an appropriate independent validation event. The event rainfall was 
run through the original models and the parameters were adjusted to improve simulation of the 
hydrograph peaks for the both the events assessed in the original calibration process, and the recent 
validation event. The modelled peak flow for each event assessed in the calibration process is in 







http://www.ipcc.ch/
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Table 5.1: Mean one hour wind speeds 

Return Period (years) Mean Wind Speed (m/s) 

10 30.6 

100 36.9 

5.2.3 Wind generated waves 

The wave climate was assessed using theory developed by Young & Verhagen (1996). The extreme 
fully developed significant wave heights and hydrodynamics were calculated for the dam site 
assuming depth and fetch limited conditions and wind speeds as evaluated in Table 5.1.   

The main processes that have potential to affect the dam face are wind generated waves and wave 
run-up. Rock armour is typically used to protect the face of an earth dam and can serve to absorb 
some of the wave energy. The Waimea Dam has been designed with a concrete facing (with a slope 
of 1V:1.5H), thus it will absorb less wave energy and result in more reflection and run-up than a rock 
armoured face. 

Run-up is the vertical height of waves above the still water line. Run-up is calculated for different 
wave height probabilities (i.e. exceeded by x% of the incoming waves). Run-up was calculated using 
the methods developed by Delft Hydraulics and reported by van der Meer (1992) and incorporated 
in the method used by the USACE (2011). The method was developed from long crested wave data 
impinging head on to an impermeable slope.   

The run-up is dependent on the significant wave height, wave properties and the slope of the dam. 
Significant wave heights (Hs), Peak Period (Tp) and wave run-up above still water level at the dam 
face for the significant wave height and the highest 2% and 0.1% of waves (Rs, R2% and R0.1%) are 
presented in Table 5.2. Figure 5.1 provides an illustration of the wave climate. 

Table 5.2: Design wave climate at dam face 

Return period 
(years) Hs (m) Tp (s) Rs (m) R2% (m) R0.1% (m) 

10 0.28 2.07 0.38 0.56 0.72 

100 0.34 2.26 0.46 0.68 0.87 

 
Figure 5.1: Wave climate (sourced from Eurotop). 

200 year ARI 

 IDF 
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Under this scenario some overtopping over the parapet wall is likely. The wave is expected to pass 
safely under the spillway upper bridge deck.  

The wave height at the dam is less than for Scenario 2 below due to the orientation of the landslide 
relative to the dam. In this case the landslide is facing in the upstream direction. The wave height 
1100 m upstream of the landslide is estimated to be approximately 1.9 m. This height agrees with 
estimates based on empirical methods described by Pugh and Hubert (ICOLD, 2000). 

The wave period is deemed to be too long to produce a dynamic impact wave. Therefore the force 
on the parapet wall for this scenario is approximated as a hydrostatic force. No dynamic forces were 
calculated. 

Scenario 2:  

A maximum water level of 201.91 m RL was calculated at the right abutment of the dam. This 
equates to a wave height of 4.71 m above the NTWL, and 1.22 m below the top of the parapet wall. 
The wave period is approximately 8 seconds. Note that although the maximum water levels in the 
two scenarios are the same, this is a coincidence. 

The resultant wave heights were also calculated using empirical methods described by Pugh and 
Hubert (ICOLD, 2000) as a check on the model results.  The wave is expected to pass safely under the 
spillway upper bridge deck based on modelled water levels. 

Under this scenario some splashing type overtopping over the parapet wall is likely.  

Given that the wave period equates to approximately 8 seconds, forces from a dynamic impact wave 
on the parapet wall were calculated using the approach outlined in the USACE (1984) Shore 
Protection Manual Volume II. The calculated loading that may be applied to the wall as a result of 
the wave has been allowed for in the design of the parapet wall (refer Section 16). 

The landslide displacement wave was also routed through the spillway (on the true left) to check the 
resulting outflow hydrograph. The modelled peak discharge via the spillway was 68 m3/s (based on 
modelled overtopping water level of 199.3 m RL) which is approximately half the mean annual 
inflow flood. This means that the life safety risk is very low to itinerant persons who might be in the 
affected areas immediately downstream of the spillway and river channel. 
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Figure 5.2 and 5.3 Modelled landslide induced waves propagating through the reservoir for Scenarios 1 

(left) and 2 (right). 

The landslide displacement wave heights determined from the Mike21 modelling are not considered 
to be sensitive to landslide velocity given the modelling approach of changing the storage volume 
over a time step to approximate a landslide. The modelled wave results presented in this report are 
therefore influenced by the landslide volume rather than velocity. Upper bound estimates for 
landslide volumes have been used and therefore the analyses presented are conservative. 

5.5 Reservoir seiching 

A seiche is a standing wave in an enclosed or partly enclosed body of water such as a lake or 
reservoir. Earthquakes may induce seiches, as can climatic conditions on large lakes or reservoirs 
(such as the Great Lakes in the United States). The Waimea Dam reservoir is not considered large 
enough to warrant investigating climate induced seiching. Earthquake induced seiching is discussed 
below.  

Seiches arising from earthquakes have been noted at many lakes and reservoirs, over a number of 
centuries, and recently include the Chilean and Baja California earthquakes of 2010, as well as the 
2011 Tohoku earthquake. Hebgen Dam (a concrete core, earth embankment dam) in Montana (USA) 
was reportedly overtopped four times by seiche waves generated in the 1959 magnitude 7.3 
earthquake. This event caused the lake bed to be abruptly down dropped and warped causing lake 
oscillations lasting for some 12 hours. Despite the overtopping of the dam, it did not fail. Seiching 
may be significant in small water bodies such as ponds and swimming pools as the frequency of the 
seismic excitation is more often closer to the resonant frequencies of small bodies than lakes. 

The magnitude of the standing wave generated by an earthquake is dependent on two primary 
factors: 
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7 River diversion 

7.1 General 

The Stage 4 diversion works for the Waimea Dam have been designed by GHD, with integration into 
the permanent works design remaining with T+T. While the diversion works are designed and 
reported separately (GHD, 2018), this key component of the temporary works for the dam interfaces 
completely with the permanent works and is therefore also summarised in this report.  

T+T has not undertaken a formal peer review of the diversion works design prepared by GHD, and 
we strongly recommend to Waimea Water that peer review of this key component is undertaken 
in parallel with the permanent works design peer review. 

The Waimea Dam is an on river storage dam and therefore temporary diversion of the Lee River is 
required as part of the dam construction. The proposed diversion strategy has been developed in 
conjunction with the permanent work design as part of previous design stages.  

The purpose of the diversion works is to allow dam construction while achieving the following 
objectives: 

1 Safety - To adequately protect public safety during construction (in accordance with the 
NZSOLD Guidelines 2015 and other applicable international standards and precedents). 

2 Cost - To balance the cost of providing diversion capacity and the probable costs of losses 
incurred if that capacity is exceeded. 

Selection of the diversion arrangements and capacity to meet the safety objectives should be 
conservative and sets a minimum standard. Additional measures and design features may be 
incorporated above this minimum standard to manage construction risk and cost.   

The Stage 3 specimen diversion strategy was developed by T+T in conjunction with the permanent 
works design. River diversion is a key aspect of the temporary works for the dam, and it is essential 
that the temporary and permanent works designs are coordinated and integrated. The selected 
diversion concept in Stage 3 was a large twin barrelled reinforced concrete culvert placed in the river 
bed with a mass concrete starter dam, upstream coffer dam, diversion walls and reinforced rockfill 
on the downstream toe of the main embankment. Alternative arrangements were extensively 
explored and considered as summarised in Section 7.3.2 below. 

The Stage 3 design arrangements were intended to provide a workable basis for river diversion 
noting that refinement to specific details would likely be required to suit the specific methodology 
developed by the dam constructor (Contractor).  

A rigorous assessment process was followed in developing the diversion works arrangements as 
presented in the Stage 3 documentation. Further details of the concept development and 
assessment process are covered in the Stage 3 design report (T+T, 2012/2014). The previous work on 
hydrological and population-at-risk assessments resulting from construction diversion floods is 
covered in the Stage 1 design report (T+T, September 2011). 

The Stage 4 diversion strategy and design by GHD for the ECI Contractor (FHTJV) ultimately adopted 
a similar concept to the Stage 3 concept, albeit with some detail and sequencing changes, as 
discussed in Section 7.4 below.   

7.2 Design criteria 

The key design criteria adopted for the Stage 3 diversion works design was a diversion works 
capacity to safety pass up to and including the 1000 year ARI design flood (~500 m3/s). This diversion 
works standard was adopted based on the NSW Dams Safety Committee (Demonstration of Safety 
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present that could result in wedge failures and loss of support to the spillway chute wall. Failure of 
the spillway chute wall could result in flow on the dam (i.e. an extreme consequence).  

In addition to carefully planned and constructed excavations in this area, specific treatment 
measures are also specified including vertical dowel bars in the spillway chute, and provisional 
inclined dowel bars in the rock face. These dowel bars are nominally 6 m long at 2 m centres, as 
adjusted to suit the mapped cut surfaces (as mapped from the spillway cut). The spillway chute wall 
in this area has also been designed a free cantilever and does not rely on the rock batter for support. 
It is desirable however for the rock profile to be consistent with the spillway wall profile to offer 
support.  Provisional mass concrete backfill is also allowed for in the design. 
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because the maximum rockfill load that the culvert was exposed to already included for reservoir 
loads. 

 

 
Figure 9.1: Example bending moment diagram for the maximum height embankment (Plaxis model 

review Stage 4 output).  

Steel reinforcing has been determined using spreadsheet based calculations at the ultimate limit 
state.  Seismic combinations have been designed using over strength factors (refer to Table 9.2 
below for a list of design parameters). Sample calculations have been checked using the design 
software package spColumn v4.60. The derived longitudinal reinforcing requirements have been 
confirmed using both approaches. 

The concrete roof and slab elements (for the full height embankment section) fall within the 
category of "deep beams" as defined by NZS3101. A simple strut and tie truss analogy has been used 
to review shear and longitudinal steel requirements for these deep beam sections. The reinforcing 
required has been adjusted to take the worst case of the two methods. 

The culvert has not been designed as a water retaining structure (i.e. crack widths have not been 
assessed for criteria in NZS3106). This is because under normal operating conditions most of the 
conduit will not be retaining water as it is behind the concrete face. The downstream section of the 
culvert will retain up to 2 m of water height due to the seepage collection system (which maintains 
the water surface at least to 150.5 m RL, refer Section 24). The adopted design approach is 
considered appropriate given the relatively low water pressures, the heavily reinforced structure, 
and the presence of sump pumps at the downstream end of the chamber.   

It is expected that given the number of joints in the conduits that there may be some seepage into 
the conduit during operation. It is usual for tunnel projects (acknowledging that the conduit is a 
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Table 11.1: Typical Hydraulic Gradients in terms of Foundation Quality (reproduced from 
ANCOLD, 1991) 

Foundation Quality Acceptable Hydraulic Gradient 

Fresh 20 

Slightly to moderately weathered 10 

Moderately to highly weathered 5 

Highly weathered 2 

Table 11.2: Typical Hydraulic Gradients in terms of RMR (reproduced from Cruz et al., 2009) 

RMR Acceptable Hydraulic Gradient 

> 80 18 to 20 

60 to 80 14  to 18 

40 to 60 10 to 14 

20 to 40 4 to 10 

<20 2 (Generally handled by excavating to better material or providing a diaphragm wall) 

Table 11.3: Classification of plinth foundations (reproduced from ICOLD Bulletin 141, 2010) 

Foundation 
Type 

Erodibility Max 
Hydraulic 
Gradient 

RQD Weathering 
Degree (1) 

Consistency 
Degree (2) 

Discontinuities 
(3) 

Excavation 
Class (4) 

I Non erodible 18 >70 I to II 1 to 2 <1 1 

II Slightly 
erodible 

12 50-70 II to III 2 to 3 1 to 2 2 

III Erodible 6 30-50 III to IV 3 to 5 2 to 4 3 

IV Highly Erodible 3 0-30 IV to VI 5 to 6 >4 4 
(1) Weathering degree based on I for sound rock, VI for residual soil. 
(2) Consistency degree based on 1 for hard rock and 6 for friable rock. 
(3) Discontinuities based on weathered macro discontinuities per 10 m length. 
(4) Excavation classes are 1 for blasting, 2 for heavy rippers with some blasting, 3 for light rippers and 4 for dozer blade. 

The plinth foundation is expected to be moderately weathered to unweathered rock that is slightly 
erodible to non-erodible with a typical RMR value of 40 to 60 and an RQD of around 50. 

Therefore where the plinth is founded on rock, it has been designed for a maximum hydraulic 
gradient of 10, giving a maximum plinth width of 4.5 m. The minimum width is generally considered 
to be 3 m. The basic slab is detailed for a 3 m width with wider slabs constructed as an extension 
under the rockfill. The extension is reinforced and anchored and is designed to be poured at the 
same time as the rest of the plinth. 

Where the plinth does not provide adequate gradients for foundation defects, the clean-up is 
extended downstream of the plinth and further treatment is required. This treatment may include a 
reinforced shotcrete extension as directed on site to achieve the design hydraulic gradient. 
Foundation treatment is as noted in Section 8. 
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Table 13.1: Embankment material descriptions 

Zone Description Material description and design purpose 

2A Perimetric joint fine filter Processed sand filter to control potential leakage through the 
perimetric joint. 

2B Concrete face support 
Processed gravel or crushed rock that provides a relatively stiff 
support layer to the concrete face. Has a secondary function to 
reducing seepage from the concrete face. 

2BF Transitional filter between 
Zone 2A and adjacent 
Zone 2B and 3A  

Processed sandy gravel filter to provide filter compatibility between 
the Zone 2A material and the coarser rockfill layers downstream. 

2C River gravel River gravel placed behind the starter dam around the diversion 
culvert to provide increased stiffness. 

3A Rockfill transition zone 
Free draining rockfill obtained from slightly weathered to fresh rock 
excavated on site. Material grading to provide transition between 
finer face support material and the coarser bulk rockfill. 

3B Bulk rockfill zone Free draining rockfill obtained from slightly weathered to fresh rock 
excavated on site. 

3B(R) Rockfill in reinforced zone Larger sized rockfill placed within downstream reinforced rockfill 
(Temporary works design by GHD). 

3C Reinforced rockfill Select fresh large rockfill placed on the downstream shoulder of the 
downstream coffer dam (Temporary works design by GHD). 

3D Facing rock on 
downstream face 

Select fresh large rockfill placed on the downstream face to provide 
scour resistance.  

3E Quick rise berm 
Larger sized rockfill placed centrally in a thin zone during 
construction to enable the design construction flood level to be 
achieved quicker (Temporary works design by GHD). 

3F Toe berm and seepage 
control bund rockfill 

Lower strength rockfill placed on the downstream toe to form the 
toe berm for access to the outlet works, control building and fish 
pass inlet, and to form the seepage control bund for collection and 
monitoring of dam seepage. 

3G Reinforced rockfill facing Exposed rockfill on downstream reinforced face with a 200/80 
grading (Temporary works design by GHD).  

4 Coarse gravel drainage  

River gravel placed on the foundation under the downstream 
shoulder either side of the diversion culvert. River gravel is 
provided to facilitate collection of seepage and increase stiffness 
around the diversion culvert.   

Armour Rip rap armour stone 
Select large angular fresh rockfill placed on the downstream face of 
the toe berm to provide erosion resistance under tailwater 
conditions. 
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Figure 13.1  Waimea Dam embankment zoning. 

13.3.2 Zone 2A Perimetric joint filter 

Zone 2A is a fine sand filter used in small quantities immediately downstream of the perimetric joint 
and on jointed or sheared foundations downstream of the plinth. This, together with the adjacent 
Zone 2B material provides a high modulus fill directly behind the perimetric joint.  

Zone 2A needs to satisfy conventional filter criteria for retention of joint infill and shear material in 
the foundation. In practice, a concrete sand is widely used as a fine filter (ICOLD, 1994). The grading 
adopted for the fine filter is as per ICOLD Bulletin 141 Table 10 Alternative Gradation. The adopted 
grading envelope for the Zone 2A material is reproduced below in Figure 13.2.  

 
Figure 13.2: Zone 2A permetric joint filter design grading envelope. 

13.3.3 Zone 2B Concrete face support 

Zone 2B is a sandy gravel sized material with a maximum size of 75 mm that forms the outer 
upstream layer, upon which the concrete face slab of the main embankment is seated. It provides 
uniform support for the face slab and acts as a lower permeability layer to restrict leakage in the 
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Figure 13.4: Zone 2BF design envelope. 

13.3.5 Face protection kerbs 

The face of the relatively fine Zone 2B material requires protection from rainfall runoff and scour 
prior to placement of the face slab. Current practice generally uses concrete kerbs placed inside the 
concrete face slab as shown at Figure 13.5. In addition to protecting the Zone 2B material, the kerbs 
facilitate compaction of the Zone 2B material. 

The kerbs are a lean concrete mix that is extruded along the face of the dam following placement of 
Zone 2B. The height is the same as the Zone 2B layer thickness with the external face at the slope 
required for the face slab. An inclined internal face provides lateral support for the Zone 2B material 
during compaction. A 100 to 120 mm wide crest allows some overlap of the kerb for successive 
layers. 

ICOLD (2010) gives a typical concrete mix with 75 kg/m3 of cement, 19 mm maximum aggregate 
(1170 kg/m3), sand (1170 kg/m3), and 125 l/m3 of water, noting weaker mixes using 60 kg/m3 of 
cement have also been used recently. The reported typical extrusion rate is 40 to 60 m/hour. 
Concrete compressive strengths are around 2 to 5 MPa and Zone 2B can be placed and compacted 
against the kerbs as soon as one hour after extruding. 
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Figure 13.5: Kerb placement details. 

13.3.6 Zone 2C upstream support zone 

Zone 2C is an unprocessed sand-gravel and is anticipated to be obtained from the alluvial gravel 
deposits on site. Alluvial gravel typically has a much higher modulus than rockfill and for the Waimea 
Dam is specified to limit the deformation at the starter dam perimetric joint around the diversion 
culvert.  

The Zone 2C material is specified in a 12 m thick (horizontal) zone behind the starter dam and either 
side of the diversion culvert from the starter dam crest level down to the foundation level (sloping at 
1V:1.5H). Zone 2C extends on the true right to the rock abutment, and on the true left side of the 
diversion culvert extends horizontally for 5 m before transitioning down at a slope of 1V:1.5H to 
terminate approximately 15 m from the culvert wall. 

The Zone 2C material is covered by a 1.66 m thick layer of Zone 3A material, except where it is 
placed immediately behind the Zone 2BF transitional filter material on the starter dam crest.  

The adopted grading curve for the Zone 2C material is identical to the Zone 3A material (refer 
Section 13.3.7 below) as determined from filter compatibility checks with the adjacent Zone 2BF 
material. It is noted that a higher fines content may also be acceptable (of less than 10% passing the 
0.075 mm sieve).  

13.3.7 Rockfill (Zones 3A and 3B) 

The key design requirements for the rockfill are to provide durable, sufficiently strong, stiff and free 
draining material zones within the dam. Achieving these requirements for the Waimea Dam requires 
development of a placement and compaction methodology that achieves stiff well compacted 
rockfill, without resulting in undue breakdown of the rockfill clasts during compaction and low 
permeability.  

If the placed rockfill is not free draining, the key safety feature of the CFRD design is lost and internal 
drainage zones would be necessary (e.g. a central chimney drain similar to earth embankment 
dams).  

Stiff rockfill is highly desirable in the upstream shoulder supporting the concrete face to limit 
deflection and the potential for cracking of the face due to compression at first filling. 

Based on the investigations undertaken to date, and the design excavation modelling, it is 
anticipated sufficient suitable rockfill material will be available from the on site excavations. 
Significant excavation is required for the spillway and the better quality rockfill is anticipated from 
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where the downstream rockfill zones are placed in 1.6 m to 2.0 m layers and have a maximum rock 
size equal to the layer thickness. 

The rockfill available from the Waimea Dam site is much smaller than the usual specification 
outlined above (as determined from excavation trials and geotechnical investigations to date), and 
during Stage 3, the mesh design was adjusted to use a smaller mesh (Type 333 or equivalent with 
6.3 mm bars on a 75 mm grid). The smaller mesh approach has been developed for the Stage 4 
design by GHD. 

The Zone 3C material envelope specified by GHD requires a maximum size of 400 mm with 50% 
larger than 37.5 mm and no more than 5% passing the 2.36 mm sieve. The 300 mm thick Zone 3G 
material is placed over the Zone 3C material is a screened rockfill with a minimum effective diameter 
of 80 mm and a maximum size of 200 mm (to match the opening size of the mesh and to retain the 
rockfill during flow through conditions). 

Zone 3E is intended to be larger size rockfill for the quick rise berm. This zone is intended to enable a 
rapid increase in the embankment height to enable larger construction flood levels and flow through 
the diversion culvert without overtopping the embankment. This material is required to withstand 
flow through during the construction diversion and be compatible with the final dam design Zone 3B 
material (which requires free draining material).  

We have reviewed the reinforced rockfill aspects of the temporary works design in documentation 
supplied and the proposed arrangements appear to be compatible with the permanent works 
design. The compaction requirements for the reinforced rockfill shall be such that the design 
gradings are met post compaction and that the design strength and permeability criteria are met. 

13.3.9 Downstream rockfill Zones 3D and 3F 

Zone 3D provides a facing of stronger, larger sized material over the downstream face above the 
reinforced rockfill and is anticipated to be obtained by stockpiling larger rock in the quarry. This zone 
it intended to improve the scour resistance of the exposed downstream face. The rockfill sizes 
presented in the Specification are based on precedent rather than specific analysis.  

Zone 3F is intended to be the lower strength rockfill that acts as engineered fill form the toe access 
berm and to support the seepage control membrane. This zone is still required to be free draining 
but can be lower strength as it is not subjected to the amplification effects of the dam (i.e. lower 
seismic loads than the CFRD crest) and given its low height and wide crest (i.e. it is relatively stable). 
The stability of the toe berm is not critical to the overall dam stability, 

13.3.10 Zone 4 drainage gravel 

Zone 4 is a layer of coarse river gravel in the river section below RL 155 to provide drainage. It 
provides a source of high quality coarse drainage material in the initial stages of the construction 
when high quality rockfill material is expected to be difficult to obtain. Zone 4 has a higher 
permeability than the ripped or blasted rock and can also be used in the reinforced rockfill zones to 
provide a larger size material that will not be washed through the reinforcing fabric. 

The design grading envelope of the Zone 4 material is presented in Figure 13.8 below. 
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14 Embankment stability 

14.1 General 

The stability of the Waimea Dam embankment was assessed for a range of static and seismic design 
cases to quantify the design performance of the embankment. 

There are four components to the embankment stability assessments as summarised below and 
described in the following sections: 

1 Seepage modelling of water flow through the embankment to determine the internal water 
surface profile for use in the stability analysis (using Seep/W software). 

2 Calculation of slope stability based on: 
a Published information for material strengths and investigations undertaken for the 

Waimea Dam. 
b Limit equilibrium slope modelling to find yield accelerations and associated stability 

factors of safety (using Slope/W software). 
3 Calculation of potential earthquake induced slip displacements based on: 

a Pseudostatic limit equilibrium slope modelling to find yield accelerations as above 
(using Slope/W software).  

b Published empirical slip displacement calculation methods. 
4 Confirmation of the potential earthquake induced slip displacements using dynamic 

earthquake modelling based on: 
a Equivalent linear dynamic modelling for four time histories/accelerograms determined 

as being suitable for the site (refer Section 2 for details) (using Quake/W software). The 
modelling outputs include:  
i Calculated crest accelerations. 
ii Newmark sliding block displacement calculations. 

The assessed earthquake induced slip displacements at the dam crest are also relevant for the 
design of the parapet wall and crest ramp structures, and the concrete face. Separate analyses were 
undertaken to assess the displacements of the parapet wall and crest ramp structures relative the 
embankment crest (as sliding blocks) as described in Section 16.  

The detailing of the concrete face at the crest was developed to allow for displacement of the 
parapet wall relative to the crest only. Significant deformation of the dam crest would likely result in 
some cracking to the concrete face above the NTWL based on the analysis described in this section. 
Repair of the concrete face above NTWL is expected to be relatively achievable (especially when 
compared to hypothetical repair work lower down near the starter dam for example). Further details 
of the concrete face arrangements are presented in Section 15. 

14.2 Results summary 

The assessed embankment stability is consistent with the adopted design criteria, the NZSOLD 
Guidelines 2015, and international precedents for concrete faced rockfill dams. The static factors of 
safety range between 1.4 and 1.8 and are above the minimum criteria of 1.5 (usual) and 1.3 (post 
earthquake).  

The stability results give a range of seismic displacements that are within tolerable bounds for loss of 
freeboard and horizontal deformation (e.g. the parapet wall would remain on the dam crest 
following the SEE and aftershock events). The assessment shows that minor deformation during the 
OBE seismic events is possible but within acceptable limits (for minor repairable damage), and more 
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Figure 14.1: Shear normal strength functions considered for Zone 3B rockfill. 

Mohr Coulomb constitutive models were used for the face support material and filters (which are 
sands and sandy gravel materials), and which have negligible effect of the embankment 
performance. 

14.4.2 Properties for the dynamic analysis 

14.4.2.1 Shear modulus 

The small strain shear modulus (Gmax) is defined in the model according to the function and factors 
presented in Jia & Chi (2012). Figure 14.2 below presents the calculated Gmax vs effective stress 
function adopted for the Waimea Dam dynamic analyses. 
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Figure 14.2: Adopted small strain shear modulus function for Waimea Dam rockfill. 

Figure 14.3 below presents a function that can be used to calculate Gmax from measured shear wave 
velocity. When the actual shear wave velocity is measured in the final embankments this can be 
used to derive Gmax and compared with the function used (displayed in the above figure). 

 
Figure 14.3: Adopted small strain shear modulus to shear wave velocity function for Waimea Dam rockfill. 

The shear modulus reduction function (G/Gmax) used for the rockfill is presented in Figure 14.4 
below. The function was set to the best fit line for the testing data presented in Jia & Chi (2012) (also 
presented in Figure 14.4). 
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Grout curtain 0.05 2.6x10-7 1 

 

14.6.3 Embankment flow-through estimates 

Estimates of potential flow, and of the exit level of seepage on the downstream face have been 
made using the software package Seep/W. In cases 1 to 3 the reservoir is assumed to be at NTWL 
(197.2 m RL). 

Case 1 represents the construction flow-through case and assumes the concrete face has not yet 
been constructed and a large flood filled the reservoir up to 197.2 m RL. The assumed construction 
sequencing means that the Zone 2B (face support zone) is would be protected by the extruded 
concrete kerbs (which are installed progressively with each embankment lift/layer). However, the 
Seep/W modelling does not account for the concrete kerbs assumes Zone 2B acts at the primary 
seepage control (Zone 2B is designed to have a lower permeability than the rockfill zones).  

Case 2 represents the normal operation of the dam with minor seepage entering the dam from 
under the foundations and abutments. Case 2 is presented in Figure 14.6 below as an example of the 
Seep/W outputs. 

 
Figure 14.6: Seep/W model example showing base case seepage under usual operation (Case 2). 

Case 3 represents the post-earthquake flow-through case (e.g. following the SEE) (refer Figure 14.7 
below). In this case the permeability of the concrete face only was adjusted to be 100x more 
permeable than the value presented in Table 14.3 to approximate a damaged concrete face. 



90 

 
 

Tonkin & Taylor Ltd 
Waimea Dam - Stage 4 Detailed Design Report 
Waimea Water 

January 2019 
Job No: 27425.100.vIssue 4 

 

   
Figure 14.7: Seep/W model example showing base case seepage for post earthquake (Case 3). 

The Seep/W modelling results are summarised in Table 14.4 below. Of note is that the seepage may 
be used to offset residual flows required to be released through the dam outlet works. 

Table 14.4: Seep/W embankment flow-through results 

Case Permeability  Flow-through Seepage exit elevation 

Case 1, 
construction 
case 

Lower permeability 
(Table 14.3) 

1.1 l/s per m width 193 m RL 

Base (Table 14.3) 10.9 l/s per m width 193 m RL 
Higher permeability 
(Table 14.3) 

104.7 l/s per m width 193 m RL 

Anticipated 
permeability (Table 
14.4) 

12.8 l/s per m width 188 m RL 

Case 2, 
operational 
case 

Lower permeability 0.11 l/s per m width 151 m RL (seepage collection system) 
Base 0.13 l/s per m width 151 m RL (seepage collection system) 
Higher permeability 0.14  l/s per m width 151 m RL (seepage collection system) 
Anticipated 
permeability 

0.12  l/s per m width 151 m RL (seepage collection system) 

Case 3, post-
earthquake 
case 

Lower permeability 0.9  l/s per m width 185 m RL 
Base  3.1  l/s per m width 165 m RL 

Higher permeability  4.9 l/s per m width 151 m RL (seepage collection system) 
Anticipated 
permeability 

3.9 l/s per m width 151 m RL (seepage collection system) 

14.6.4 Construction cases 

14.6.4.1 Unravelling of the downstream face 

The potential for seepage to cause unravelling of the downstream face was investigated during 
Stage 3 for the construction case (Case 1) described in Section 14.8 using methods developed by 
Olivier (1967), Stephenson (1979) and Solvik & Skoglund (1995). With an unprotected rockfill face 
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The Design Criteria Report included a target seepage rate of less than 100 l/s. 

14.7.3 IDF static stability 

During the IDF (reservoir at 202.53 m RL), the base design seepage flow rate is 0.11 l/s/m and the 
phreatic surface is at approximately 156.6 m RL at the downstream shoulder. In this case the 
minimum slope stability factor of safety is 1.68 (for the average rockfill material properties) which is 
greater than the usual criteria of 1.5 (as per the NZSOLD Guidelines 2015). 

14.7.4 Construction flood static stability 

For the construction case where the embankment is complete but the concrete face is not yet 
installed, the base design seepage flow rate is 10.9 l/s/m and the seepage exits the downstream face 
at approximately 193 m RL. In this case the minimum slope stability factor of safety is approximately 
1.2. 

14.7.5 Post-earthquake static stability 

The static stability of the embankment under the full effect of flow through (e.g. following a large 
earthquake where damage to the concrete face occurs) was assessed. This assessment assumes the 
reservoir remains at NTWL (197.2 m RL) (i.e. prior to any intervention to drawdown the reservoir), 
and that seepage flows are as per the base permeability case. The results of this assessment are 
summarised in Table 14.5 below. 

Table 14.5: Static stability post-earthquake under flow through 

Case Stability criteria FOS 

Static stability (Base case rockfill strength) FOS >1.2 to 1.3 1.47 

Static stability (Lower bound rockfill strength) FOS >1.2 to 1.3 1.41 

Static stability (Upper bound rockfill strength) FOS >1.2 to 1.3 1.58 

The static stability post-earthquake complies with the NZSOLD Guidelines 2015 and is considered to 
be satisfactory based on this assessment. 

14.7.6 Summary 

The results of the static stability analyses are summarised in Table 14.6 below. All FOS meet the 
design criteria and are greater than 1.5 for static, 1.3 for the aftershock static case.  

Table 14.6: Static stability factors of safety 

Rockfill strength (1) Permeability (2) Usual case static 
FoS 

IDF case static FoS Aftershock static FoS 

Lower bound (R = 6) Base 1.58 - 1.41 

Base (R = 7) Base 1.72 1.68 1.47 

Upper bound (R = 8) Base 1.84 - 1.58 
(1) Rockfill strength is as per shear normal functions presented in Section 14.2.  
(2) The permeability scenarios considered are presented in Section 14.6. 
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Figure 14.10: Earthquake induced deformations of rockfill dams. 

Bureau et al (1985) report that the 67 m tall Minase CFRD Dam in Japan, settled around 60 mm in 
the 1964 magnitude 7.5 Niigata earthquake. This is of a similar order to the settlement expected for 
the Waimea Dam due to an OBE event. Minase Dam reportedly suffered only minor joint damage 
and leakage from the dam increased for a period of a few days before returning to normal. The dam 
has been shaken by several other earthquakes since, but no other damage is reported. Minase dam 
was constructed from dumped and sluiced rock fill, so we would expect better performance with a 
modern compacted rock fill dam such as that proposed for the Waimea Dam.  

The New Zealand Dam Safety Guidelines (NZSOLD, 2015) allow for some minor repairable damage at 
OBE level shaking. Cruz et al (2010) recommend the OBE design criteria as damage that can be 
repaired whilst the dam is still operational. Thus, for the Waimea Dam we have not endeavoured to 
eliminate the risk of minor damage at OBE level shaking. Based on the published information 
available, the expected Waimea Dam OBE and SEE deformations reported above are considered to 
be within tolerable limits for a CFRD dam.  

The concrete face joints have been developed by precedence not by specific design, as is usual for 
CFRDs. We are not aware of any successful joint designs (using numerical analysis) for seismically 
induced movements. However, appropriate detailing of the joints is undertaken to provide some 
ability to move. Furthermore, the movements expected to occur during first filling of the reservoir 
are likely to be greater than those caused by an OBE event. These details have been tested in service 
on other CFRDs and we therefore consider them appropriate for the Waimea Dam.   

14.11 Discussions and conclusions 

The permanent deformations estimated are of an order that would not be expected to compromise 
the dam function at the OBE level. The displacements estimated (10 to 35 mm maximum) would be 
expected to be accommodated by the dam structure and result in little, if any, significant damage. 

At the SEE level event, the permanent deformations estimated (300 to 500 mm maximum) would 
likely contribute to damage to the embankment structure, with cracking in the dam face, and in the 
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parapet wall. It is expected that extensive damage of the box culvert would also occur. The damage 
associated with the permanent deformations would not be expected to be sufficient to compromise 
the required performance of the embankment immediately following the seismic event. They are 
likely to compromise the performance of the embankment and the dam appurtenant structures such 
as the spillway and access bridges to the extent that repair, potentially of a very significant nature, 
would be required for the embankment to remain in service. It is possible that decommissioning of 
the dam would be required. 

It is of note that the SEE event is a devastating earthquake that would cause widespread damage 
and destruction of homes and infrastructure in the region. It may be many weeks or even months 
before significant repairs could be undertaken and as such it is likely that should the outlet works be 
functioning that the dam would require to be dewatered following such a significant event. 

The additional permanent deformations that are estimated to result from the adopted aftershock 
event (a further 100 to 200 mm), are of a magnitude that would not be expected to result in an 
uncontrolled release of water from the reservoir following an SEE event. 

This however does not imply the standard response measures employed to secure the embankment 
following such an event would not be required.  
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The design peak crest accelerations used for the parapet wall stability analyses are derived from the 
empirical Makdisi & Seed (1979) method as per Table 14.8 in Section 14 above. 

The bearing pressures and rockfill capacity underneath the parapet wall were also considered for 
completeness as per MBIE Module 6 (2017). 

16.2.3 Strength 

The structural design for the parapet wall and crest ramp was undertaken in accordance with 
NZS3101 and MBIE Module 6 (2017). 

The wall stems at the tie rod locations are designed as an integral beam with the tie rods as 
supports. The rockfill loads are applied to the wall stems using static and pseudostatic methods for 
the Zone 2B rockfill parameters summarised in Section 14. 

Longitudinal (horizontal wall reinforcement) and shear steel designed have been designed for beam 
actions.  

The wall design was checked as being cantilevered for construction loads (compaction pressure from 
a 12 tonne roller applied to whole height of the wall up to the anchor level) assuming the anchors 
are not in place. 

16.3 Description 

The parapet wall is approximately 4 m high and has a 4.55 m wide base slab. The width of the base 
slab has been determined using software GWALL as the minimum width required to prevent 
overturning during the SEE (i.e. with a factor of safety FOS = 1).   

The wall stem has a vertical face and tapers from 350 mm thick at its base to 200 mm at its crest. 
The stem is designed to be precast or cast insitu in 7.5 m long sections. The vertical joints between 
the walls feature concrete shear keys with waterstop (precast) or sleeved dowels with PVC water bar 
(cast insitu).  

The wall base is a 400 mm thick slab. The slab extends 550 mm upstream of the stem. The slab will 
be cast in situ, and sits on the concrete face extension and thickening at the upstream and otherwise 
on the compacted Zone 2B and Zone 3A rockfill. A vertical tear web shaped water bar is cast into the 
concrete face extension and the base of the parapet wall to provide seepage control at this 
interface. 

The adopted connection detail between the base of the parapet wall and the concrete face is 
consistent with international precedents for CFRD in high seismic environments. Specific precedents 
include the Potrerillos Dam in Argentina (constructed between 1999 and 2003). 

16.4 Stability analyses results 

A summary of the parapet wall stability analyses results is presented in Table 16.1 below. The 
seismic stability calculations include a duration reduction factor of 0.5 for overturning consistent 
with pseudostatic retaining wall design (as per MBIE Module 6 and Eurocode guidance).  
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Table 17.2: Key flood routing results1 

Flood Event 
ARI (years) 

Duration 
(hours) 

Peak 
inflow 
(m³/s) 

Peak 
outflow 
(m³/s) 

Flood Rise 
(m) 

Freeboard
2 (m) 

Top WL 
(m RL) 

2.33 (MAF) 48 210 179 1.89 3.74 199.09 

5 48 268 239 2.21 3.42 199.41 

10 48 314 285 2.45 3.18 199.65 

20 48 359 330 2.67 2.96 199.87 

50 48 416 388 2.93 2.70 200.13 

100 48 457 427 3.09 2.54 200.29 

200 48 502 472 3.28 2.35 200.48 

1,000 48 601 568 3.67 1.96 200.87 

10,000 48 742 708 4.17 1.46 201.37 

PMF (IDF) 48 1094 1058 5.33 0.30 202.53 
(1) All routing runs assume an initial reservoir level at NTWL. 
(2) 300 mm camber (for settlement) excluded from freeboard assessment. 

 
Figure 17.1: IDF flood routing. 
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Figure 17.2: 200 year ARI routing. 

 
Figure 17.3: Mean Annual Flood routing. 

Design routing runs use the reservoir storage elevation curve shown in Section 2 and incorporate an 
ogee weir rating curve based on the Tillegra Dam spillway physical model study results presented in 
Figure 17.4. Approach channel velocities are accounted for in the weir discharge rating curve. 
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Drawdown calculated using HEC-RAS in the same vicinity are less, being 0.63 m and 0.22 m for the 
IDF and 200 year ARI flows respectively. The differences may be explained by the inability of HEC-
RAS to accurately calculate the brink depth at this location and also the influence on the model of 
the deeper water on the right hand side of the approach channel upstream of the weir.  

Both the above methods predict an IDF water surface drawdown clear of the soffit level of the 
bridge over the spillway. 

17.6 Ogee weir 

17.6.1 Hydraulic design 

The weir at the upstream end of the spillway chute is shaped based on the details derived from the 
hydraulic model study performed by the Manly Hydraulics Laboratory (2009). The weir is a USBR 
type ogee shaped weir, which is commonly used on dam spillways around the world and in New 
Zealand.  

To access the dam crest, a bridge across the spillway is necessary. To reduce the span length and 
cost of the bridge a 0.75 m wide central pier is included in the spillway. The spillway chute walls 
slope at 1.5V:1H.   

The weir is 40 m long as measured along the axis of the dam crest. The effective hydraulic length of 
the weir is 41.89 m. The variation from the axis length is due to extra width from the sloping chute 
walls, and the reduced width due to the pier, and abutment losses.   

The weir crest level is 197.2 m RL (NTWL) with a minimum approach depth of 2.5 m. During the 200 
year ARI design flood, the design peak outflow is 472 m3/s with an operating head of 3.3 m (based 
on a coefficient of discharge, Cd of 1.90). During the IDF, the design peak outflow is 1058 m3/s with 
an operating head of 5.33 m (based on a coefficient of discharge, Cd of 2.05).  

The weir spillway rating curve is shown in Figure 17.4. This weir rating curve was checked against 
ogee crested weir equations presented in EM1110-2-1603 and found to be in close agreement. 

 
Figure 17.4: Ogee weir spillway rating curve. 

The underside of the upper bridge over the spillway at the ogee location is set to 203.04 m RL. This 
level is approximately 500 mm above the IDF water surface before drawdown and approach velocity 
affects are accounted for (i.e. the actual water surface profile at the bridge may be less than the 
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Figure 17.5: Comparison of methods for estimating hydraulic pressures in the flip bucket. 

17.8.4 Stability assessment 

Two load cases were investigated for stability against overturning and sliding. The IDF flow without 
seismic acceleration and with the reservoir at NTWL coupled with an SEE event. This analysis allowed 
for the formation of negative pressures on the spillway crest due to operation above the design flow 
as shown on Table 17.4 below. 

Table 17.4: Flip bucket stability results 

Load Case Overturning Sliding 

FoS  Resultant location FoS  

IDF 1.74 Within middle third of base 20.6 

NTWL with SEE 2.39 Within middle third of base 12.4 

The estimated maximum pressure exerted on the bedrock supporting the flip bucket is 80 kPa. The 
resultant is located at the downstream edge of the flip bucket foundation. The maximum bearing 
capacity of the rock was estimated at 30 MPa using a method described by Bowles (1996). Thus, 
notwithstanding unforeseen conditions, based on interpretation we expect that there is adequate 
capacity in the rock to support the pressures exerted by the flip bucket. The foundation of the flip 
bucket will require inspection during construction and if necessary defects treated/over excavated 
and backfilled with mass concrete. 

The area immediately downstream of the bucket will be subject to frequent flows, lower than the 
design level, that do not sweep out and become airborne. During these low flows there is potential 
for erosion and undermining of the flip bucket. As such it will be protected with a 0.3 m thick layer of 
concrete downstream of the flip bucket. 
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long term that this may eventually be undermined and the lining will start to break-up. Given the 
high cost of preventing this from occurring now we consider it appropriate that this is best 
addressed during operation and maintenance over the design life of the project. 

Future works may involve inspections by divers and if considered appropriate, filling scour holes with 
concrete or rock armour. The timing of future maintenance will depend on frequency of flood events 
in the river. 
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Furthermore, to adopt the bridge manual requirements in their full extent would result in a more 
conservative and therefore expensive design.   

The selected design vehicle is a six wheel, 11 m long truck with an 8.2 tonne axle load in accordance 
with the Design Criteria Report (T+T, 2011). This size of vehicle would be suitable for transporting 
materials that might be required for most future maintenance of the dam, outlet works and the 
provisional power station e.g. aggregate, valves, portable generators, compactors, small excavators 
(around 1- 8 tonne size) etc.   

Whilst the design vehicle is a three axle, 11 m long truck with an 8.2 tonne design axle, we have also 
considered a single HN (maximum legal weight limit vehicle) vehicle (not acting concurrently with a 
UDL) on any given span of the bridge and a small mobile crane. The bridge design has adequate 
capacity for these alternative vehicle loadings at crawling speeds.  

We recommend however that any vehicles that are not consistent (larger or heavier) with the 
agreed design vehicle shown in Figure 18.1 should be assessed on a vehicle by vehicle basis prior to 
use. 

Figure 18.1 shows the key dimensions of the design vehicle. 

 
Figure 18.1: Waimea Dam design vehicle for bridge design. 

Should larger or heavier vehicles are required to gain access across either of the two bridges, then 
temporary support could be provided to the bridges. The temporary support would need to be 
designed appropriately for the loads under consideration. It is expected that temporary support of 
the bridges will be necessary during construction. 

An alternative live load to the design vehicle has also been considered. This is a uniformly distributed 
load (UDL) of 5 kPa. This UDL is greater than what is specified for the UDL portion of HN loading in 
the Bridge manual, but is consistent with NZS1170 for UDL's in car parking buildings (bridges fall 
outside the scope of NZS1170). We therefore consider it appropriate for these bridges. 

The design does not consider the UDL and vehicle load to act concurrently. 

A dynamic load factor of 1.22 has been applied to the design vehicle to account for the impact of the 
vehicle moving across the bridges. The factor has been derived using the approach outline in the 
Bridge Manual. A dead load factor of 1.2 and a live load factor of 1.5 have been adopted in analysis 
and design. 

No overload element has been considered in the design of these bridges. 
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18.3.6 Mass concrete block 

The true right abutment of the upper bridge features a mass concrete block to support the bridge 
and provide a transition to the adjacent crest ramp. The mass concrete block also includes an 
upstream curved build out to provide a more hydraulically efficient transition around the corner into 
the spillway (refer Section 17 for additional details).  

The geometry of the mass concrete block is relatively complex given the geometric constraints and 
excavation profile in this area. The design intent is to leave in situ as much suitable rock as is 
practicable and pour the mass concrete over the prepared surface to obtain the design finished 
levels.  

The stability of the mass concrete block has been assessed for range of design cases (static, flood 
and seismic) and the assessed stability against sliding and overturning is within the design criteria for 
concrete dam stability as per the NZSOLD Guidelines 2015. 

18.3.7 Fall protection and guardrails 

Upstand kerbs are provided to prevent vehicles from falling off the bridge. These kerbs are 300 mm 
wide by 300 mm high and include cast in 50 mm diameter PVC pipe drain holes at 500 centres. The 
pipes will require regular clearance of silt and debris. 

Side mounted handrails (CSP Pacific Nu-Guard PVB or equivalent) with galvanised steel barriers (CSP 
Pacific Bridge Flexi-Rail W-beam barrier or equivalent) are provided on the bridges.  

Galvanised steel crash barriers (CSP Pacific Highway Flexi-Rail W-beam barrier or equivalent) are 
provided at the bridge approaches. The barriers flare out at the terminations to a standard curved 
trailing terminal installation, except for the true right abutment of the upper bridge where the crash 
barriers continue to the crest ramp wall (upstream) and extend along the entire length of the dam 
crest (refer Section 21 for further details on roads).  
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20 Outlet works 

20.1 Description 

The outlet works comprise intake screens, pipework and valves. There are two intake structures, one 
a high level intake at RL 185 m and the other a low level intake at RL 166.5 m. The intake levels and 
need for two outlets was adopted previously based on the recommendations for water quality 
management from Cawthron (Dec 2009).  

The main features of the outlet works are summarised in Table 20.1 below. The detailed design of 
the M&E works associated with the outlet works (excluding the intake screens) will be reported on 
by WSP|Opus in a separate document.  

Table 20.1: Outlet works summary 

Parameter Value Comment 

Number of 
outlets 

2 Two outlets required high level and low level. 

Flushing flow  5,000 l/s Flushing flow (occasional releases) may be required through a single outlet. 

Irrigation flow  2,230 l/s Maximum forecast downstream release. May be through one or both outlets. 

Environmental 
release flow 
 

510 l/s To meet minimum residual flow. May be through one or both outlets. 

Minimum 
operating 
water level, 
upper intake 

RL 185.0 m Based on requirements for upper intake in Cawthron report No. 1701, Dec 
2009. 

Minimum 
operating 
water level, 
lower intake 

RL 166.5 m Based on requirements for lower intake in Cawthron report No. 1701, Dec 
2009. 

Intake Screen - To protect the downstream pipework and valves by preventing debris from 
entering the pipework. Also to provide protection to aquatic life by limiting 
the bar spacing and approach velocity.  
The intake bellmouth level is set below the minimum operating water level to 
prevent vortices forming and air being drawn into the pipework.  
The removal of the screens is intended to be achieved by winching the intake 
structure up the face of the dam or by flotation by divers.  

Inclined Intake 
Pipework 

1,000 mm 
diameter 
steel 
 

The pipework design is based on epoxy coated and lined spirally welded steel 
pipework, bends and fittings. 
Steel pipework has been selected as it has less specialised manufacturing 
processes, and also provides the additional flexibility of being able to weld 
components together, either on-site or in the factory using routine 
techniques.  
The minimum diameter of the pipeline was determined by consideration of 
the maximum velocity through the primary isolation valve (see below) and to 
minimise erosion in the long radius bends at the base of the dam / inlet to 
conduit. For simplicity the diameter of the inclined intake pipework has been 
sized to be the same as the long radius bends and to reduce the long term 
internal erosion of the, difficult to access, pipework. 



138 

 
 

Tonkin & Taylor Ltd 
Waimea Dam - Stage 4 Detailed Design Report 
Waimea Water 

January 2019 
Job No: 27425.100.vIssue 4 

 

Minimum wall thicknesses are recommended based on requirements of 
internal pressure, shipping, handling, buckling, impact loads and robustness. 
The removal and adjustment of the inclined intake pipework can be achieved 
by use of divers and winching the individual pipe lengths up the face of the 
dam or by flotation. 

Primary 
Isolation Valve 
 

1,000 mm 
diameter 
butterfly 
valve 
160 m 
pressure   
rated 
(PN16) 

Required to isolate the pipeline and valves in the conduit to allow 
maintenance of these items. This needs to be located as far upstream as 
possible in the conduit to minimise the risk to the conduit and dam caused by 
the pressurised pipework. 
A wedge type gate valve is the most secure and robust valve option as it has 
two separate sealing faces and the physical arrangement does not allow the 
gate to be dislodged. 
The valve sizing is based on the recommended maximum velocity from a 
reputable valve supplier. 
The valves are recommended to be electrically actuated to allow the valves to 
be remotely opened and closed without the need to access the upstream end 
of the conduit. The electric actuators will also provide a method of shutting 
the primary isolation valves in an emergency, should a major leak 
downstream of the valve prevent safe access to the valve actuator. The valves 
will also be capable of manual operation. 
The primary isolation gate valves will be provided with a small bypass valve to 
balance the upstream and downstream pressures on the gate valve to aid the 
operation of the gate valve.  
The valve is in a difficult to access location and will be difficult to maintain 
and remove (if needed). It is therefore critical that a high quality valve is 
installed and thoroughly tested and witnessed at the factory.  

Conduit 
Pipework 

1,000 mm 
diameter 
steel 
 

The pipework design is based on epoxy coated and lined spirally welded steel 
as for the inclined intake pipework. 
To minimise the downstream pipework costs, a smaller internal diameter 
pipework is proposed downstream of the primary isolation gate valves. This is 
an area that can be more easily maintained through the use of the primary 
isolation valve. 
The pipework will be provided with air valves so that air can be released 
during filling and drawn in during emptying and to ensure that vacuums are 
not formed. 

Fixed Cone 
Valves 

850 mm & 
350 mm 

The fixed cone valves are required to discharge the downstream releases in a 
controlled and adjustable manner. Other valve options are possible but tend 
to be more expensive. 
The valves are sized to pass the flushing flow under the minimum gross head, 
i.e. at the minimum operating level. Both fixed cone valves are proposed as 
the same size to ease maintenance and operation. 
The valves are capable of operation over a wide range of opening and 
therefore allow for a good range of flow mixing from either intake. 
The valves are sited at the downstream end of the conduit and may need a 
hood to ensure the discharge envelope lands within the downstream channel. 

20.2 Design basis 

20.2.1 Standards and references 

The electrical and mechanical components of outlet works are designed by WSP|Opus as reported 
separately. The intake screens are yet to be designed and may be a specific design or an off the shelf 
proprietary system procured by the Waimea Water to the performance criteria set by WSP| Opus. 
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outlet in Hamilton (Photo 22.1 below), the AMTA stream diversion (Photo 22.2 below) and the 
Brooklyn power station dam site in Motueka (Photo 22.3 below). 

 

 
Photo 22.1: Rock lined channel fish pass example (Lake Magellan, Hamilton). 

 
Photo 22.2: Rock lined channel fish pass example (AMTA Stream diversion). 



http://www.motuekaonline.org.nz/history/stories/081012h1.html
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Channel roughness was estimated based on the US FHWA HEC11 method for grouted riprap, and 
compared with the estimate roughness (as derived from known channel geometry and estimated 
flow and flow depths) from the constructed Lake Magellan fish pass as a check.  

A design flow rate of up to 12 l/sec is adopted for the water supply system on the basis that up to 2 
l/sec may spill down the flushing box (i.e. design flow is based on the channel flow with an allowance 
for losses). 

22.3 Description 

22.3.1 Overall 

The Waimea Dam fish pass consists of inlet arrangements located downstream of the dam outlet 
works on the true right bank of the channel, a triangular shaped concrete channel with embedded 
angular rock up the true right abutment contact to the dam crest, a flushing box on the crest, and a 
discharge pipe through the parapet wall and down the upstream face of the dam to below minimum 
water level with multiple slots to enable fish to exit over the full operating range. 

22.3.2 Inlet 

An important aspect of the selected fish pass design is the ability of the inlet to attract the target 
species and encourage them to enter the fish pass channel. Sufficient flow of suitable quality and 
volume must be provided at the inlet to the channel in order to attract the fish (e.g. so that they will 
find the entrance to the fish pass). 

As part of the Stage 3 design and following discussions with Cawthron, Fish & Game and WWAC it 
was agreed that the exact location of the outlet should be decided once the dam is constructed and 
monitoring is implemented. This is also a requirement of the resource consent (Condition 115).  

The Stage 4 design has been prepared on this basis and the location of the inlet as shown on the 
Drawings is subject to confirmation at the end of construction. It is noted that construction of the 
rest of the fish pass is possible concurrent with dam fill placement. 

The inlet structure features a 13 m long 1 m wide by 2.2 m high upstream concrete weir as an 
intentional barrier to discourage fish from migrating past the fish pass channel entry. The upstream 
weir features an overhanging plate (230 mm wide mild steel flat bolted to the crest) to discourage 
fish from passing over the weir. The crest level is lower near the sump (set based on the residual 
flow) (1 m long flat section) and inclined at 1V:3H towards the true left of the channel. This 
arrangement is intended to concentrate flow near the inlet to the fish pass channel to encourage 
fish towards this location.  

The weir crest level is approximately 0.2 m above anticipated flushing flow (5 m3/s) tailwater level. 
The tailwater levels under usual operation (residual flow of 510 l/sec) and peak irrigation release 
(2,230 l/sec) are 0.7 m and 0.4 m respectively. The weir is likely to become drowned (i.e. lose its 
effectiveness as a fish barrier) above the mean annual flood event. 

The weir was designed in accordance with the standard weir design formula and crest discharge 
coefficients as per USBR Design of Small Dams. The stability of the weir was assessed as per the 
NZSOLD Guidelines 2015. 

The concrete sump located downstream of the weir is formed from an enclosing nib wall to give a 
0.5 m deep and 1 m by 1 m sump. The function of this sump is to provide a pool during low flows to 
encourage to fish to enter the fish pass channel. The fish pass channel invert is set to match the base 
of the sump.     
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22.3.3 Channel 

The open channel section consists of a triangular reinforced concrete channel with a single side 
slope of 1V:10H and embedded angular rocks at 100 mm spacing. The angular rocks are between 
200 and 100 mm effective diameter and are to be placed into the fresh concrete using rubber 
mallets or similar.  

The channel allows for up to 200 mm of flow and features nib walls on either side to contain the 
flow. The required minimum channel depth varies depending on slope and the adopted channel 
geometry allows for a nominal freeboard above the design water levels, noting the actual flow depth 
is highly uncertain. The fish pass provides for a wetted margin for climbing in the steep sections and 
swimmable flow in the flatter sections. The channel flow rate can be adjusted to improve the fish 
pass performance during operation. 

The channel is approximately 170 m long and runs down the embankment and true right abutment 
interface with a grade that varies from 1% to 58%. The channel grade varies from an initial steep 
section of approximately 55% to 1% along the toe access berm, to a steep 80 m long section at 58% 
up to the dam crest, then around the edge of the crest turning area to the flushing box at 2%. 

The channel features fish refuges at regular 10 m spacing in all sections (to provide rest areas for 
upwards migrating fish). Spat ropes are also provided in the channel to aid the climbing fish. Refuge 
areas consist of 200 mm diameter PVC pipe embedded in the channel with localised concrete 
thickening. 

The channel is reinforced for shrinkage only. Rearguard type PVC waterbar are located at the 
concrete contraction joints to reduce leakage. 

The channel may also take some runoff from the adjacent slopes during large rainfall events. 
Excessive flow in the channel may prevent fish passage or wash migrating fish out of the channel. 
The nib walls on each side of the channel and the bench on the upslope side are expected to limit 
the potential for high runoff flows entering the channel.  

22.3.4 Water supply (pump station and pipeline) 

The water supply for the fish pass consists of a small pump station, and pumping main up to the 
control valves and pipework at the flushing box on the dam crest. The water supply has a design flow 
rate of 12 l/sec.  

The submersible pump is installed in a 2,300 mm diameter precast concrete manhole wet well at the 
toe of the dam. The pump has a duty point of 12 l/sec at 65 m head. The wet well is hydraulically 
connected to the river upstream of the weir via a 200 mm diameter slotted PVC pipe and loose 
gravel infiltration gallery.  

The water supply pipe is a 125 mm outside diameter PE100 PN12.5 pipe. The pipe is buried beside 
the fish pass channel from the pumpstation up to the dam crest, and then under the dam crest road 
to the flushing box. Anchor trench blocks are included for the steep sections of pipe. 

The water supply pipe connects to a series of DN100 DI fittings, a flow control valve (to enable flow 
adjustments), a DI reducer and steel pipe work to the 100 mm diameter spray bar within the flushing 
box.   

22.3.5 Flushing box 

The upstream end of the fish pass consists of a flushing box and a discharge pipeline to provide 
passage to the reservoir. The flushing box is located at the end of the fish pass channel on the true 
right abutment. 
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Identified performance uncertainty Potential future mitigation options 

Actual hydraulic roughness which affects water 
level and wetted perimeter. 

Hydraulic roughness values may be less than those 
adopted for the design which reduces the water depth. 
Installation of additional roughing components and/or 
adjustment of the design flowrate to achieve 
acceptable performance.  

Migration during the night with fish remaining in 
pipe refuges during the day may result in fish 
mortality due to overheating.  

Install sunshades at refuge locations.  

Potential for Dissolved Oxygen sag in flow down 
the fish channel discouraging fish passage. 

Retrofit an oxygenator/bubbler device. 

Fish attempting to climb back up the discharge 
pipe from the reservoir towards the flushing box 
and becoming exhausted and/or trapped. 

Adjust pitch of flow spreader bar in flushing box to 
increase/reduce flow on discharge side. Include 
operational procedures for irregular manual flushing of 
pipe. 

Predation for other fish (large eels and trout) at 
the outlet into the reservoir. 

Install fish screens to keep exclude larger fish. Modify 
outlet pipe work. 

Modifications to the fish pass system may be necessary during operation (post dam commissioning) 
(as per Table 22.1 above) should the fish pass prove to be ineffective when accessed by an 
independent ecologist. In this situation, subsequent retrofit modification may or may not result in 
satisfactory performance.  

Ultimately, if the fish pass system is assessed (e.g. by the suitably qualified and independent 
ecologist required by the resource consent) as not having satisfactory performance for the target 
fish species (with or without modification) this would likely mean that major re-design of the fish 
pass or a trap and transfer type system (e.g. as per the downstream passage arrangements) would 
be required for upstream fish passage.  

Installation of an upstream trap and transfer is not limited by the presented design. Provisional 
future retrofit of an upstream trap and transfer system is expected to have relative minor 
construction costs (and may be able to use the fish pass sump and weir arrangements) and long 
term operational costs. 
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23 Power, telemetry, and controls 

23.1 Permanent power supply 

Permanent power supply for control of valves, telemetry, pumps etc. is outside the scope of T+T's 
design. The following section documents the dam safety requirements for power and the options 
considered during the ECI phase. 

Power supply is required at the dam site for dam safety, resource consent compliance and 
operational purposes. The frequency of use, required reliability and capacity of the power supply 
system depends on the equipment being supplied (e.g. control valves for dam safety require higher 
reliability than the fish pass pump).  

The NZSOLD DSG 2015 recommends that all gates and valves that fulfil dam safety functions and can 
only be electrically operated should be connected to at least two independent sources of power 
supply. The isolation, isolation bypass and fixed cone discharge valves include provision for on site 
manual operation noting in the case of the isolation valve this would require the operator to enter 
the conduit (which is a confined space) and hand operate the valve which is not desirable (unless 
under exception circumstances).  

We recommend that two independent sources of power are installed at the Waimea Dam for dam 
safety reasons.  

Two general options were considered for the provision of electrical supply to the Waimea Dam: 

1 On site supply (e.g. diesel generator/s and battery backup, solar panels with battery for single 
instruments). We understand on site supply from two diesel generators was adopted for the 
costings undertaken by BondCM at Stage 3 cost review in 2015. 

2 External supply from the electrical distribution network (involves extending the 11 kV Network 
Tasman distribution circuit to site either as overhead lines or underground cable or a 
combination of both). In order to provide the recommended two independent sources of 
power, the external supply option would also require one form of on site power supply (e.g. 
an onsite diesel generator).  

The site electrical load (peak load or load pattern) is a function of the equipment selected and would 
be confirmed as part of the detailed design/procurement for this selected electrical equipment. 
Based on the anticipated equipment and associated power requirements, a peak load greater than 
50 - 100 kW is unlikely. The anticipated power requirements suggest that on site only supply is viable 
(e.g. power loads do not require excessive diesel storage/transportation or batteries). 

Waimea Water has instructed T+T to proceed on the basis of an external supply of 11 KV with on site 
backup option (the external supply itself is to be designed by others). The onsite backup supply 
selected by Waimea Water is a diesel generator/s to battery system with a small diesel storage tank. 
This arrangement requires transportation of diesel to site and the refuelling frequency would be a 
function of the tank size. On site power supply would also require frequent testing and maintenance 
to suit the type of power supply.  

The reliability of the adopted power supply will depend on the systems selected. Considerations 
include on site capacity (i.e. no of days/weeks can operate without refuelling), machinery 
breakdown, easy of repair/replacement, emergency access to site, wind and snow loading (overhead 
lines), and lightning protection. 

Waimea Water has advised they are engaging a specialist power transmission designer to design an 
11 kV power cable to the site (from the network) as the primary power supply with the secondary 
system being an on site diesel generator. Bringing an external power line to the site provides the 
opportunity to install a fibre optic communications line at the same time (which is unlikely to be cost 
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The adopted Stage 4 arrangements were selected with consideration of constructability, cost, 
durability and effectiveness. 

24.3.2.3 Seepage collection bund 

The seepage collection bund comprises of a rockfill (Zone 3F) bund located at the toe of the main 
embankment. The crest of the bund is set at 152.10 m RL to enable seepage collection and 
measurement via the collector pipes and measurement weirs (refer below). The maximum bund 
height is approximately 4 m (subject to confirmation of the foundation excavation profiles).  

The bund comprises of two sections, one either side of the diversion culvert. The total bund crest 
length is approximately 58 m, with 46 m on the true left, and 12 m on true right of culvert. The bund 
is incorporated into the toe berm (also Zone 3F rockfill) and therefore will not be visible following 
completion of construction.  

The upstream face of the bund features a geomembrane liner as the seepage control (refer below), 
and a perforated PE100 collector pipe (refer below) to drain the collected seepage into the 
measurement weirs. 

The downstream face of the bund features a 1.5 m thick (horizontally) rock armour facing zone 
which extends up the toe berm to the toe access road. This armour zone is included to provide 
nominal scour protection to the bund during large flood events. Given the waves is this area are 
likely to result from turbulent eddies and other complex flow conditions, sizing of this armour layer 
has been based on experience and precedent. The armour is also exposed and accessible for routine 
surveillance and repair following flood events, noting this zone does not affect the integrity of the 
dam.   

In the instance that the mini hydro power station is added then the monitoring on the true right will 
need to be relocated and redesigned. However until that occurs this bund needs to be installed such 
that any flows can be understood. 

24.3.2.4 Geomembrane 

The geomembrane runs up the downstream face of the reinforced rockfill (at 1V:1.5H) before folding 
back at 1V:1.5H up to the concrete anchor slab on the seepage bund crest (Zone 3F). The 
geomembrane is fully buried underneath the toe berm rockfill (Zone 3F) and the downstream 
armour layer. 

The geomembrane consists of a 2.0 mm thick black HDPE (Geoshield or equivalent) liner with 
geotextile cushion layers top and bottom on a porous concrete base with a. The purpose of the 
cushion layers is to reduce the potential for puncture damage to the HDPE liner from placement on 
the reinforced rockfill toe (Zone 3G) and subsequent toe berm rockfill placement (Zone 3F). 

The HDPE liner is fastened to the reinforced rockfill concrete toe slab (formed as part of the 
temporary works), outside walls of the diversion culvert, and crest anchor slab with stainless steel 
battens, Chemset type bolts and neoprene gaskets. The crest anchor slab is a 200 mm thick by 
400 mm wide reinforced concrete slab formed specifically for the purpose of fastening the HDPE (in 
lieu of an anchor trench due to space constraints). This slab is also located on the abutments at the 
termination extents of the geomembrane connecting the crest anchor slab to the concrete toe slab. 

24.3.2.5 Collector pipework 

The embankment toe seepage collection system pipe work consists of 355OD PE100 SDR 13.6 solid 
wall pipe with 6.5 mm diameter drilled holes at 76 mm spacings on the sides as per the NZTA 
Specification F/2. The pipe surround is a specially screened drainage metal (DM20/6) with a D100 of 
20 mm, D50

 > 10 mm and no material smaller than 6 mm.  
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25 Operational requirements 

25.1 General 

The regulatory requirements for operation of the Waimea Dam are specified in the Resource 
Consents RM140540, and RM140556 to RM140559 granted by Tasman District Council (TDC) to 
Waimea Community Dam Limited. The resource consents do not cover specifics around routine 
operation and surveillance and emergency operation of the facility.  

The resource consents do not cover specifics around routine operation and surveillance and 
emergency operation of the facility. 

Conditions 92 and 93 outline the requirement for an Operational Management Plan (OMP) to be 
prepared for and certified by Council (Tasman District Council) prior to commencement of reservoir 
filling. This OMP is to include procedures and frequencies for dam surveillance and dam safety, and 
assessment and management of floating debris in the reservoir. 

Current good industry practice for dam safety is outlined in the NZSOLD DSG 2015 and includes 
preparation and implementation of a Dam Safety Management System. This DSMS includes specific 
documents for the operation, surveillance and maintenance of the dam and emergency action 
procedures (EAP). Draft OMS and EAP documents were prepared as part of the Stage 3 design and 
will be updated and finalised for the Stage 4 design. The DSMS is expected to comply with the OMP 
requirements specified by resource consent Conditions 92 and 93. 

These requirements will need revision following completion of detailed design, procurement of M&E 
items, commissioning and appointment of a dam operator. 

25.2 Specific resource consent conditions 

25.2.1 General 

The resource consents outline specific operational requirements that relate to the outlet works, fish 
pass and reservoir water quality. The operation requirements for the outlet works are summarised 
in Section 20 and for the fish pass in Section 22. 

25.2.2 Reservoir water quality sampling 

Condition 106 requires monitoring of the reservoir water quality at or near the deepest point in the 
reservoir. This includes monthly manual water sampling (e.g. from a boat in the reservoir) and 
laboratory testing for a range of parameters. Condition 106 also requires continuous measurement 
and recording (hourly logged values) of reservoir temperature (at eight levels) and dissolved oxygen 
(at three levels continuously from November to April inclusive). 

We understand that others are advising Waimea Water on resource consent compliance and will 
provide specific guidance and direction on the intended sampling methods and associated telemetry 
required. 

25.3 Intake screen cleaning and maintenance 

Cleaning and maintenance of the intake screens will be required at regular intervals over the 
operating life of the structure. The design includes a winch and rail system to enable a diver to 
attach the winch cable to the intake screen structure and a winch on the dam crest to haul the 
intake screen structure up to the crest via rails fastened to the concrete face. Pulling an intake 
screen structure out of the water is not envisaged as a regular activity (e.g. for maintenance only), 
with condition assessments intended to be undertaken using divers.   
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The depth of the screens below reservoir level, the screen opening size (20 mm) and design velocity 
(0.3 m/s) reduce the potential for debris to become pinned against the screen. Fouling of the screens 
due to algal growth is possible noting that the screen opening and design blockage allowance reduce 
the effects of algal growth. This means routine screen cleaning is expected to be an annual or less 
frequent event. 

An alternative to manual cleaning of the intakes is to install an automatic cleaning system such as a 
compressed air system. Compressed air cleaning systems are highly specialised and we understand 
that these generally require a large air volume to be effective (based on pipe length, screen area and 
water levels). This type of system is likely to be expensive noting specific costs would need to be 
confirmed based on a specific design. We understand that this type of system could be retrofitted if 
frequent manual cleaning of the screens was found to be necessary noting this would likely be 
difficult.  
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Further details on the electrical and mechanical design are presented in the WSP design documents 
enclosed in Appendix H. Electrical and mechanical specifications are enclosed in Appendix B. 
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Concrete works All formwork and falsework 
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FMEA: Definition:  “An inductive method of analysis where particular faults or initiating conditions
are postulated and the analysis reveals the full range of effects of the fault or the initiating condition
on the system” (NZSOLD Dam Safety Guidelines, 2015)

Purpose: 1.To understand the risks associated with potential dam failure to enable appropriate risk
management/mitigation measures to be implemented; 2.To fulfill the recommendations in NZSOLD
Dam Safety Guidelines for high PIC dams

To identify the failure modes that are credible, and identify which failure modes represent the
greatest risk (ie probability x consequence) and document steps to address/mitigate.

This workshop will concentrate on the completed (constructed dam).

This is not an optioneering workshop and is focussed on the proposed design.



Outcomes required:
Identify all potential failure modes and assess which are credible
Identify potential consequences of credible potential failure modes
Categorise/screen the failure modes as:

- Significant risk,
- Low risk (combination of low probability and/or low consequence)
- Unknown – more information required to assess.

Identify and prioritise further information required to understand risks associated with PFM
Initial recommendations regarding risk management or mitigation measures that should be
considered.
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FMEA process document as background
Draft list of failure modes as starting point
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9:30am Welcome and Introductions - Introduction to FMEA – What it is, why it is
needed, how we will do it
9.40am Workshop Objectives and Programme - Confirm purpose of workshop and the
outputs we need from the day
9.50am Background on Design, Construction, Operation, Surveillance and Dam
Performance (T+T)
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10:50am Identification & Assessment of Potential Failure Modes for Embankment
12pm Identification & Assessment of Potential Failure Modes for Service Spillway
12.30pm Lunch break
1.00pm Identification & Assessment of Potential Failure Modes for Outlet Works
2.00pm Identification of More Likely Potential Failure Modes
3.00pm Afternoon tea break
3.30pm Appropriateness of Current Design and Proposed Surveillance & Monitoring
Procedures
4.00pm Summary
4.30pm Close
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What is FMEA
Definition:  “An inductive method of analysis where particular faults or initiating
conditions are postulated and the analysis reveals the full range of effects of the fault
or the initiating condition on the system” (NZSOLD Dam Safety Guidelines, 2015)

Why are we doing it? The purpose
• It is considered good practice to undertake FMEA for all High PIC dams
• For the dam designers, construction team, and owner / operator to understand the

risks associated with potential dam failure modes to enable appropriate risk
management / mitigation measures to be implemented during design,
construction and ongoing operation

• To fulfil the recommendations in NZSOLD Dam Safety Guidelines for high PIC dams



How we will do it – the process

1. Based on knowledge of the dam, identify and list all potential failure modes
(PFM)

2. Identify which PFMs are credible
3. For credible PFMs, complete qualitative estimates of the the likelihood

(probability) and consequences of failure based on the available information
and engineering judgement

4. Rank the credible PFMs based on their risk rating (likelihood x consequence)
5. Identify and discuss appropriate mitigation measures to manage the risk to an

acceptable level
6. Identify which credible PFMs require further information to justify the risk
7. Provide recommendations where there are opportunities to reduce risk

through design, construction controls, or operational controls (eg surveillance
and control system)



Outputs required from workshop

• Incorporated into design report consisting of:
• Summary of the process, and including recommendations
• Results presented in summary tabular format



Failure mode description

Three elements of a potential failure mode description are:
• The Initiator (e.g. Reservoir load, Deterioration/ageing,

Operation malfunction, Earthquake)
• The Failure Mechanism (including location and/or path – step

by step how the failure progress / develop)
• The Resulting Impact on the Structure (e.g. Rapidity of failure,

Breach characteristics)



Example: Potential failure mode sketch and
description

• Unedited (insufficient detail): Piping from the embankment
into the foundation

• Edited:  During a period of high reservoir elevation, piping
of the embankment core initiates at the gravel foundation
interface in the shallow cutoff trench near Station 2+35
(where problems with the sheet pile and sinkhole
occurred).  Material might or might not exit at the toe of
the dam.  Backward erosion occurs until a “pipe” forms
through the core exiting upstream below the reservoir
level.  Rapid erosion enlargement of the pipe occurs until
the crest of the dam collapses into the void, and the dam
erodes down to the rock foundation.



Risk matrix



Likelihood
descriptions



Consequence assessment



FMEA Summary Spreadsheet format



Background information

• Lee Valley Dam - Detailed Design report Stage 3, T+T July 2014
• Appendices including Detailed Design Drawings, Draft Operations Maintenance and

Surveillance Manual, Draft Emergency Action Plan
• Lee Valley Dam  Dambreak Analysis and Hazard Assessment, T+T December 2009
• Seismic Hazard Assessment for the Proposed Waimea Dam, GNS, September 2017
• Lee Valley Dam Detailed Design Geotechnical Investigation Report, July 2014



Waimea Dam characteristics
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Morning tea



Waimea dam
general
arrangement



Waimea dam concrete face elevation



Embankment Cross Section



Parapet wall



Failure modes assessment table

Microsoft Excel
Worksheet



Minutes
Meeting: Waimea Dam Permanent work Failure Modes and Effects Analysis

Venue: Brightwater Date: 19 March 2018

Job No: 27425.100 Time: 9:30am

Present: Mark Taylor T+T

David Bouma T+T

John Grimston T+T

Luke Gallagher - WSP (Skype)

Andy Nelson - Waimea Water

Peter Wissel - FHTJV

Richard Frost - GHD (Part only) - Skype

Apologies: Richard Kirby - TDC

Ian Walsh - WSP

Ian Davison - Damwatch

Agenda Item Owner

1 A workshop was held on 19 March 2018 to document Failure Modes and subsequent
Effects for the Waimea Dam.

The workshop concentrated only on the permanent works and did not consider the
temporary works.

NA

Action Record

Action Responsible Due Date Action required Action
taken

1 Recommendations from attached
Register are to be considered and
adopted into the design,
instrumentation or OM&S.

T+T Completion
of detailed
design
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Should issues from the
recommendations arise; then
these should be documented and
and justification for non adoption
provided.

6-Apr-18
p:\27425\27425.100\workingmaterial\36 failure modes effect analysis\fmea minutes.docx



Revision: A
Prepared: JOG 7/03/2018

Reviewed: DAB
15/03/2018
& 5/4/18

Issued MCNT 6/04/2019

Failure
mode ID Load case Potential failure mode & cause(s) Credible

(Y/N)
Likelihood
of failure Comments on likelihood of failure

Consequ
ence of
failure

Comments on consequence of failure Risk
score

Missing information
/ uncertainty
/further work

Surveillance requirements to monitor
for this FM

Instrumentation requirements
to monitor for this FM Recommendation 1 Recommendation 2 Recommendation 3

FM01 Normal

Major defect (i.e. construction design
induced crack) in dam facing leading
to sufficient flow through dam fill to
cause internal erosion of
embankment materials leading to
dam failure.

Y Nil or
negligible

Could be from settlement on filling or consolidation causing cracking of dam concrete face.  This failure mode
would require there to also be defects in the concrete kerb and defects in the filters behind the kerb which
implies failure of QA process during construction.  Measures being used to minimise the likelihood of this
failure mode occurring include:
• Concrete slab and plinth designed with sufficient strength to accommodate some movement without
cracking
• Concrete kerb underlying slab,  filters and rockfill designed to allow significant leakage without damage to
dam
• Toe drainage system will identify and control large seepage flows to a point.
• Peer review of the dam design.
• Inclusion of the access berm as additional buttressing at the toe of the dam.

Critical Could end up with failure in worst case with
associated downstream damages.

Moder
ate No

• Continuous monitoring of toe
seepage drains
• Physical inspections of face when
reservoir drawn down or by diver.
• Settlement markers on the concrete
face.
• Monitoring during commissioning to
check for issues on filling.

• Toe seepage drains flow
monitoring system (electronic
and telemetered).
• Settlement markers on the
concrete face.

Robust QA inspection and test
plans to be specified prior to
construction.

OM&S Manual to be completed in
parallel with detailed design to
ensure that instruments / facilities
are included to facilitate all
recommended monitoring and
surveillance

Design of instrumentation (e.g.
seepage monitoring) and
communication systems to ensure
critical data (toe drain flow) can be
remotely monitored and included
Alert and Alarm systems to provide
immediate notification.

FM02 Normal

Severe leakage through fault in
foundation rock leading to internal
erosion of dam embankment
materials  leading to dam failure.

Y Nil or
negligible

There is potential for defects / joints in the rock foundations that have not yet been discovered that could
potential create seepage paths under / around the plinth resulting in high seepage flows entering the dam fill.
This would require a continuous feature that is not identified or treated.  Measures being used to minimise
the likelihood of this failure mode occurring include:
• Foundation will be stripped to sound rock, cleaned inspected and mapped by engineering geologist.
• Grout curtain below plinth and treatment of other rock joints with dental concrete.
• Modelling of seepage in the foundation and use results in design of grout curtain.
• Embankment, filters and toe drain designed to safely manage significant seepage flows without damage to
dam.
• Inspection and QA during construction of dental concrete and grout curtain
• Toe drainage system will be carefully monitored during commissioning and during operation of the dam.
There may be limited ability to de-water the dam (via the 600mm temporary low level diversion pipe) and do
further grouting if unacceptably high levels of seepage are observed during commissioning - depending on
final details of temporary works.
• Peer review of the design of the dam.

Critical

Could end up with failure in worst case with
associated downstream damage.
OR
May have a situation where there is no dam safety
issue, however leakage affects the ability of the
dam to hold water (economic effect)

Moder
ate

Complete
understanding of
rock defects is not
possible until the
dam foundations are
stripped and cleaned
at the start of
construction, and
mapped by an
experienced
engineering
geologist.

• Careful monitoring of toe drains
during commissioning and operation
• Inspection of downstream abutments
and valley for new seepage (compare
with pre construction inspections)
during commissioning, and periodically
as part of dam safety regime during
operation.

• Toe seepage drains flow
monitoring system (electronic
and telemetered).
• Consider having flow
measuring in stream say 200m
downstream of dam and
compare flows at stream with
flows through dam conduits /
spillway.

Robust QA inspection and test
plans (including grout
pressure/uptake etc.) to be
specified prior to construction.

OM&S Manual to be completed in
parallel with detailed design to
ensure that instruments / facilities
are included to facilitate all
recommended monitoring and
surveillance

Design of instrumentation (e.g.
seepage monitoring) and
communication systems to ensure
critical data (toe drain flow) can be
remotely monitored and included
Alert and Alarm systems to provide
immediate notification.

FM03 Normal

Corrosion-caused hole in the outlet
pipe upstream of the inlet control
valve (i.e. the short length between
the concrete encased section and the
upstream isolating valve) leading to
uncontrolled release of flow along
the outlet conduit. Worst case
scenario is total failure of this section
of pipe leading ultimately to
dewatering of the reservoir down to
the lower intake level, with flow rate
controlled by the diameter of the
outlet pipe acting as an orifice.

Y Nil or
negligible

The designers are aware that this section of pipe is critical, and have included the following measures to
reduce the risk of failure:
• Thicker wall pipe to resists corrosion, and structural damage during earthquake loading.
• Short length exposed out of concrete before valve.
• Pipe is well secured from movement by concrete encasing at one end, and a valve that is strapped to a
pedestal at the other end.
• Regular inspections and maintenance will be included in OM&S manual.
• QA during manufacture of pipe and on installation.
• Consideration to be given in detailed design of inlet screens to enable a blank plate to be inserted at the
entrance to the inlet pipe to enable the inlet pipe to be drained if necessary to service this section of pipe or
the isolation valve.

Minor
Leaks would be confined to the conduits.  Unlikely
to be a dam safety issue.  Relatively large cost to
repair if this occurs.

Low No

• Physical inspection at least annually
with IDSR (Surveillance of pipeline
procedure required to be incorporated
in OM&S manual).
• Water flow detector in conduit.

• Water flow detector in
conduit. This is yet to be detailed
but likely a small drain and sump
at downstream end of each
culvert to collect any flow
coming down the culvert.

Review design of the access
provisions at the downstream
end of the culverts to exclude
rainwater / stormwater.
Develop detail for water flow
detector, and ability to install a
temporary pump to dewater
the culvert base if required.

OM&S to include pipeline
inspection requirements

Consideration of MH access into both
pipes at upstream and downstream
ends for inspections

FM04 Normal

Failure of both the isolation and fixed
cone dispersion (FCD) control valves
on one of the outlet pipes leading to
uncontrolled release of reservoir
through pipe. No damage to dam.

N Not credible for both the isolation and the FCD valve to fail simultaneously given ability to manually close the
isolation valve and FCD in addition to the actuator controls.

Incorporate regular testing of all valves
in OM&S including keeping records of
power requirements to electric
actuators during closing, and checking
that manual closing can be performed
comfortably.

Include ability to monitor power
to electric actuators to provide
operator with information on
torque required to operate each
valve.

Good QA of manufacturer.
Reputable manufacturer.
During commissioning
undertake an emergency close
test at low flow.  Check torque
and extrapolate.

FM05 Normal

Dam failure due to sabotage such as
use of explosives to create sufficient
damage to result in uncontrolled
release of contents and complete
dam failure.

N
Size of explosives required would likely be so large as to be unrealistic without attracting attention of police.
Security measures at the dam such as CCTV and motion detection type measures would likely identify
presence of people and mobilisation of security staff or police.

Include security cameras (possibly
activated by motion) in the dam
instrumentation / communications
system.

FM06 Earthquake

Deformation of downstream face
during earthquake that leads to
deformation of crest to below water
level, overtopping, erosion of dam
fill, and failure of dam.

Y Nil or
negligible

This failure mode has been considered in detail in the design process. A site specific hazard assessment has
been completed by GNS Science, and this has been used to develop design load cases for the dam.  Defensive
measures incorporated in the design include:
• Appropriate batter slopes to provide adequate factor of safety in OBE, and acceptable levels of deformation
in SEE load cases. Designed for SEE 1 in 10,000 ARI earthquake and combined with vertical accelerations.
• Adequate freeboard - greater freeboard is required to accommodate floods than is required for seismic
loading.  Top of wall is approx. 5.6m above NTWL and Stage 3 settlements were approximately 0.5 to 0.7m.
• Water stopped joints in the crest walls, concrete face, and perimetric joint.

Critical
Possible dam failure overtopping causing
unravelling of dam and large scale flooding and
loss of life.

Moder
ate

Inspections and survey and analysis
after earthquake events

Seismographs at dam crest and
toe.  Settlement monitors.
Possible horizontal profilometer
along crest.

Failure Mode and Effect Analysis

(blank)Normal

(blank)

Significant

(blank)



Failure
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FM07 Earthquake

Deformation of upstream face during
earthquake that leads to cracking and
displacement of face slab,
deformation of crest to below water
level, overtopping, erosion of dam
fill, and failure of dam.

Y Nil or
negligible

This failure mode has been considered in detail in the design process. A site specific hazard assessment has
been completed by GNS Science, and this has been used to develop design load cases for the dam.  Defensive
measures incorporated in the design include:
• Appropriate batter slopes to provide adequate factor of safety in OBE, and acceptable levels of deformation
in SEE load cases. Designed for SEE 1 in 10,000 ARI earthquake and combined with vertical accelerations.
• Adequate freeboard - greater freeboard is required to accommodate floods than is required for seismic
loading.  Top of wall is approx. 5.6m above NTWL and Stage 3 settlements were approximately 0.5 to 0.7m.
• Water stopped joints in the crest walls, concrete face, and perimetric joint.

Critical
Possible dam failure overtopping causing
unravelling of dam and large scale flooding and
loss of life.

Moder
ate

Inspections and survey and analysis
after earthquake events

Seismographs at dam crest and
toe.  Settlement monitors.
Possible horizontal profilometer
along crest.

FM08 Earthquake

Overtopping of dam from earthquake
generated seiche wave (landslide into
reservoir and/or fault displacement
within reservoir). Assume wave wall
fails, subsequent erosion of dam fill
and complete failure.

Y Nil or
negligible

Overtopping may be credible but failure of wave wall is considered highly unlikely.  Defensive measures in the
design include:
• Large freeboard (5.6m)
• Potential for landslides has been assessed and wave wall designed to handle predicted maximum wave
loading from landslide
• Chip seal crest with road basecourse will provide erosion resistance for short term overtopping
• Downstream face is coarse rockfill that will provide some resistance to scour if overtopping occurs

Major
Some damage possible from seiche waves if larger
than predicted, but complete dam failure
considered highly unlikely.

Moder
ate

Post earthquake inspections, survey
and analysis of landslides.

Lake water level recorder should
be designed to enable recording
of seiche waves.  Consider
installation of survey markers on
identified landslides to enable
ongoing monitoring of
movement in these landslides.

FM09 Earthquake

Displacement of dam foundation or
abutment rock during earthquake
leading to major seepage path
through foundation or abutment and
uncontrolled release of reservoir

Y Nil or
negligible

Although there has been no significant continuous fault or rock defect features identified in geotechnical
investigations to date, and further detailed mapping of the foundations will be completed during
construction, it is considered credible that a hidden defect feature might exist and might be displaced in a
major earthquake. Defensive measures adopted in the design include:
• Site will be cleared to Class 3 rock at least with (generally) Class 2 or 1 under plinth, and will be mapped by
a geologist. Any defects would most likely be identified at this stage, and appropriate treatment measures
such as dental concrete and additional grouting adopted.
• Dam embankment materials, filters, toe drainage etc designed to control significant levels of leakage
without damage to the embankment.

Critical Could end up with complete failure in worst case. Moder
ate

Whole dam
foundation won't be
exposed and
mapped until
construction begins

 Post earthquake inspections to include
downstream abutments and valley for
new or increased seepage (compare
with normal operation inspections).
Monitoring of flow in toe drains.

Seismographs at dam crest and
toe.  Settlement monitors.
Possible horizontal profilometer
along crest. Toe seepage drain
monitoring system.

Robust inspection and test
plans to be proposed prior to
construction .

Mapping of foundation during
construction and review rock
treatment / grouting plans

FM10 Earthquake

Liquefaction of the dam embankment
or foundations leading to
deformation and resulting
overtopping, erosion of dam fill, and
complete failure

N

The rockfill specified in the dam embankment is graded to ensure it is not liquefiable.  The foundation is
mostly on rock or weathered rock so not liquefiable.  Where alluvials are left in place the particle size
distribution will be tested and analysed to ensure these materials care not liquefiable. Apart from the very
lowest levels, the dam fill is expected to be dry during operation so cannot liquefy.

Where alluvial materials are to
be left in place, take
representative samples and
test PSD and check grading for
susceptibility to liquefaction.
Remove any materials that are
potentially liquefiable.

FM11 Earthquake

Failure of outlet conduit through
displacement and rupture of intake
pipe work. Reservoir contents lost
through outlet conduit but no
damage to dam

Y Nil or
negligible

The designers are aware that this section of pipe is critical, and have included the following measures to
reduce the risk of failure:
• Thicker wall pipe to resists corrosion, and structural damage during earthquake loading.
• Short length exposed out of concrete before valve.
• Pipe is well secured from movement by concrete encasing at one end, and a valve that is strapped to a
pedestal at the other end.
• Regular inspections and maintenance will be included in OM&S manual.
• QA during manufacture of pipe and on installation.
• Consideration to be given in detailed design of inlet screens to enable a blank plate to be inserted at the
entrance to the inlet pipe to enable the inlet pipe to be drained if necessary to service this section of pipe or
the isolation valve.

Minor
Leaks would be confined to the conduits.  Unlikely
to be a dam safety issue.    Potentially significant
cost/repair implication if this occurs.

Low No

• Physical inspection at least annually
with IDSR (Surveillance of pipeline
procedure required to be incorporated
in OM&S manual).
• Water flow detector in conduit.

• Water flow detector in
conduit. This is yet to be detailed
but likely a small drain and sump
at downstream end of each
culvert to collect any flow
coming down the culvert.

Review design of the access
provisions at the downstream
end of the culverts to exclude
rainwater / stormwater.
Develop detail for water flow
detector, and ability to install a
temporary pump to dewater
the culvert base if required.

OM&S to include pipeline
inspection requirements

Consideration of MH access into both
pipes at upstream and downstream
ends for inspections

FM12 Flood

Overtopping of the dam
embankment due to flood and wind
generated waves - assume no failure
of wave wall but some erosion of
downstream shoulder.

Y Nil or
negligible

The spillway has been designed to safely manage the PMF with adequate freeboard remaining to allow for
waves. If combination of PMF and waves are larger than allowed for, the peak of some waves may splash over
the top of the wave wall.

Minor Some minor movement of rock on downstream
face and erosion of crest road.  May need repair. Low Post flood inspections

Lake water level detector
designed to measure peak
waves. Consider
webcam/cameras at crest to
allow observation of upstream
face during major flood events.

FM13 Flood

Overtopping of the dam
embankment due to flood and
logs/debris blocking the spillway -
assume no failure of wave wall but
some erosion of downstream
shoulder.

Y Rare

Would require debris boom to break during major flood event.  The design incorporates defensive measures
as follows:
• Large (wide and deep) spillway entrance to reduce likelihood of blocking
• Open spillway with ogee weir and no gates - less inclined to block.
• Freeboard of approx. 500mm above PMF to underside of bridge to allow for debris

Major

Depending on duration of flood could be erosion
of road surface on dam crest, and downstream
face but highly unlikely for the erosion to be severe
enough to result in collapse of wave wall, crest,
and loss of all freeboard.

High

Consider different
scenarios with
partial spillway
entrance blockage
from debris and
effect on peak water
level.

Monitor condition of debris boom.
Manage catchment to reduce potential
quantity of debris generated in flood
events.

Water level detector possible
webcam/cameras at crest

Assessment of potential
increase in flood level
associated with partial
blockage of spillway entrance.
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FM14 Flood

Overtopping of the dam
embankment due to flood combined
with failure of the rock slope above
the left side of the spillway approach
resulting in obstruction of the
spillway entrance - assume no failure
of wave wall.

Y Nil or
negligible

If slope failure occurs following an earthquake, the debris could probably be cleared by digger before flooding
occurs.  A very large slip would be required to completely block the spillway entrance. The spillway entrance
channel upstream of the ogee weir is some 2.5m deep. This combined with the large freeboard to the dam
crest requires a blockage some  8 m high and 45m wide to raise the water level to dam crest height.
Defensive measures in the design include:
• The stability of the slope above the spillway has been assessed and the cut slope designed to provide
adequate factor of safety.

Major May cause significant erosion of dam downstream
shoulder

Moder
ate

Further assessment
of the likelihood of a
deep seated failure
to cause large
volume of debris in
spillway approach
channel.

Inspections of the rock cutting above
the spillway after floods and
earthquakes

Lake water level detector
Possible webcam/cameras on
spillway entrance.

FM15 Flood

Overtopping of the dam
embankment due to flood and
spillway blockage (debris or landslide)
- assume wave wall fails, subsequent
erosion of dam fill and complete
failure

N Requires multiple low probability events to happen simultaneously (landslides, not being able to clear, debris
boom failure, prolonged flood event etc.). This is considered not credible.

FM16 Flood

Structural failure of spillway from
hydraulic loads leading to damaged
spillway but no uncontrolled release
of reservoir contents

Y Nil or
negligible

Defensive measures in the design include:  anchors, underdrains, eductor drains, joint detailing, high strength
concrete, reinforcing of spillway

Significan
t Unlikely to lead to loss of life, but expensive repairs Low

Check if underdrains
can be monitored
and cleaned.  Outlet
of drains still to be
designed

Regular spillway inspections for
cracking or movement at joints.
Monitor flow from spillway
underdrains.

Consider instruments to monitor
flow from spillway underdrains.

QA and geological mapping of
spillway and flip bucket
foundation and amend design
if necessary (eg surface prep,
depth of concrete, anchor
spacing etc if rock quality not
as good as assumed)

FM17 Flood

Structural failure of spillway weir
block from hydraulic loads leading to
damaged spillway and uncontrolled
release of some of the reservoir
contents (limited by depth of erosion
in underlying rock)

Y Nil or
negligible Designed for uplift pressures with a grout curtain.  Has anchor bars for seismic loading combination. Major

Could cause loss of life downstream because it
could result in a sudden slug flow downstream.
Expensive repair

Moder
ate

Regular and post flood inspections of
weir block. Look for distress in
concrete, upstream erosion, movement
in joints etc.

Consider instruments to monitor
flow from ogee block
underdrains.

QA and geological mapping of
ogee  foundation

Check if first line of drains can be
monitored

FM18 Flood

Structural failure of true right wall of
spillway from hydraulic loads leading
to damaged spillway extending into
dam embankment fill beside spillway
resulting enlarge scour hole in
downstream toe of dam and
potential instability of downstream
face.

Y Nil or
negligible

Defensive measures in design include: spillway founded in good quality rock, anchors, underdrains. Rock
foundation will be inspected during construction and a section of the right wall design maybe modified to act
as a gravity retained section in case of poor quality rock (or potential damage during construction).

Critical Large scour hole in downstream shoulder.  Possible
instability.

Moder
ate

Further assessment
of the likelihood of a
deep seated failure
of rock under the
spillway.

Regular spillway inspections for
cracking or movement at joints.
Monitor flow from spillway
underdrains.

Consider instruments to monitor
flow from spillway underdrains.

QA and geological mapping of
spillway foundation and tweak
design of right wall if necessary

FM19 Fire Forest fire leading to dam failure N Credible to have a forest fire; however vegetation is expected to be cleared surrounding the dam itself and
therefore unlikely to lead to damage to dam

FM20 Normal

Malfunction of isolation valve causing
sudden closure of valve leading to
transient pressures in intake pipes
causing rupture of pipes

Y Nil or
negligible

Has occurred in other applications (FCVs can't fail closed suddenly).  Isolation valve cant be closed too fast
due to operator error.  Defensive measures:. Selection of reputable valve, QA of manufacture.   Thicker pipe
upstream

Minor Flooding of conduit.  Damage of pipe and valve.
Expensive repair. Low

QA on commissioning.  Annual
inspections and Comprehensive
inspections including testing valves
through full range.  Install and operate
valves as per manufacturers
recommendations.

•Water flow detector in conduit.
This is yet to be detailed but
likely a small drain and sump at
downstream end of each culvert
to collect any flow coming down
the culvert.

FM21 Normal

Operating the isolation valve part
open.  Causing cavitation and
vibration in pipe and then valve
failure

Y Nil or
negligible

Operations manual to state that valve should be operated either fully open or closed.  PLCs to be
programmed such that it is either open of closed.  Should only open when FCD is closed. Minor Flooding of conduit.  Damage of pipe and valve.

Expensive repair. Low
OM&S.  Programming of PLCs controls.
Training of operators

Actuators giving position
feedback and alarms

Include procedures and training
in OM&S manual to ensure FCD
is always closed before the
isolation valve

FM22 Normal
Debris causing damage to the dam
face resulting in flow through as
described in FM1

N Logs unlikely to damage concrete face (300 thick) if debris were to be pushed against the  crest wall unlikely
to move the crest wall because it is backfilled with rockfill.

FM23 Normal

Debris causing damage to the intakes
with debris then entering the pipe
resulting in damage or jamming open
the valves resulting in uncontrolled
release

Y Nil or
negligible

Probably requires failure of debris boom. Screen is relatively robust and more likely to bend or buckle prior to
'breaking' and having debris sucked into outlet pipes.  Valves would/could be closed if debris accumulates at
screen locations.

Minor Flooding of conduit.  Damage of pipe and valve.
Expensive repair. Low

Checking for debris in reservoir.
Specifically at boom and between
boom and dam. Include procedure in
OM&S manual to close valves if major
debris is near the intake screens.

Camera looking at upstream face
of dam and at boom

FM24 Earthquake

Complete failure of concrete culvert
at upstream end causing collapse of
rockfill and settlement of dam and
break in concrete face leading to loss
of contents of reservoir through the
collapsed culvert.

Y Nil or
negligible

The concrete culvert is designed for the expected loading from the dam, reservoir, and seismic loading (1 in
10,000 AEP earthquake).  Defensive measures include design to be plastic to dissipate seismic energy.  Peer
review.  QA during construction.  Face may be able to bridge locally.  Starter dam and concrete plug provide
local stiffness to culvert in the area where covering dam fill is thin and that is not accounted for in analysis
(i.e. design in this area is extra conservative).

Major Lose reservoir and likely to need to decommission
dam

Moder
ate

Conduit inspections during
commissioning, regular inspections
during operation, and special
inspection post earthquakes

Seismographs - dam crest and
toe.  Settlement monitors.
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FM25 Flood
Flooding of conduit causing power to
fail to actuator.  Resulting in flow out
of outlet pipes.

Y rare Requires flood and failure of water proof rated electrical system.  FCD can be manually closed at downstream
end depending on access during flood. Minor Loss of water from reservoir Low

QA on commissioning.  Annual
inspections and Comprehensive
inspections.  Stroking valves as per
manufacturers recommendations.

Level indicator in conduit.

FM26 Earthquake

Cracking at perimetric joint during an
earthquake causing a concentrated
leak through the dam face. This is a
subset of FM01.

Y Rare

Could occur in a significant earthquake (e.g. SEE 1 in 10,000) which in itself is infrequent.  This failure mode
would require there to also be defects in the filters behind the kerb which implies failure of QA process during
construction.  Measures being used to minimise the likelihood of this failure mode occurring include:
• Concrete slab and plinth designed with sufficient strength to accommodate some movement without
cracking
• Concrete kerb underlying slab,  filters and rockfill designed to allow significant leakage without damage to
dam
• Toe drainage system will identify and control large seepage flows to a point.
• Peer review of the dam design.
• Inclusion of the access berm as additional buttressing at the toe of the dam.

Minor Loss of water from reservoir and potential erosion
of dam embankment Low

Check ICOLD and
literature review as
to whether this has
caused catastrophic
damage.  Not just for
this failure mode

• Continuous monitoring of toe
seepage drains
• Physical inspections of perimetric
joint face when reservoir drawn down
or by diver.
• Monitoring during commissioning to
check for issues on filling.

• Toe seepage drains flow
monitoring system (electronic
and telemetered).











SAFETY IN DESIGN RISK REGISTER

Project Waimea Dam Date 9/08/2018
Project Number 1002177 Revision 4
Design Stage Detailed Design

Project

Lifecycle Action/Work/Event Hazard Uncontrolled Harm/Consequence Existing Controls C L Risk C L Risk

Move spillway or change type 5 E VH
Different spillways have their own
high risks. Location change may
not reduce likelihood

No

Further specific design for cut
profile to reduce potential for
rock fall (slope design, benches)

5 E VH

This will require further onsite
design and input from designer
for permanent slopes and
Contractor for temporary slopes

Yes

Contractor
(temp

works)/T+T
(permanent

works)
Develop construction
methodology to reduce potential
harm (e.g. with sequencing,
cordons, use of equipment).

4 D VH Yes Contractor

Move spillway or change type 4 D VH
Different spillways have their own
high risks. Location change may
not reduce likelihood

No

Non gated spillway with no method of control
exposes persons working on chute and/or
downstream to unexpected flows

People being swept away/drowned
Do not provide uncontrolled access points to
spillway or downstream. Signage, Operator's
procedures.

5 F Mod
Add mechanism for providing
temporary upstream control 5 F Mod Reservoir level control No

High velocity flow down spillway during operation People being swept away/drowned
Do not provide uncontrolled access points to
spillway or downstream. Signage, Operator's
procedures.

5 F Mod Change spillway type 5 F Mod
Significant spillway flows mean
risk is likely to be similar
regardless of spillway type

No

3 Design Flip bucket location Difficult to access Slips, trips, falls to operator Required Operators procedures 5 E VH Provide specific safe access 5 F Mod
Harness points and access
isolation during operation Yes Waimea Water

Slope instability Rockfall resulting in harm to construction workers Slope stabilisation measures, batter design. 5 E VH
Map excavation faces
progressively and apply
recommended protection

5 F Mod
Sequencing of excavation and
application of protection Yes Contractor

Rockfall resulting in harm to construction workers Contractor SWMS 5 E VH No further mitigation Blasting unavoidable No Contractor
Noise damage Contractor SWMS, PPE 5 E VH No further mitigation Contractor

Ripping of rock Harm to construction workers Contractor SWMS, PPE 4 D VH No further mitigation Contractor

Concrete placement on steep slope Slips, trips, falls to workers
Use concrete pump, provide safe access
routes/scaffolds and fall barriers for each pour
zone

5 E VH No further mitigation Contractor

Anchor installation Slips, trips, falls to workers
Provide safe access routes/scaffolds and fall
barriers for each pour zone 4 D VH Do not install anchors 1 F Low

Anchors essential for spillway
liner integrity No Contractor

Discharge flows in excess of the spillway design
capacity

Possible cavitation, damage to spillway chute, or
plunge pool erosion requiring repair and exposing
workers to construction risks

Spillway design based on Tillegra spillway
physical model and for PMP PMF storm 4 E High No further mitigation

Formation of cross waves in spillway causing over-
topping of side walls Wave impacting persons in the area

Spillway design based on Tillegra spillway
physical model and for PMP PMF storm 4 F Mod No further mitigation

6 Operation Surveillance of plunge pool
Erosion to the plunge pool occurs over time
requiring ongoing diver inspections and potentially
remedial works.

Harm to persons having to access the plunge pool to
undertake routine inspections and remedial works

Surveillance procedures will require SWMS and
operational controls. Specialist diver services
required.

4 E High

Consider lining the plunge pool
and/or pre-excavations during
design to reduce monitoring
frequency.

4 F Mod

Design allows for self excavation
of the plunge pool over time with
routine surveillance to confirm
extent is acceptable and not
undermining the surrounding
slopes and flip bucket

No

7 Operation Surveillance of spillway Falling from heights
Operator staff falling onto spillway and being
seriously harmed 5 E VH

Include barrier on true left and
maintain construction access
bench

5 F Mod
Barrier at bridge locations.
Harness anchor points elswhere Yes T+T

8 Operation Spillway repair
Exposure of workers to flood risk during
provisional repairs to spillway liner People being swept away/drowned

Design spillway liner to reduce potential for
spalling, chipping, abrasion resistance,
shrinkage, high strength, cavitation.

5 F Mod Change spillway type 5 F Mod Cost of alternatives No

9 Decommissioning Spillway decommissioning Removal of spillway concrete Construction work resulting in harm to workers Demolition SWMS 4 E High No further mitigation
Leave spillway in place following
decommissioning Waimea Water

10 Design Bridge bearing replacement Lifting/jacking of bridge deck to replace bearings Crushing, falls from heights, suspended heavy loads
Inclusion of jacking points to enable bearing
replacement 4 E High Do not replace bridge Jacking points included Yes T+T

11 Operation Corrosion protection reapplication Falling from heights while applying protection Construction workers falling from heights Operation SWMS, scaffolds off bridge 5 F Mod No further mitigation Contractor

12 Design Abutment stability Possible stability problems on the left abutment Rockfall resulting in harm to construction workers
Design excavation profile and protection
measures based on site investigations 4 E High Temporary works design Contractor

Stability movement (sliding surfaces)
Rock wedges resulting in harm to construction
workers

Map excavated surfaces and confirm slope
stabilisation/protection measures 4 E High No further mitigation Temporary works design Contractor

Right abutment is highest risk of defect for
movement or carried out on right abutment to
cause some relaxation

Rockfall resulting in harm to construction workers
Map excavated surfaces and confirm slope
stabilisation/protection measures 4 E High No further mitigation Temporary works design Contractor

Small wedges won’t be seen until opened up and
mapped at the time – how wide?  Right abutment
once opened will have to be meshed

Rockfall resulting in harm to construction workers
Map excavated surfaces and confirm slope
stabilisation/protection measures 4 E High No further mitigation Temporary works design Contractor

Rockfall Rockfall resulting in harm to construction workers
Map excavated surfaces and confirm slope
stabilisation/protection measures 4 E High No further mitigation Temporary works design Contractor

OwnerConsiderations Go?Mitigation options
Residual Risk

Design slope around rock mass properties and
features, stabilise slopes progressively,
construction controls.

Rockfall, wedge movement, toppling blocks fall from
facing causing serious harm/death to people below

High cut (30 m) slope instability

Extensive excavation required to form spillway
including ripping and blasting

Injury, serious injury to workers due to excavation
work

Construction SWMS, Construction HSE plans,
policies, procedures

4 D VH

Risk Assessment

Design Spillway location

5 E VH

Spillway operation

Construction

Operation

Spillway construction

Blasting of rock

5

ExcavationConstruction13

ID

1

4

Design2

Hazard Assessment

Spillway type
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14 Design Embankment performance
Dam slope instability, deformation during normal
operation and events

Dam failure, significant damage requiring repair
works Design in accordance with High PIC standards 4 F Mod

Use of stiffer rockfill to reduce
deformation 4 F Mod

Cost of rockfill if lower quality
rock is rejected No

15 Construction Earthworks Overburden stockpiles become unstable Harm to workers due to slope failure Stockpile stability assessment and design 3 E Mod No further mitigation Temporary works design Contractor
16 Construction Embankment filling Machinery and placement of fill Harm to workers from moving plant Contractor SWMS 4 E High No further mitigation Filling unavoidable for dam type Yes Contractor

17 Decommissioning
Decommissioning of the dam at
end of design life

Dam failures during decommissioning resulting in
uncontrolled release of reservoir

Serious harm to persons downstream including
public

Demolition processes, monitoring and
evacuation procedures. Designate no go areas
during demolition.

5 F Mod No further mitigation

18 Design Concrete face Construction of concrete face on steep face Serious harm to workers
Design detailing (e.g. reinforcement, water
stops) with consideration of construction safety.
Construction SWMS.

5 F Mod
Select alternative water control
measure (e.g. geomembrane) 5 F Mod

Hazard remains similar and
controls rely on same
mechanisms.

Working at height on steep face for reo placement
and concrete using slip form Serious harm to workers Contractor SWMS 5 F Mod

Select alternative water control
measure (e.g. geomembrane) 4 F Mod

Installation of embedded parts for rails Serious harm to workers Contractor SWMS 5 F Mod
Select alternative water control
measure (e.g. geomembrane) 4 F Mod

Slipform interaction with
embedded parts

Falling from heights due to steep face access Serious harm to workers Contractor SWMS 5 F Mod
Select alternative water control
measure (e.g. geomembrane) 5 F Mod

Hazard remains similar and
controls rely on same
mechanisms.

Water hazard due to work above reservoir Serious harm to workers Contractor SWMS 5 F Mod
Drawdown reservoir to empty
during repairs 1 F Low

Loss of water and time to refill
post repair

21 Design Diversion culvert
Complex intake arrangement relies on confined
space access to valves and diver installation of
bulkheads

Serious harm to constructor and operational staff
due to lack of oxygen, lack of space.

Design to facilitate safe construction, operation
and maintenance 5 F Mod

Change outlet works and
diversion design 5 F Mod

Swapping one risk profile for
another No

Reinforcement and concrete placement Serious harm to workers Contractor SWMS 4 E High No further mitigation
Control of water Serious harm to workers Contractor SWMS 4 E High No further mitigation

23 Operation
Access to culvert for isolation valve
inspection Confined space assess

Serious harm to operational staff due to lack of
oxygen.

Access crawl space between the two barrels,
Operator SWMS. Ventilation system and
physical barrier to entry.

5 F Mod No further mitigation

24 Design Outlet works
Complex intake arrangement relies on confined
space access to valves and diver installation of
bulkheads

Serious harm to constructor and operational staff
due to lack of oxygen, lack of space.

Design to facilitate safe construction, operation
and maintenance (e.g. isolation valves remote
operation, ability to remove sections of pipe,
remote monitoring via instrumentation)

5 E VH
Change the outlet works
arrangement (e.g. to free
standing tower)

5 F Mod

Alternative arrangement more
expensive and unaffordable,
swapping of risk profile (e.g. each
intake arrangement has its own
hazards)

No

Design of screens to enable
removal without divers. Divers
only required if jams.

5 F Mod
Cost, Unlikley to be feasible to
design 'self removing screen' No

Webforge slinging/landing area
beside screens for person access
to screens held at parapet wall
to attached crane hooks

4 E High Additional design Yes T+T

Localised widening of dam crest
to facilitate crane access 4 E High

Dam design change to widen crest
with significant cost implications No

Design fastening block/area for
temporary winch attachment 4 E High

Truck mounted winch unlikely to
be acceptable/safe No

Use winch on barge in reservoir 4 E High Access to site for barge No
Use mobile crane to lift the
screen straight out 4 E High

Very large crane unlikely to fit on
crest No

Include provision for working
platforms around screens (e.g.
built into the screen)

4 E High
Interface/connection to concrete
face. Yes T+T

Person access to screens in situ via harness/ladder
system down concrete face Slip trips falls above water Harness system 5 E VH No further mitigation Harness points for rope access Yes T+T

Installation of bulkhead requires screen removal
and diver work to lower bulkhead and breather
pipe in place

Serious harm to divers and winching/crane operators Operation SWMS 5 E VH
Design with guide probes to
facilitate installation 5 F Mod

26 Construction Intake screen installation Crane and winch operation Serious harm to winch/crane operators Contractors SWMS 5 E VH No further mitigation

27 Operation Intake screen cleaning Manual cleaning involves diver hazards Drowning of divers Diver SWMS 5 E VH
Compressed air cleaner for non
diver cleaning 5 F Mod

Maintenance of compressed air
line.  Added mainteance
requirement and may not be
effective

No

28 Operation Intake screen maintenance insitu Diver work Drowning of divers Specialist diver SWMS 5 E VH
Pull screens out of water for
maintenance 1 F Low Winching Yes T+T

Winching pinch points Serious harm to workers Operation SWMS 5 E VH
Design for permanent cable
attached to screen 5 E VH

Durability of cable. Cable
inspections. No

Reservoir operation to draw
down level below screen and
schedule removal in the dry.
Working at heights and water
access still necessary with
SWMS.

5 F Mod Value of storage Waimea Water

Non-scheduled maintenance
unchanged. 5 E VH

Removal of the screen for maintenance requires
diver and winch operation Serious harm to divers and winching/crane operators

Design features diver access winching point,
gibault pipe coupler, guide rails and use of
mobile crane winch to pull screen out of the
reservoir. Parapet wall knockout detail required
for wire rope access.

VHSpecialist diver SWMS 5 E

5 E

20

Concrete face construction

VH

Construction

22

19

29

25

Diversion culvert

Diver work Drowning of divers

Cracking of concrete face slab post
construction requiring remedial
works

Operation

Construction

Operation
Intake screen removal for
maintenance

Design Intake screens
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30 Design Inclined pipework on concrete face
Submerged in reservoir requiring diver access for
inspection and maintenance Drowning of divers

Design features coupled section of pipe that can
be unfasten by diver and removed in sections.
Specialist diver SWMS

5 E VH Change to tower arrangement 5 F Mod Cost and risk profile swapping.

31 Design Inclined pipework on concrete face Significant joint leakage
Water hazard to penstock during maintenance if
joints leak significantly during valve removal Joint design, construction QA pressure testing. 4 F Mod

Reservoir water control (lower
reservoir level to control/reduce
leakage)

2 F Low

32 Operation Inspection of inclined pipe Diver work to inspect Drowning of divers Specialist diver SWMS 5 E VH
Inspect in the dry from
downstream face 5 E VH Swapping one risk for another

33 Operation
Maintenance/replacement of
inclined pipe

Diver work to fasten winch and slide pipes up the
concrete face Serious harm to divers and winching/crane operators Specialist diver SWMS, winching SWMS 5 E VH No further mitigation

34 Design FCDV discharge arrangement Free discharge downstream
Drowning/hydraulic impact to operational staff or
downstream persons. Wet downstream area.

Operation SWMS. Should consider external
parties undertaking maintenance to valves and
access to fish pass entry. Signage.

5 E VH Submerged discharge valve 5 E VH
Access to submerged pit for
maintenance, submerged flow No

35 Construction FCDV installation
Lifting heavy object (2 ton+) with mobile boom
crane Falling objects, plant operation Construction SWMS 5 E VH No further mitigation

36 Commissioning FCDV wet test Free discharge downstream
Drowning/hydraulic impact to operational staff or
downstream persons. Wet downstream area.

Commissioning SWMS. Warning system for
downstream. 5 E VH No further mitigation

37 Operation FCDV inspection Falling hazard during access to valve Falls from heights Operation SWMS 5 E VH
Webforge platform access to
upstream of valve 5 F Mod

Maintenance and inspection of
platform.  Platform with barrier
included in design

Yes T+T

Lifting heavy object (2 ton+) with mobile boom
crane for off site maintenance Falling objects, plant operation Operation SWMS 5 E VH No further mitigation

Isolation valve opening in error Drowning/hydraulic impact to operational staff Valve closure lockout procedures 5 E VH Blank plate once FCVD removed 5 F Mod
Risk of opening during valve
removal remains.  Waimea Water
to devlop inspection procedures

Waimea Water

Crushing of construction staff during gantry use for
valve installation Special valve installation/removal SWMS 5 E VH

Select a lighter valve (e.g.
Butterfly) 5 E VH Suitability of valve for application Yes

T+T for
selection.

Contractor for
installation

Lack of oxygen resulting in harm to construction staff Conduit ventilation system 5 E VH No further mitigation
Replace with intake tower 5 E VH Risk profile swap, cost of tower
Install submerged valve within
reservoir. Swapping confined
space risk for underwater work.

5 E VH
Inspection and maintenance of
submerged valve No

41 Design
Air admission valve downstream of
isolation valve Confined space access for on site operation Lack of oxygen resulting in harm to operational staff Conduit ventilation system 5 E VH Move valve to downstream end 1 E Low Effectiveness of air valve Yes

42 Operation Isolation valve operation Confined space access for on site operation Lack of oxygen resulting in harm to operational staff Conduit ventilation system 5 E VH No further mitigation

On site operation only required in
exceptional circumstances when
all other operational options are
not working.

Yes

Crushing of operation staff during gantry use for
valve removal SWMS 5 E VH

Select a lighter valve (e.g.
Butterfly) 5 E VH Suitability of valve for application

Lack of oxygen resulting in harm to operational staff Conduit ventilation system 5 E VH Move valve to downstream end 4 E High Loss of upstream control No
44 Operation Isolation valve inspection Confined space access for on site operation Lack of oxygen resulting in harm to operational staff Conduit ventilation system 5 E VH No further mitigation
45 Operation Penstock inspections Confined space access for on site operation Lack of oxygen resulting in harm to operational staff Conduit ventilation system 5 E VH No further mitigation
46

47 Operation Transformer maintenance Electricity Electrocution to maintenance worker
Electrical work SWMS. Isolation and shutdown
procedures. 5 E VH No further mitigation

48 Operation Electrical equipment maintenance Electricity Electrocution to maintenance worker
Electrical work SWMS. Isolation and shutdown
procedures. 5 E VH No further mitigation

49 Operation
Diesel generator maintenance and
testing Pinch points, noise, fumes Loss of fingers, hearing damage, smoke inhalation SWMS, PPE 4 D VH No further mitigation

Flammable and toxic fluid igniting Burns, inhalation of toxic smoke
No ignition sources signage and procedures
when near fuel. 4 D VH No further mitigation

Contact with toxic fuel Poisoning
Standard fuel storage bunds/containment
structures. Handling SWMS 3 D High No further mitigation

51 Operation
Instrumentation access for
maintenance, recalibration,
replacement

Working around water Falling into water and drowning Operator SWMS 5 E VH

Provide specific access points
and ability to pull instruments
out without having to go
into/near the water.

5 F Mod Location of instruments

52 Construction General construction procedures Persons harmed during on site Serious harm to persons Construction HSE policies, plans and procedures 5 E VH No further mitigation

53 Design Boat ramps
Lowering boat into the water down to minimum
operating level Crushing risk to persons lowering/raising boat Operational SWMS, ramp design 4 E High No further mitigation

54 Operation Boom maintenance Winching boom out of water Winching/pinch points Operational SWMS 4 D VH
Select boom winching
arrangement with consideration
of operator safety

4 D VH

55 Construction Construction area
Lack of space as work progresses to the build the
dam

Working in close proximity resulting in more
collisions and harm to workers Construction Management Plan 4 E High

Designate working zones to
maximise space 4 E High Contractor

Negotiate closure of forestry
roads over construction period 5 F Mod May not be possible Waimea Water

Develop alternative dedicated
site access 4 F Mod Cost of alternative access Waimea Water

Crushing of operation staff during gantry use for
valve removal, lack of oxygen resulting in harm to
operational staff.

Confined space access SMWS, ventilation
system, mobile gantry

5 E VH

VH

38

39

40

50

43

Collision with forestry vehicle results in serious harm
to persons

Prepare detailed traffic management plans in
agreement with forestry operators

5 E

Design

Design Isolation valve location Upstream valve within diversion conduit within
confined space

FCDV maintenanceOperation

Confined space access, mobile gantry operation,
heavy lifting

Isolation valve selection

Removal of screen, bulkhead installation, confined
space access, mobile gantry operation

Operation

Operation Isolation valve removal for
maintenance

Access road is used by forestry vehicles

On site fuel storage

56 Traffic movements/ controlConstruction
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57 Construction Forestry debris
Management of the deforestation during
construction and the impact this debris may have
on the dam during filling

Significant debris is washed downstream fouling the
construction site (especially during flooding) and
resulting breach to the temporary works and
potential harm to downstream persons

Install debris barriers upstream of works.
Undertake vegetation clearance in advance of
main works.

5 E VH

Additional debris capture
measures such as catch dams
and debris booms upstream of
the site for construction

5 E VH Contractor

58 Construction Fire Hazard Forestry areas catch on fire trapping people on site
Serious harm to people on site due to burns, smoke
inhalation

Enforce total fire ban on site. Have fire
surveillance measures and specific evacuation
procedures

5 F Mod No further mitigation Waimea Water

59 Construction Inclement weather High rainfall, frosts, ice making access unsafe Vehicle crashes due to loss of control Driver training. Vehicles to be 4WD. 5 E VH No further mitigation Waimea Water
Inundation of work site leading introducing water
hazard to workers Drowning of workers Construction HSE plans, policies and procedures 5 E VH No further mitigation Contractor

Inundation of work site resulting in overtopping of
the works and dam breach flood downstream

Overtopping or failure of the dam during
construction - risk to the public in the downstream
catchment

CEMP. Risk assessment into inform the adopted
diversion flood standard and arrangements 5 E VH No further mitigation Contractor

61 Operation Forestry debris
Poor forestry operations resulting in large amounts
of debris coming into the reservoir and affecting
intakes requiring clearing/maintenance.

Serious harm to persons trying to clear the intakes Operator's SWMS 5 F Mod
Liaise with forestry operators to
try reduce debris 5 F Mod

Debris fouling spillway ogee causing blockage and
reduced capacity during flood passage.

Dam flood routing capacity reduced and/or debris
dam break results in flood surge wave downstream
drowning people

Debris management operational procedures,
design spillway reduces blockage potential.
Flood management procedures.

5 F Mod No further mitigation

Debris fouling the intake screens causing blockage
and reduced outlet capacity

Flushing flows not met, and cleaning of screens
required with associated risks. Emergency drawdown
less effective affecting dam safety.

Blockage allowance in design, debris boom,
intake submergence. 5 E VH No further mitigation

63 Operation
Embedded items (e.g. intake
screen rails) require
repair/replacement

Working around/in water Serious harm to persons
Design high durability items. Dewater the
reservoir before undertaking any work. 5 E VH

Change design so no embedded
items (i.e. tower) 5 E VH

Once embedded items are in
place they will be extremely
difficult to replace and therefore
costly.

No

64 Operation Operator error
Opening/closing valves inappropriately resulting in
unintended release of water downstream and
flood hazard

Drowning of downstream persons Operation procedures. 5 F Mod
Multiple commands required to
open valves. Discharge alarms
downstream

5 F Mod

65 Operation Security
Unauthorised persons accessing the site and being
harmed and/or harming others/equipment that
results in harm to others.

Electrocution, burns, drowning, falls Security fences 5 E VH Install security cameras 5 E VH

Site is at the end of a private road
with multiple locked gates, noting
hunters do sometimes illegally
access the area and forestry
workers are in the area.

Waimea Water

66 Operation Lightning strike Lightning Electrocution resulting in burns or death None 5 F Mod
Operational procedures,
lightning rods 5 F Mod

Site is unmanned so adopt
operational procedures Waimea Water

Large wave overtopping dam and washing away
persons

Design of parapet wall height for known
landslide volumes 5 F Mod No further mitigation

Damage to crest access bridge not immediately
apparent resulting in bridge collapse under vehicle
load

Inspection and surveillance procedures prior to
vehicle access to bridge 5 F Mod

Include landslide wave alarm
using water level
instrumentation

5 F Mod
Water level loggers may be
destroyed giving another
indication

Waimea Water

Reservoir wave resulting in large flow down spillway
with no obvious warning to downstream users of the
river resulting in people being swept away and
drowned.

Assess likely extent of flow discharge and
potential attenuation 5 F Mod Signage downstream 5 F Mod Waimea Water

68 Operation
Maintenance to fish pass channel

Slips, trips and falls due to steep face Serious harm to persons due to falls None 4 D VH
Include access track or herness
points 4 D VH

Harbness point located at parapet
wall Yes T+T

69 Operation
Extreme flood event

Dam failure Flood inundation to persons downstream Design, EAP 5 F Mod
Warning system for downstream
inhabitants 5 F Mod Yes Waimea Water

Dam failure Flood inundation to persons downstream Design, EAP, Seismograph and alarms 5 F Mod
Warning system for downstream
inhabitants 5 F Mod Yes Waimea Water

Significant damage to the dam requiring repair
works Construction hazards and associated consequences Design, Construction SWMS's 5 F Mod No further mitigation

71 Operation Post event access to the site

During PMF the flood passage will direct flows
across the access road.  This will have a significant
impact on access to the dam because of the
erosion during this process

Vehicles being swept away killing persons in vehicle.
Landslides onto vehicles. Driver training. EAP procedures. 5 F Mod

Alternative access via high road
and/or helicopter (weather
permitting)

5 F Mod
Cost and stability of alternative
roads. Helicopter risks. Waimea Water

72 Operation Public access to site

Public access to the reservoir and upstream
reaches exposing them to site hazards. Public
access to waterfall creek due to potential treaty
settlement.

Members of the public are harmed Public access not easily possible due to forestry
road and locked gates.

5 E VH Install locked security fence at
access road to dam.

5 F Mod Yes Waimea Water

73 Operation
Operator rescue from reservoir
dam crest Operator falls into reservoir Drowning of operator staff Operational procedures 5 F Mod

HDPE ladders either side of
intake, life buoys and two
operators.

5 F Mod
Operational procedures.  HDPE
laddrs can be added at later date
if desired

Yes Waimea Water

Landslide wave impacting dam and reservoir areaLandslide waveOperation

70 Extreme earthquake eventOperation

Construction

Debris managementOperation

Control of water (river flows and
floods)

62

67

60
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Rank People Impact Consequence Descriptor Experience Assessment

1
Inconvenience or symptom. No injuries 
requiring any treatment.

Insignificant Probability 

2 First aid treatment, no lost time. Minor

of 
occurrence 
during the 

project

3
First aid or medical treatment required, 
some lost time (up to 2 days). 

Significant A 80% - 
100%

Expected to occur in 
most circumstances 

Organisation/project: Several 
times in the last 12 months Almost certain

4
Injuries resulting in medical treatment, 
significant lost time (more than 2 days), 
some permanent disability.

Major
Organisation/project: More 
than 1/year

5
Single or multiple fatalities or serious injury 
and serious permanent disability.

Critical Industry:  Multiple times/year

Organisation/project: Once in  
the last year

Industry: multiple times/year

Organisation/project: Has 
happened less than once a year

Industry: More than 1/year

Organisation: Once or not at all

Industry: Heard of, less than 
1/year
Organisation: Never heard of 
Industry: Once or not at all

F Less than 
1%

Possible but only in 
exceptional 
circumstances

Nil or negligible

CONSEQUENCE ASSESSMENT

D 3% - 10% Could occur at some time Unlikely

E 1% - 3%
May occur only in 
exceptional 
circumstances 

Rare

B 33% - 80%
Probably occur in most 
circumstances Likely

C 10% - 33%
Should occur at some 
time Possible

LIKELIHOOD ASSESSMENT

Rank

Probability Assessment

Likelihood DescriptorThe likelihood of the 
event occurring during 

the project

Industry/organisation/project 
occurrence 

Level of Risk Acceptability of Risk Required action for residual risk after controls
Extreme Intolerable Do not proceed with work

Insignificant Minor Significant Major Critical Very High Intolerable Do not proceed with work
Likelihood 1 2 3 4 5 High Undesirable Proceed with controls and with PM and PD approval

Almost certain A Low High Ex Ex Ex Moderate Tolerable Proceed with controls and with PM approval
Likely B Low Mod VH Ex Ex Low Acceptable Proceed with controls and with PM approval

Possible C Low Low VH Ex Ex
Unlikely D Low Low High VH Ex

Rare E Low Low Mod High VH
Nil or negligible F Low Low Low Mod Mod

RISK MATRIX LEVEL OF RISK
CONSEQUENCE

LIKELIHOOD
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EXECUTIVE SUMMARY 

Spectra are presented to address the NZSOLD New Zealand Dam Safety Guidelines for 
Maximum Design Earthquake (MDE) motions and Operating Basis Earthquake (OBE) 
motions for high Potential Impact Category structures at the proposed Lee Valley Dam site  
at location 41.47° S, 173.16° E. Smoothed horizonta l acceleration response spectra (5% 
damping) are provided for the site for NZS1170 ground conditions Weak Rock, Shallow Soil 
and Deep/Soft Soil (Tables ES-1 to ES-3 and Figures ES-1 to ES-3). The spectra are 
provided in equation form in Section 3.2. The spectra were calculated using the May 2010 
update of GNS’s National Seismic Hazard Model (NSHM). Results are presented for return 
periods of 150, 500, 2500, 5000 and 10,000 years for periods up to 3 seconds. 

An earlier version of the NSHM was used to derive the hazard spectra presented in the New 
Zealand Standard NZS1170.5:2004 Structural Design Actions. The smoothing procedures 
used in NZS1170.5 are generally conservative, in that they produce near upper-bound 
envelopes to the spectral shapes for all locations in New Zealand for periods beyond the 
plateau at the peak of the smoothed spectrum. In addition to updated fault and background 
seismicity models, the spectra presented for the proposed Lee Valley site use alternative 
smoothing procedures to more closely approximate the spectra derived directly for the 
location from the hazard studies. The hazard-derived Z value is 0.29, very similar to the 
NZS1170 value for Lee Valley of 0.30. 

There are four active fault sources included in the 2010 NSHM that lie within 50 km of the 
proposed Lee Valley Dam. Details of these faults are listed in Section 3.3. The closest is the 
Waimea Fault (represented as two sources in the NSHM) located approximately 8 km north-
west of the site with an estimated recurrence interval of about 10,000 years. To the south of 
the site there are two faults that are appreciably more active; the Wairau Fault and the Alpine 
Fault, located respectively about 20 and 40 km from the site. Both of these faults are 
considered capable of producing high magnitude 7 earthquakes with average recurrence 
intervals of a few thousand (Wairau Fault) to a few hundred years (Alpine Fault). With 
reference to GNS Science’s active fault database, there are no active faults mapped in the 
immediate vicinity of the proposed site. A review of aerial photographs also did not reveal 
any topographic evidence for the existence of active fault traces in the immediate vicinity of 
the proposed site. It appears, from available data, that the site is free of active fault 
displacement hazard. However, no site investigations have been undertaken to further 
substantiate this. 

The smoothed 150-year motions listed in Tables ES-1 to ES-3 are recommended as the 
Operating Basis Earthquake (OBE) motions for the three site classes, consistent with the 
NZSOLD Dam Safety Guidelines. 

The NZSOLD Guidelines allow adoption of a probabilistically-based 10,000-year spectrum or 
scenario spectra for the estimated motions from rupture of nearby faults to represent the 
Maximum Design Earthquake (MDE) motions. Consideration of deterministic spectra for 
fault-rupture scenarios suggest that the envelope of the 84-percentile spectra for a 
magnitude 7.0 earthquake on the Waimea South Fault at 8 km distance and a magnitude 7.8 
earthquake on the Wairau Fault at 21 km distance are sufficient to represent the MDE 
motions, in lieu of the purely probabilistically-based 10,000-year spectra. The envelope of 
these deterministic spectra can be conveniently approximated by the smoothed 5000-year 
spectra of Tables ES-1 to ES-3. 
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Table ES-1  Recommended smoothed horizontal acceleration spectra, weak rock.  

5% Damped Acceleration Response Spectra SA(T) 
(g)   

Period 150yrs 500yrs 2500yrs 5000yrs 10,000yrs 

T(s) 

0  (pga) 0.16 0.24 0.40 0.48 0.56 
0.075 0.34 0.57 1.08 1.30 1.54 
0.1 0.41 0.67 1.30 1.58 1.87 
0.15 0.41 0.67 1.30 1.58 1.87 
0.2 0.41 0.67 1.30 1.58 1.87 
0.25 0.41 0.67 1.30 1.58 1.87 
0.3 0.41 0.67 1.14 1.38 1.63 
0.35 0.36 0.60 1.01 1.23 1.46 
0.4 0.33 0.54 0.92 1.11 1.32 
0.5 0.28 0.46 0.77 0.94 1.11 
0.6 0.24 0.40 0.68 0.82 0.97 
0.7 0.21 0.36 0.60 0.73 0.87 
0.75 0.20 0.34 0.57 0.69 0.82 
0.8 0.19 0.32 0.54 0.66 0.78 
0.9 0.18 0.30 0.50 0.60 0.72 
1 0.16 0.27 0.46 0.56 0.66 

1.5 0.12 0.20 0.34 0.41 0.49 
2 0.091 0.15 0.27 0.33 0.39 

2.5 0.073 0.12 0.23 0.28 0.33 
3 0.061 0.10 0.20 0.25 0.29 

Table ES-2  Recommended smoothed horizontal acceleration spectra, shallow soil. 

5% Damped Acceleration Response Spectra SA(T) 
(g)   

Period 150yrs 500yrs 2500yrs 5000yrs 10,000yrs 

T(s) 

0  (pga) 0.21 0.33 0.54 0.64 0.75 
0.075 0.45 0.69 1.22 1.44 1.68 
0.1 0.53 0.80 1.45 1.71 1.99 
0.15 0.53 0.80 1.45 1.71 1.99 
0.2 0.53 0.80 1.45 1.71 1.99 
0.25 0.53 0.80 1.45 1.71 1.99 
0.3 0.53 0.80 1.26 1.49 1.74 
0.35 0.47 0.71 1.12 1.33 1.55 
0.4 0.42 0.65 1.02 1.20 1.40 
0.5 0.36 0.55 0.86 1.01 1.18 
0.6 0.31 0.48 0.75 0.88 1.03 
0.7 0.28 0.43 0.67 0.79 0.92 
0.75 0.26 0.40 0.63 0.75 0.87 
0.8 0.25 0.38 0.60 0.71 0.83 
0.9 0.22 0.34 0.55 0.65 0.76 
1 0.20 0.30 0.51 0.60 0.70 

1.5 0.13 0.20 0.38 0.45 0.52 
2 0.099 0.15 0.30 0.36 0.42 

2.5 0.079 0.12 0.24 0.29 0.33 
3 0.066 0.10 0.20 0.24 0.28 

 

 



Confidential 2011 

 

GNS Science Consultancy Report 2011/26  v 

 

Table ES-3  Recommended smoothed horizontal acceleration spectra, Deep/Soft soil. 

 

5% Damped Acceleration Response Spectra SA(T) 
(g)   

Period 150yrs 500yrs 2500yrs 5000yrs 10,000yrs 

T(s) 

0  (pga) 0.18 0.27 0.41 0.48 0.56 
0.075 0.31 0.50 0.74 0.88 1.04 
0.1 0.36 0.58 0.84 1.02 1.20 
0.15 0.45 0.73 1.06 1.28 1.52 
0.2 0.45 0.73 1.06 1.28 1.52 
0.25 0.45 0.73 1.06 1.28 1.52 
0.3 0.45 0.73 1.06 1.28 1.52 
0.35 0.45 0.73 1.06 1.28 1.52 
0.4 0.45 0.73 1.06 1.28 1.52 
0.5 0.45 0.73 1.06 1.28 1.52 
0.6 0.45 0.73 1.06 1.28 1.52 
0.7 0.40 0.65 1.06 1.28 1.52 
0.75 0.38 0.62 1.06 1.28 1.52 
0.8 0.36 0.59 1.01 1.22 1.45 
0.9 0.33 0.54 0.92 1.12 1.32 
1 0.30 0.50 0.85 1.03 1.22 

1.5 0.22 0.37 0.63 0.76 0.90 
2 0.17 0.28 0.47 0.57 0.68 

2.5 0.13 0.22 0.38 0.46 0.54 
3 0.094 0.15 0.31 0.38 0.45 

 

MAGNITUDE-WEIGHTED, SMOOTHED WEAK ROCK SPECTRA, LEE  VALLEY DAM  
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Figure ES-1  Recommended 5% damped horizontal response spectra for Weak Rock. The peak 
ground acceleration (0s) values are plotted at 0.03s. 
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MAGNITUDE-WEIGHTED, SMOOTHED SHALLOW SOIL SPECTRA, LEE VALLEY DAM  
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Figure ES-2  Recommended 5% damped horizontal response spectra for Shallow Soil. The peak 
ground acceleration (0s) values are plotted at 0.03s. 

MAGNITUDE-WEIGHTED, SMOOTHED DEEP/SOFT SOIL SPECTRA, LEE VALLEY SITE  
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Figure ES-3  Recommended 5% damped horizontal response spectra for Deep/Soft soil. The peak 
ground acceleration (0s) values are plotted at 0.03s. 
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1.0 INTRODUCTION 

1.1 Project Brief 

The technical brief required GNS Science to calculate the elastic acceleration response 
spectra to satisfy the criteria of the NZSOLD New Zealand Dam Safety Guidelines (2000)  for 
Maximum Design Earthquake (MDE) motions and Operating Basis Earthquake (OBE) 
motions for High Potential Impact Category Structures. The resulting 5% damped, horizontal 
spectra for the proposed site at location 41.47° S,  173.16° E are for return periods of 150, 
500, 2500 and 10,000 years and NZS1170 sites classes corresponding to Weak Rock, 
Shallow Soil and Deep/Soft Soil. The spectra are provided for the set of periods from 0s up 
to 3s and are smoothed appropriately for their use as design spectra. A discussion of nearby 
active faults and their characteristics was also required. Spectra are also presented at the 
50- and 84-percentile levels for several rupture scenarios of nearby faults, as potential 
deterministic candidates for the MDE spectra. 

2.0 NZSOLD GUIDELINES FOR OBE AND MDE MOTIONS 

Smoothed 5% damped acceleration response spectra are presented in this report for various 
return periods and for various fault-rupture scenarios to determine spectra that satisfy the 
criteria of the NZSOLD (2000) New Zealand Dam Safety Guidelines for Operating Basis 
Earthquake (OBE) motions and Maximum Design Earthquake (MDE) motions for High 
Potential Impact Category (PIC) structures. The performance requirement for OBE motions is 
either no damage, or minor repairable damage. In MDE motions, some damage is 
acceptable, but it must not result in catastrophic failure, and it is required that at least the 
impounding capacity of the dam be maintained. 

The NZSOLD Guidelines specify that the return period for OBE Motions is 150 years. 

The MDE spectra are determined by considering both probabilistic spectra and scenario 
spectra for the estimated 50- and 84-percentile motions from rupture of nearby faults. The 
NZSOLD Guidelines specify the return period to be considered for MDE motions for High PIC 
dams as “a 1 in 10,000 AEP event if probabilistically derived” (AEP is Annual Exceedance 
Probability). The MDE may also be Maximum Credible Earthquake, described as the “largest 
reasonably conceivable earthquake that appears possible along a recognised fault or within 
a geographically defined tectonic province, under the presently known or interpreted tectonic 
framework”. According to the NZSOLD Guidelines, the probabilistic (i.e. return periods) and 
scenario percentile-level criteria are alternatives, with it not being necessary to satisfy both 
criteria. 

3.0 THE 2010 NATIONAL SEISMIC HAZARD MODEL 

The hazard calculations performed in this study used the May 2010 update of the NSHM 
fault model with the June 2006 model for distributed seismicity. The 2010 version has been 
significantly changed from the 2000 NSHM of Stirling et al. (2000, 2002), which was used to 
develop the hazard section of the New Zealand Standard NZS1170.5 for earthquake loads in 
New Zealand (Standards New Zealand, 2004). 
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The changes from the 2000 to 2010 NSHM affected both the grid of point sources, with 
parameters derived from the historical seismicity catalogue since 1840, and the fault 
sources, with parameters based largely on geological information. The updates from the 
2000 to the 2010 NSHM are discussed below. 

3.1 Distributed Seismicity Sources 

3.1.1 Modifications to the Modelling from the 2000 NSHM 

Both the input data and methodology for characterizing the distributed seismicity sources 
have been significantly updated since 2000. The same overall approach is used, with the b-
value of the Gutenberg-Richter distribution logN=a-bM (N=number of events > magnitude M) 
calculated for each seismotectonic region, and the a-value calculated at each grid point, with 
these values then smoothed using a Gaussian weighting function with distance. There are 
fewer seismotectonic zones than in the 2000 model, and the NSHM now uses seismicity data 
past the previous 1997 cut-off up to the end of 2005. In calculating the a- and b-values, 
events are now assigned to the depth layer corresponding to their catalogue depth, while in 
the 2000 model events with constrained depths up to 33 km were randomly distributed 
between 0 and 33 km depth. The final a-value for each grid cell remains a maximum-
likelihood estimate based on the various sub-catalogues identified in the New Zealand 
earthquake catalogue, a sub-catalogue being a space-time subset of the catalogue with a 
complete record above a specific magnitude threshold. 

3.2 Fault Sources 

The second component of the seismicity model in the NSHM represents the fault sources. In 
the main, the fault sources model earthquakes that are associated with geologically-identified 
surface traces. The NSHM fault sources consist of planar segments, having perhaps several 
end-to-end planar surfaces for each source to model changes in strike or dip along a fault. 
This approach inevitably results in a simplified representation of the fault sources compared 
with the identified traces. Because of this, the localised differences between the NSHM fault 
sources and observed traces can affect the site-to-fault distances by approximately 1-2 km in 
some cases. Each of these sources is assigned a characteristic magnitude and average 
recurrence interval, and is modelled as producing earthquakes of only its characteristic 
magnitude. Some long faults, such as the Alpine and Wellington Faults, are separated into 
several independent segments, each with its own characteristic magnitude and average 
recurrence interval. 

The 2000 NSHM used a hierarchy of methods to assign magnitudes and average recurrence 
intervals. The 2007 and subsequent versions of the NSHM used a single method to estimate 
the characteristic magnitude and recurrence interval for each fault source. Newly developed 
regression equations of moment magnitude Mw on fault area were used for New Zealand 
earthquakes (Villamor et al. 2001; Berryman et al. 2002), and an internationally-based 
regression for plate boundary strike-slip faults (Hanks & Bakun 2002) for the Alpine Fault. 
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3.3 Faults affecting the Lee Valley site 

There are four active fault sources included in the 2010 NSHM that lie within 50 km of the 
proposed Lee Valley Dam (Figure 1). Details of these faults are listed in Table 1. The closest 
is the Waimea Fault (represented as two sources in the NSHM) located approximately 8km 
north-west of the site with an estimated recurrence interval of about 10,000 years. To the 
south of the site, there are two faults that are appreciably more active; the Wairau Fault and 
the Alpine Fault, located respectively about 20 and 40 km from the site. Both of these faults 
are considered capable of producing high magnitude 7 earthquakes at average recurrence 
intervals  of a few thousand (Wairau Fault) to a few hundred years (Alpine Fault).  

More detailed information on the fault systems and issues relating to avoidance of fault 
displacement and deformations are discussed in Section 5.0. 

Table 1 Active faults in the vicinity of the Lee Valley site. 

Name 

Distance 
to site 
(km) Magnitude 

Recurrence 
Interval 

(yrs) 
Waimea North 8 7.4 9600 
Waimea South 12 7.0 5600 

Wairau 21 7.8 2500 
Alpine 43 7.7 620 
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Figure 1  Faults in the vicinity of the Lee Valley site. The proposed dam location is shown by the 

yellow star. Fault parameters are listed in Table 1. 

Proposed Lee 
Valley site 



Confidential 2011 

 

GNS Science Consultancy Report 2011/26  5 

 

3.4 The attenuation model 

The attenuation model used is the New Zealand model of McVerry et al. (2000, 2006) for 5% 
damped acceleration response spectra. This model was used in the hazard studies defining 
the New Zealand seismic hazard maps and spectral shapes in the New Zealand Standard 
NZS1170.5. The McVerry et al. attenuation model accounts for the three different tectonic 
regimes which apply in New Zealand (i.e. crustal, subduction interface, and intraslab 
earthquakes in the dipping slab). Crustal earthquakes provide the main contributions to the 
hazard for the region around the Lee Valley site. The attenuation relationships for crustal 
earthquakes have further subdivisions, through mechanism terms, for different types of fault 
rupture (strike-slip, normal, oblique/reverse and reverse). They also cater for several site 
conditions that are defined in terms of Classes A/B, C and D of NZS1170:2004 

The attenuation expressions were developed mainly from New Zealand strong-motion 
earthquake records, supplemented by data from elsewhere to obtain near-source constraint. 
This was achieved through introducing additional records at distances of less than 10 km, a 
distance range for which there were no New Zealand data. The crustal model was modified 
from the Abrahamson & Silva (1997) model which was derived from mainly western US data, 
while the subduction zone expression was modified from the Youngs et al. (1997) expression 
derived from subduction zone earthquakes around the world. 

4.0 HAZARD ESTIMATES 

4.1 Unsmoothed spectra 

Elastic acceleration response spectra for 5% of critical damping with magnitude-weighting 
have been estimated for five return periods, 150, 500, 2500, 5000 and 10,000 years, 
corresponding to the client’s specifications. The unsmoothed spectra as produced by the 
2010 NSHM fault model combined with the June 2006 distributed-seismicity model  for the 
NZS1170.5 Class B Weak Rock, Class C Shallow Soil and Class D Deep/Soft Soil Site 
conditions are shown in Figure 2, Figure 3 and Figure 4, with the pga value plotted at a 
period of 0.03s. The spectral values are listed in Table 2, Table 3 and Table 4. 

The hazard studies conducted for the development of the NZS1170.5 spectra used 
magnitude-weighting of the spectra for periods up to 0.5s. The magnitude-weighting method 
scales the expected accelerations for any event according to earthquake magnitude M, by a 
factor (M/7.5)1.285 (Idriss, 1985), while the unweighted estimates have no scaling of the 
expected accelerations. Full magnitude-weighting has been used for periods up to and 
including 0.5s, tapering to no magnitude-weighting at 0.75s. 

Magnitude-weighting addresses a criticism of uniform-hazard spectra that they tend to be 
dominated by contributions from moderate-magnitude earthquakes, and do not reflect the 
effect of duration in causing structural damage. The magnitude-weighting method scales the 
expected spectra for any event according to earthquake magnitude, to reflect duration effects 
which affect the damage potential of motions for a given peak response. The magnitude-
weighting factor is intended to produce estimates that are equivalent to magnitude 7.5 values 
in terms of damage-potential. As a result, at short spectral periods magnitude-weighted 
spectral accelerations are usually less than those from uniform hazard analysis. For 
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example, the magnitude-weighting factor for magnitude 6 is 0.75. For spectral periods longer 
than 0.5s, small-to-moderate magnitude earthquakes produce significantly weaker motions 
than larger magnitude events, making scaling unnecessary. 

Table 2 The unsmoothed magnitude-weighted horizontal spectra for Weak Rock for the Lee 
Valley Dam site. 

5% Damped Acceleration Response Spectra SA(T) 
(g)   

Period 150yrs 500yrs 2500yrs 5000yrs 10,000yrs 

T(s) 

0  (pga) 0.16 0.24 0.40 0.48 0.56 
0.075 0.35 0.58 1.01 1.23 1.47 
0.1 0.41 0.70 1.23 1.50 1.81 
0.15 0.44 0.72 1.25 1.53 1.85 
0.2 0.48 0.77 1.33 1.63 1.98 
0.25 0.39 0.62 1.03 1.25 1.49 
0.3 0.33 0.52 0.84 1.00 1.18 
0.35 0.29 0.44 0.71 0.84 0.98 
0.4 0.26 0.39 0.61 0.72 0.83 
0.5 0.23 0.35 0.56 0.66 0.77 
0.6 0.21 0.32 0.50 0.59 0.69 
0.7 0.19 0.29 0.45 0.54 0.63 
0.75 0.18 0.28 0.44 0.52 0.60 
0.8 0.17 0.26 0.42 0.50 0.58 
0.9 0.15 0.24 0.39 0.46 0.55 
1 0.14 0.22 0.36 0.44 0.52 

1.5 0.12 0.20 0.34 0.41 0.49 
2 0.093 0.15 0.25 0.31 0.37 

2.5 0.073 0.12 0.22 0.27 0.32 
3 0.060 0.11 0.19 0.23 0.29 

Note1: See Table 8 for recommended smoothed spectra 
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Table 3 The unsmoothed magnitude-weighted horizontal spectra for Shallow Soil for the Lee 
Valley Dam site. 

5% Damped Acceleration Response Spectra SA(T) 
(g)   

Period 150yrs 500yrs 2500yrs 5000yrs 10,000yrs 

T(s)           

0  (pga) 0.21 0.33 0.54 0.64 0.75 
0.075 0.41 0.69 1.20 1.46 1.74 
0.1 0.50 0.85 1.50 1.84 2.21 
0.15 0.55 0.90 1.55 1.91 2.30 
0.2 0.60 0.97 1.68 2.06 2.50 
0.25 0.55 0.87 1.44 1.75 2.09 
0.3 0.51 0.80 1.28 1.53 1.80 
0.35 0.48 0.73 1.16 1.37 1.60 
0.4 0.45 0.68 1.06 1.25 1.45 
0.5 0.38 0.58 0.92 1.08 1.26 
0.6 0.32 0.49 0.78 0.92 1.07 
0.7 0.28 0.43 0.68 0.80 0.93 
0.75 0.26 0.40 0.63 0.75 0.87 
0.8 0.24 0.37 0.59 0.69 0.81 
0.9 0.20 0.31 0.51 0.60 0.71 
1 0.17 0.27 0.44 0.53 0.63 

1.5 0.12 0.20 0.33 0.41 0.48 
2 0.091 0.15 0.25 0.30 0.36 

2.5 0.073 0.12 0.22 0.26 0.32 
3 0.061 0.11 0.19 0.24 0.29 

Note1: See Table 9 for recommended smoothed spectra 
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Table 4 The unsmoothed magnitude-weighted horizontal spectra for Deep/Soft Soil for the Lee 
Valley Dam site. 

5% Damped Acceleration Response Spectra SA(T) 
(g)   

Period 150yrs 500yrs 2500yrs 5000yrs 10,000yrs 

T(s)           

0  (pga) 0.18 0.27 0.41 0.48 0.56 
0.075 0.32 0.48 0.77 0.92 1.08 
0.1 0.37 0.58 0.93 1.11 1.31 
0.15 0.42 0.64 1.02 1.22 1.44 
0.2 0.47 0.72 1.15 1.37 1.62 
0.25 0.44 0.66 1.03 1.22 1.42 
0.3 0.42 0.62 0.94 1.11 1.28 
0.35 0.41 0.60 0.91 1.06 1.22 
0.4 0.40 0.59 0.88 1.02 1.17 
0.5 0.40 0.60 0.91 1.06 1.22 
0.6 0.40 0.60 0.92 1.08 1.24 
0.7 0.40 0.60 0.93 1.09 1.26 
0.75 0.40 0.60 0.93 1.10 1.27 
0.8 0.38 0.58 0.91 1.07 1.24 
0.9 0.35 0.54 0.86 1.03 1.20 
1 0.32 0.51 0.83 0.99 1.16 

1.5 0.22 0.37 0.63 0.76 0.90 
2 0.17 0.27 0.47 0.57 0.67 

2.5 0.12 0.21 0.37 0.45 0.54 
3 0.094 0.16 0.30 0.37 0.45 

Note1: See Table 10 for recommended smoothed spectra 

In NZS1170.5, the Z-factor corresponds to half the 500-year value of the 0.5s spectral 
ordinate for Shallow Soil. The Z-value from this study is 0.29, close to its corresponding 
NZS1170 value of 0.3. 
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Figure 2 Unsmoothed magnitude-weighted Weak Rock spectra for the Lee Valley site. 
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Lee Valley Site

0.01

0.1

1

10

0.01 0.1 1 10

Period T(s)

S
A

 (
T

)(
g)

   150yrs

   500yrs

  2500yrs

 5000yrs

10000yrs

 

Figure 3 Unsmoothed magnitude-weighted Shallow Soil spectra for the Lee Valley site. 
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Figure 4 Unsmoothed magnitude-weighted Deep/Soft Soil spectra for the Lee Valley site. 
 
4.2 Smoothing of the spectra 

Smoothed design envelopes were developed to largely envelope the raw unsmoothed 
spectra from the hazard analyses for the requested return periods of 150, 500, 2500, 10,000 
years and an additional return period of 5,000 years. The construction of these envelopes 
followed procedures similar to those used in developing code spectra, although different from 
the specific procedures used for NZS1170.5. Each smoothed spectrum comprises a segment 
rising linearly with period T from the 0s value to period T=0.1s, a constant spectral 
acceleration plateau at the peak of the smoothed spectrum to a corner period Tc and 
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descending branches in which the spectral acceleration reduces with increasing spectral 
period T. The smoothing procedure involves defining an appropriate amplitude and period 
band for the constant acceleration plateau, and approximating the descending branches by 
segments proportional to T-� , where the exponent �  takes values such as 2/3, 3/4, 1 or 2 in 
various segments. The equations for the smoothed magnitude-weighted spectra are given in 
Table 5, with parameters in Tables 6 and 7. 

Table 5 Equations for the smoothed 150, 500, 2500, 5000 and 10,000 year horizontal spectra.  

 

Value and 
Range Equation to obtain value   
SSA(T=0s) RSA(0s)    
SSA(0s<T<T0) RSA(0s) + (T/T0)*(SAmax-RSA(0s)) 
SSA(T0� T� Tc) SAmax    
SSA(Tc<T� Tv) RSA(Tref) * (Tref/T)0.75  
SSA(Tv<T� Td) SSA(Tv) * (Tv/T)   

SSA(T>Td) SSA(Td)*(Td/T)2     

SAmax RSA(Tref)  * (Tref/Tc)0.75   
SSA(Tv) RSA(Tref)  * (Tref/Tv)0.75   

   

Table 6 Parameter values for the equations in Table 5. 

Site Class 

Return 
Period 
(yrs) To Tc Tref Tv Td 

Weak Rock 

150 0.1 0.3 1.5 1.5 3 
500 0.1 0.3 1.5 1.5 3 
2500 0.1 0.25 1.5 3 3 
5000 0.1 0.25 1.5 3 3 

10000 0.1 0.25 1.5 3 3 

Shallow 
Soil 

150 0.1 0.3 0.75 0.75 3 
500 0.1 0.3 0.75 0.75 3 
2500 0.1 0.25 0.75 2 3 
5000 0.1 0.25 0.75 2 3 

10000 0.1 0.25 0.75 2 3 

Deep/Soft 
Soil 

150 0.15 0.6 1.5 1.5 2.5 
500 0.15 0.6 1.5 1.5 2.5 
2500 0.15 0.75 1.5 1.5 3 
5000 0.15 0.75 1.5 1.5 3 

10000 0.15 0.75 1.5 1.5 3 
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Table 7 Parameter values for the equations in Table 5 (cont). 

Site Class 

Return 
period 
(yrs) 

RSA 
(PGA)(g)  SAmax 

RSA 
(Tref)(g)  

SSA 
(Tv)(g) 

SSA 
(Td)(g) 

Weak Rock 

150 0.156 0.406 0.121 0.121 0.061 
500 0.245 0.675 0.202 0.202 0.101 
2500 0.400 1.303 0.340 0.202 0.202 
5000 0.476 1.580 0.412 0.245 0.245 

10000 0.556 1.873 0.489 0.291 0.291 

Shallow 
Soil 

150 0.214 0.525 0.264 0.264 0.066 
500 0.333 0.803 0.404 0.404 0.101 
2500 0.540 1.445 0.634 0.304 0.203 
5000 0.644 1.706 0.749 0.359 0.239 

10000 0.753 1.990 0.873 0.418 0.279 

Deep/Soft 
Soil 

150 0.183 0.446 0.224 0.224 0.135 
500 0.269 0.734 0.369 0.369 0.222 
2500 0.413 1.057 0.629 0.629 0.314 
5000 0.485 1.281 0.762 0.762 0.381 

10000 0.560 1.517 0.902 0.902 0.451 

 

Figure 5, Figure 6 and Figure 7 show comparisons of the raw spectra to the smoothed 
spectra.  The smoothed spectral values for the requested periods are shown in Table 8, 
Table 9 and Table 10 and Table ES-1, Table ES-2 and Table ES-3.  
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Figure 5 Horizontal spectra for Weak Rock for the Lee Valley site showing smoothed and 
unsmoothed spectra. 
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MAGNITUDE-WEIGHTED, SMOOTHED SHALLOW SOIL SPECTRA, LEE VALLEY DAM  
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Figure 6 Horizontal spectra for Shallow Soil for the Lee Valley site showing smoothed and 
unsmoothed spectra. 

MAGNITUDE-WEIGHTED, SMOOTHED DEEP/SOFT SOIL SPECTRA, LEE VALLEY SITE  
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Figure 7  Horizontal spectra for Deep/Soft Soil for the Lee Valley site showing smoothed and 
unsmoothed spectra. 
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Table 8 Smoothed magnitude-weighted Weak Rock hazard spectra. 

5% Damped Acceleration Response Spectra SA(T) 
(g)   

Period 150yrs 500yrs 2500yrs 5000yrs 10,000yrs 

T(s) 

0  (pga) 0.16 0.24 0.40 0.48 0.56 
0.075 0.34 0.57 1.08 1.30 1.54 
0.1 0.41 0.67 1.30 1.58 1.87 
0.15 0.41 0.67 1.30 1.58 1.87 
0.2 0.41 0.67 1.30 1.58 1.87 
0.25 0.41 0.67 1.30 1.58 1.87 
0.3 0.41 0.67 1.14 1.38 1.63 
0.35 0.36 0.60 1.01 1.23 1.46 
0.4 0.33 0.54 0.92 1.11 1.32 
0.5 0.28 0.46 0.77 0.94 1.11 
0.6 0.24 0.40 0.68 0.82 0.97 
0.7 0.21 0.36 0.60 0.73 0.87 
0.75 0.20 0.34 0.57 0.69 0.82 
0.8 0.19 0.32 0.54 0.66 0.78 
0.9 0.18 0.30 0.50 0.60 0.72 
1 0.16 0.27 0.46 0.56 0.66 

1.5 0.12 0.20 0.34 0.41 0.49 
2 0.091 0.15 0.27 0.33 0.39 

2.5 0.073 0.12 0.23 0.28 0.33 
3 0.061 0.10 0.20 0.25 0.29 

Table 9 Smoothed magnitude-weighted Shallow Soil hazard spectra. 

5% Damped Acceleration Response Spectra SA(T) 
(g)   

Period 150yrs 500yrs 2500yrs 5000yrs 10,000yrs 

T(s) 

0  (pga) 0.21 0.33 0.54 0.64 0.75 
0.075 0.45 0.69 1.22 1.44 1.68 
0.1 0.53 0.80 1.45 1.71 1.99 
0.15 0.53 0.80 1.45 1.71 1.99 
0.2 0.53 0.80 1.45 1.71 1.99 
0.25 0.53 0.80 1.45 1.71 1.99 
0.3 0.53 0.80 1.26 1.49 1.74 
0.35 0.47 0.71 1.12 1.33 1.55 
0.4 0.42 0.65 1.02 1.20 1.40 
0.5 0.36 0.55 0.86 1.01 1.18 
0.6 0.31 0.48 0.75 0.88 1.03 
0.7 0.28 0.43 0.67 0.79 0.92 
0.75 0.26 0.40 0.63 0.75 0.87 
0.8 0.25 0.38 0.60 0.71 0.83 
0.9 0.22 0.34 0.55 0.65 0.76 
1 0.20 0.30 0.51 0.60 0.70 

1.5 0.13 0.20 0.38 0.45 0.52 
2 0.099 0.15 0.30 0.36 0.42 

2.5 0.079 0.12 0.24 0.29 0.33 
3 0.066 0.10 0.20 0.24 0.28 
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Table 10 Smoothed magnitude-weighted Deep/Soft Soil hazard spectra. 

5% Damped Acceleration Response Spectra SA(T) 
(g)   

Period 150yrs 500yrs 2500yrs 5000yrs 10,000yrs 

T(s) 

0  (pga) 0.18 0.27 0.41 0.48 0.56 
0.075 0.31 0.50 0.74 0.88 1.04 
0.1 0.36 0.58 0.84 1.02 1.20 
0.15 0.45 0.73 1.06 1.28 1.52 
0.2 0.45 0.73 1.06 1.28 1.52 
0.25 0.45 0.73 1.06 1.28 1.52 
0.3 0.45 0.73 1.06 1.28 1.52 
0.35 0.45 0.73 1.06 1.28 1.52 
0.4 0.45 0.73 1.06 1.28 1.52 
0.5 0.45 0.73 1.06 1.28 1.52 
0.6 0.45 0.73 1.06 1.28 1.52 
0.7 0.40 0.65 1.06 1.28 1.52 
0.75 0.38 0.62 1.06 1.28 1.52 
0.8 0.36 0.59 1.01 1.22 1.45 
0.9 0.33 0.54 0.92 1.12 1.32 
1 0.30 0.50 0.85 1.03 1.22 

1.5 0.22 0.37 0.63 0.76 0.90 
2 0.17 0.28 0.47 0.57 0.68 

2.5 0.13 0.22 0.38 0.46 0.54 
3 0.094 0.15 0.31 0.38 0.45 

 

4.3 Deaggregation of the hazard 

Table 11 provides a breakdown of the contributions to the exceedance rates of magnitude-
weighted peak ground accelerations by magnitude. Figure 8 shows a typical magnitude-
weighted pga deaggregation by magnitude and distance, for a return period of 2500 years. 
The prominent peak in the magnitude ranges centred on magnitude 7.8 corresponds, in the 
most part, to the Wairau Fault’s component of the hazard with a much smaller contribution 
from  the Alpine Fault at about 43 km distance from the site. Despite its prominence in the 
plot, the Wairau Fault peak corresponds to only about 16% of the exceedances of the 2500-
year pga. Other contributions come from the Waimea North Fault which contributes about 
11% of the hazard in the peak centred on magnitude 7.4 and the Waimea South Fault which 
produces about 9% of the hazard in the peak centred on magnitude 7.0. Most of the rest of 
the contribution to the hazard rate comes from distributed background seismicity, shown on 
the chart in the magnitude range 5.0 – 6.9.  The mean magnitude of the contributions to the 
pga hazard ranges from about 6.3 to 6.5 for return periods from 150 years to 10,000 years 
(Table 11). 
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Table 11 Percentage contributions to exceedance rates of peak ground accelerations based on 
magnitude-weighted spectra. 

  
Percentage contributions to 

exceedance rates   

Magnitude range 
150yr 
pga 

500yr 
pga 

2500yr 
pga 

10,000yr 
pga 

4.9-5.1 8.5 7.9 7.0 6.4 
5.1-5.3 14.1 13.1 11.6 10.5 
5.3-5.5 11.0 10.4 9.2 8.1 
5.5-5.7 8.6 8.2 7.2 6.4 
5.7-5.9 6.8 6.5 5.8 5.2 
5.9-6.1 5.4 5.2 4.7 4.2 
6.1-6.3 4.3 4.1 3.8 3.4 
6.3-6.5 3.5 3.3 3.1 2.8 
6.5-6.7 2.9 2.7 2.5 2.3 
6.7-6.9 2.5 2.3 2.1 1.9 
6.9-7.1 3.5 6.0 9.0 9.5 
7.1-7.3 0.3 0.1 0.0 0.0 
7.3-7.5 2.2 4.4 11.9 20.3 
7.5-7.7 5.7 2.2 0.2 0.0 
7.7-7.9 18.4 22.5 22.0 19.1 
7.9-8.1 0.0 0.0 0.0 0.0 
8.1-8.3 2.0 0.9 0.0 0.0 
8.3-8.5 0.0 0.0 0.0 0.0 
8.5-8.7 0.4 0.1 0.0 0.0 

Average 
magnitude 6.29 6.35 6.45 6.54 

 

10

70 5 5.
4 5.

8 6.
2 6.

6

7 7.
4 7.

8 8.
2 8.
6

0

2

4

6

8

10

12

14

16

18

Percentage 
contribution

LEE VALLEY 2500-yr mag-weighted pga deaggregation 5

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

6.8

7

7.2

7.4

7.6

7.8

8

8.2

8.4
 

Figure 8 2500-year peak ground acceleration deaggregation plot for the Lee Valley site. The 
horizontal axes are magnitude and source-site distance (km). 
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4.4 Near-Fault Factors 

The possible need for near-fault factors, usually applied (when required) only to hazard 
spectra for return periods of 500 years and above, was considered as part of this study. 
Near-fault factors are used to allow for added directivity effects caused by faults capable of 
producing large earthquakes very close to the site being considered. The method used to 
determine the level of near-fault effects at the Lee Valley site was to take the Wairau Fault, 
Waimea North Fault and the Waimea South Fault as bases. The Wairau Fault causes most 
of the hazard at the site, but the Waimea North Fault has the potential to cause the most 
severe acceleration values and is also the closest of the faults included in the 2010 NSHM. 
The near-fault factors were calculated by considering five possible rupture initiation points at 
equally spaced locations along the fault (at the ends and the three quarter-points along the 
fault for strike-slip faults, at equal intervals on a vertical profile from the base to the top for 
dip-slip faults). The factors for each of these scenarios are calculated using the method of 
Somerville (Somerville et al., 1997), which has different models for strike-slip and dip-slip 
faults. The strike-slip model, which is appropriate for the Wairau Fault, was used in 
developing the NZS1170 near-fault factors. The dip-slip model is appropriate for the Waimea 
North Fault and Waimea South Fault. Figure 9 and Figure 10 show the calculated near-fault 
factors for the rupture of the Waimea North and South Faults and the Wairau Fault 
respectively. 

The dip-slip model for the Waimea South Fault results in maximum (worst case) factors that 
marginally exceed 1. The Waimea North Fault results in a maximum (worst case) factor of 
about 1.2 at 3 seconds spectral period. However, given the long recurrence interval (9600 
years) of this fault it is not considered appropriate to apply this factor to the hazard spectra. 
The maximum factors are shown in Figure 9. 

For the Wairau Fault, the average near-fault factor never exceeds 1 (Figure 10). 

Based on the values resulting from this part of the study for average directivity effects from 
these faults, we recommend that the near-fault factor be taken as 1. 

Near-fault factors for Lee Valley

0

1

2

0 1 2 3 4

Period T(s)

N
ea

r-
fa

ul
t f

ac
to

r

Waimea South

Waimea North

 

Figure 9  Worst case near-fault factors for Lee Valley, rupture of the Waimea North and South 
Faults. 



Confidential 2011 

 

GNS Science Consultancy Report 2011/26  17 

 

Near-fault factors for Lee Valley 
for rupture of the Wairau Fault
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Figure 10  Near-fault factors for Lee Valley, rupture of the Wairau Fault. 

 

4.5 Scenario spectra 

Figure 11 shows comparisons of the smoothed 2500-, and 10,000-year 5% damped spectra, 
together with an additional 5000-year smoothed hazard spectrum that was not requested in 
the original brief and scenario spectra considered appropriate for comparison. The scenario 
spectra shown relate to the Waimea South and the Wairau Fault modelled at the 84-
percentile level. Neither of these spectra approach the 10,000-year hazard spectra, however 
they both exceed the 2500-year hazard spectra for varying amounts of the spectral period 
window. Both scenario spectra fall below the additional 5000-year hazard spectra for most 
spectral periods. Although Figure 11 shows only the scenario spectra comparison for 
Shallow Soil ground conditions, the other ground classes show similar results. Other faults 
were considered but are not shown in Figure 11 for the sake of clarity. The Waimea North 
Fault was considered at a 50-percentile level, because of its long recurrence interval, and the 
resulting spectrum fell below the 2500-year hazard spectra for most spectral periods. The 84-
percentile scenario spectrum for the closest segment of the Alpine Fault to the site lies part 
way between the 500-year and 2500-year hazard spectra. 

These results indicate that the scenario spectra corresponding to 84-percentile motions on 
the Wairau and Waimea South Faults are alternative candidates for the MDE motions, in lieu 
of the 10,000-year spectra required by the NZSOLD Guidelines for probabilistically-derived 
MDE motions. The Waimea South Fault gives stronger motions up to 0.2s period and the 
Wairau Fault for longer spectral periods. The envelope of these two scenario spectra can be 
conveniently represented by the 5000-year hazard spectra. 
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Figure 11 Comparison of the smoothed hazard spectra and scenario spectra for the Waimea 
South and Wairau Faults for the proposed Lee Valley site. 

 

4.6 Comparison with NZS1170 spectra 

Figure 12 shows a comparison of the NZS1170 code spectra for Z = 0.30, the value for the 
Lee Valley site in NZS1170, and the recommended smoothed hazard spectra for Shallow 
Soil for return periods up to 2500 years, the maximum covered by NZS1170 (high PIC dams 
required consideration of return periods up to 10,000 years). With the exception of the 150-
year spectrum, the NZS1170 curves lie above the equivalent hazard spectra. This is partially 
due to the slight decrease in Z-value for the site in the latest version of the NSHM. The 
shapes of the hazard curves are generally similar to the equivalent code spectrum. For the 
shallow soil class shown in Figure 13, the 150- and 500-year hazard curves have a steeper 
slope between 0.75 seconds and 1.5 seconds spectral period, while the 2500- and 10,000-
year hazard curves have a shallower slope beyond between 1.5 seconds and 2 seconds. 
The comparisons for the other site classes are similar, with differences in slopes between the 
smoothed hazard spectra and the NZS1170 spectra occurring only over limited spectral 
period ranges that depend on the site class and return period. 
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Figure 12  Comparison of smoothed hazard spectra and NZS1170 code spectra for Z = 0.30. 

5.0 ACTIVE FAULTING IN THE VICINITY OF THE LEE VALL EY SITE 

5.1 Waimea-Flaxmore fault system 

The Waimea-Flaxmore fault system is the closest known active fault, or fault system, to the 
proposed Lee Valley site. The Waimea-Flaxmore fault system has an approximate length of 
ca 150 km, and extends from near St Arnaud in the southwest (where it intersects the Alpine 
Fault) to near D’Urville Island in the northeast. At its closest, it passes within about 8 to 9 km 
northwest from the proposed site. The Waimea-Flaxmore fault system encompasses a 
number of active folds and faults (e.g. Bishopdale, Eighty Eight, Flaxmore, Waimea) within a 
zone up to several kilometres wide (e.g. Fraser et al. 2006, Johnston 1982, Rattenbury et al. 
1998). Faults within the Waimea-Flaxmore system typically have moderate to steep dips to 
the southeast, and predominantly a reverse sense of displacement (with a subordinate 
component of dextral strike-slip). 

The Waimea-Flaxmore fault system has not ruptured the ground surface and generated a 
large magnitude earthquake within historic times. The paleoearthquake investigations of 
Fraser et al. (2006), south of Nelson city, indicate that this portion of the Waimea-Flaxmore 
fault system last ruptured about 6200 years ago, and has an average recurrence interval of 
surface fault rupture earthquakes of about 6000 years (based on the timing of three surface 
fault rupture earthquakes which are presumed to be the three most recent ones). This 
southern portion of the Waimea-Flaxmore fault system (termed Waimea South in the 
National Seismic Hazard Model) is considered capable of generating earthquakes in the 
order of M 7, based on fault length and single-event displacement size considerations.  

The paleoseismicity of the northern portion of the Waimea-Flaxmore fault system (termed 
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Waimea North in the National Seismic Hazard Model) is not nearly as well studied as the 
south. It presumably has a longer rupture length which would imply a larger single-event 
displacement size (coseismic rupture displacement scales with rupture length). If the 
northern and southern portions of the Waimea-Flaxmore fault system have the same slip rate 
(and there is currently no reason to suggest that they don’t) then this would suggest that 
Waimea North would have a longer recurrence interval than Waimea South (recurrence 
interval, in this case, being approximated by dividing single-event displacement size by slip 
rate). In the National Seismic Hazard Model, Waimea North in considered capable of 
generating M 7.4 earthquakes with an average recurrence interval of about 9600 years. The 
larger earthquake size, and longer recurrence interval of Wiamea North, compared to 
Waimea South, are consistent with its inferred longer rupture length and implied larger singe-
event displacement size. 

5.2 Wairau Fault 

The Wairau Fault is as little as 21 to 22 km south-southeast from the site. The Wairau Fault 
is the northern section of the Alpine Fault, and extends from the Nelson Lakes area in the 
west-southwest to offshore Cook Strait in the east-northeast. Like the Waimea-Flaxmore fault 
system, the Wairau Fault has not ruptured in a large earthquake in historic times. 
Paleoearthquake investigations on the Wairau Fault, both on-shore and off, indicate that the 
fault most recently ruptured the ground surface about 2000 years ago, and that it has a 
recurrence interval of surface fault rupture earthquakes in the order of 2000 to 3000 years 
(Barnes & Pondard 2010, Zachariasen et al. 2006). Single-event surface rupture 
displacements of about 6 m, or more, have been documented on the fault, and this, along 
with its anticipated surface rupture length are consistent with the fault being capable of 
generating moderate to high magnitude 7 earthquakes. In the current National Seismic 
Hazard Model the Wairau Fault is modelled as a M 7.8 earthquake source with a recurrence 
interval of 2500 years, these parameters differ from those used in some previous versions of 
the model (M 7.6 earthquakes with a recurrence of 1600 years). However, the effect of the 
different magnitude and recurrence interval on the level of hazard at the Lee valley site is 
negligible. 

5.3 Assessment of active faulting in the immediate vicinity of the 
proposed site 

To assess the potential for active fault displacement through the proposed Lee Valley site, a 
review was undertaken of existing geological maps (Johnston 1982, Rattenbury et al. 1998), 
the GNS Active Fault Database (http://data.gns.cri.nz/af/), and several different scales of 
stereo vertical aerial photography (photos: 4035, 11-14; 4279, 8-16; 1210; 40-44; 1211, 42-
48; 1212, 41-46). There are no active fault traces shown on existing geological maps, nor in 
the GNS Active Fault Database that are near the immediate vicinity of the proposed site. As 
mentioned above the closest know active fault is the Waimea-Flaxmore fault system about 8 
to 9 km distance from the site. Review of the above aerial photographs also did not reveal 
any topographic evidence for the existence of active fault traces in the immediate vicinity of 
the proposed site. It appears, from available data, that the site is free of active fault 
displacement hazard. 
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As is the case with all investigations of this sort, it is impossible to categorically rule-out any 
possibility of fault displacement at the site. If past displacements were small and/or occurred 
sufficiently long ago then evidence of these displacements in the landscape could have been 
eroded, and may go undetected. Accordingly, we recommend that if, and when, the 
proposed site gets cleaned-down, rock defects at the site, if present, be examined for 
possible evidence of geologically recent displacement (e.g. the presence of soft clay gouge). 

6.0 DISCUSSION 

Site-specific horizontal spectra have been developed for a seismic review of the proposed 
Lee Valley Dam site. Smoothed spectra for return periods ranging from 150 years to 10,000 
years are presented in Table ES-1, Table ES-2 and Table ES-3 and Figure ES-1, Figure ES-
2 and Figure ES-3. Features of the estimated site-specific earthquake hazard are: 

·  The results are provided for NZS1170 Class B Weak Rock, Class C Shallow Soil and 
Class D Deep/Soft Soil conditions; 

·  The main contribution to the estimated hazard is provided by magnitude 7.8 earthquakes 
on the closest segment of the Wairau Fault, at a closest distance of about 21 km from the 
substation and with a recurrence interval of 2500 years. The Waimea North Fault lies 
about 8 km from the site and is capable of producing magnitude 7.4 earthquakes; 
however, this contributes less to the overall hazard because of its far greater recurrence 
interval, estimated to be 9600 years. The Waimea North Fault does, however, have the 
potential to produce the largest single-event acceleration values at the site; 

·  Near-fault factors for rupture-scenarios of the Wairau Fault are less than 1.0 on average 
for the Lee valley site. Dip-slip rupture-scenarios of the Waimea North Fault result in 
values of 1.2 or less and given it’s long recurrence interval of about 9600 years it is 
recommended that the near-fault factor be taken as 1.0; 

·  The estimated hazard-derived Z value is 0.29 compared with the NZS1170 value of 0.30; 
·  The NZSOLD Dam Safety Guidelines specify that the return period for Operational Basis 

Earthquake (OBE) motions is 150 years, and allow adoption of a probabilistically-based 
10,000-year spectrum or scenario spectra for the estimated motions from rupture of 
nearby faults to represent the Maximum Design Earthquake (MDE) motions;  

·  Accordingly, the smoothed 150-year motions listed in Tables ES-1 to ES-3 are 
recommended as the OBE motions for the three site classes; 

·  The results presented here suggest that the envelope of the 84-percentile spectra for a 
magnitude 7.0 earthquake on the Waimea South Fault at 8 km distance and a magnitude 
7.8 earthquake on the Wairau Fault at 21 km distance, which can be conveniently 
approximated by the smoothed 5000-year  spectra of Tables ES-1 to ES-3, are sufficient 
to represent the MDE motions, in lieu of the purely probabilistically-based 10,000-year 
spectra;   

·  A review of existing geological data shows that there is no evidence of active fault traces 
in the immediate vicinity of the proposed site. However, we recommend that if, and when, 
the proposed site gets cleaned-down then significant rock defects at the site, if present, 
be examined for possible evidence of geologically recent displacement. 
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APPENDIX 1 ACCELEROGRAMS FOR LEE VALLEY 

This Appendix presents tables and plots of the k1-scaling factors (as defined in NZS1170) 
required for each selected accelerogram to best match the recommended smoothed 
horizontal spectra for Lee Valley. Accelerograms have been selected to represent the 
“seismic signature” of the Lee Valley site as closely as possible i.e. providing a close match 
of the hazard spectra while reflecting the magnitude, distance, earthquake type and site 
conditions appropriate for Lee Valley. Scale factors were calculated using the procedures of 
NZS1170.5, matching the 5000-yr Rock spectra at the Lee Valley site. 

As shown in a previous section, the principal contributions to the earthquake hazard (i.e. the 
rate of exceedance of the response spectral acceleration values) affecting Lee Valley for a 
return period of 5000 years are provided by one reverse and two strike-slip faults, namely the 
Waimea North and Wairau Faults and the closest section of the Alpine Fault which can 
contribute at longer periods. The faults are distances of 8 – 43 km from the site, with 
magnitudes in the range 7.0 to 7.8 (Table 1). The target parameters sought in selecting 
accelerograms are those from earthquakes of a similar magnitude range recorded within a 
similar distance of the source, with spectral shapes that provide good matches to the hazard 
spectral shapes. The recommended records, their GNS identifier, associated magnitudes, 
source-to-site distances, mechanisms and site descriptions are summarised in Table A1. 

The El Centro record from the magnitude 7.0 strike-slip Imperial Valley earthquake of 1940 is 
included as a reference record, because of its long history as a design accelerogram. The 
characteristic of the El Centro record of nearly constant spectral velocity over a broad period 
range often makes it a good spectral match to design spectra. It often provides more 
demanding motions than those of other records scaled to the same target spectrum. 

Table A1  Records Selected as representative of Rock spectra for Lee Valley 

Accelerogram MW Distance 
(km) 

Mechanism Site 
Description 

Primary 
component 

Secondary 
component 

El Centro F40001U1 
Imperial Valley 1940 

7.0 10 Strike-slip Rock N90W S00E 

Abbar Iran 
F9016331 

7.4 13 Strike-slip Rock N68W S22W 

Izmit F99606Z2 
17 August 1999, 
Kocaeli, Turkey 

7.4 8 Strike-slip Rock S00E N90E 

Tabas Iran 
F78201Z2 
16 September 1978 

7.4 1 Thrust Rock N74E N16W 

The scale factors k1 for each record as a function of matching period Tmatch for the range 
Tmatch=0.4s to Tmatch=6s are presented (Figures A1, A3, A5 and A7) together with plots 
indicating the goodness-of-fit of the records to the target spectra (Figures A2, A4, A6 and 
A8). 
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k1 horizontal scaling factors 

For each accelerogram, the upper half of each page in the following figures outlines the 
details of the parameters used to calculate the scale factor required to match each horizontal 
component of the chosen accelerogram to the 5000-year hazard spectrum. The only 
information of relevance for applying the accelerograms are the scaling factors Kfirst and 
Ksecond for the period of interest together with their associated errors RMS1 and RMS2 as a 
function of structural period Tfit. Also associated with each value of Tfit is the period band Tmin 
to Tmax, corresponding to 0.4Tfit to 1.3Tfit, over which the matching was performed. These 
bands correspond to those used in the accelerogram scaling procedures given in 
NZS1170.5.The results are presented both in tabular and graphical form, giving K(Tfit) 
against period Tfit. The other parameters relate to the type of matching performed. The 
second figure on each page is a representative plot demonstrating how the scaled values of 
the two components compare with target spectrum for Tfit=1.0 seconds. The values of Kfirst 
and Ksecond associated with the Tfit=1 second values in the upper table therefore also appear 
in the text associated with the lower graph. Similar plots are available for a selection of 
periods (0.4s, 0.5s, 1s, 1.5s, 2s and 2.5s). The scaling factors should be selected based on 
the estimated period T of the structure. The listed scaling factors may be linearly interpolated 
for intermediate periods. RMS1 and RMS2 give the root mean square error over the period 
band between the logarithm to base 10 of the target spectrum and the spectrum of the 
scaled accelerogram corresponding to the best fit for each component. These values 
correspond to factors given by 10RMS1 and 10RMS2 for the spectra themselves. Values of 10RMS 
of less than 1.2 correspond to excellent matches, values between 1.2 and 1.4 are good 
matches, values of 1.4 to 1.5 are marginal matches, while higher values indicate poor fits 
and indicate that the accelerogram is not appropriate for that period range. 

The k1 horizontal scaling factor required for each particular accelerogram is the smaller of the 
values listed for the fundamental period T of interest, in the columns Kfirst and Ksecond. The 
smaller of these values is used to determine the stronger, or principal, horizontal component 
in the associated period band Tmin (=0.4 Tfit) to Tmax (=1.3 Tfit). For some records, the principal 
component changes with period. Components 1 and 2 correspond to their order of listing in 
the accelerogram time-history and response spectra files, and are noted in Table A1. 

The smaller of the scaling factors Kfirst and Ksecond is equivalent to the record scale factor k1 in 
Section 5.5.2 of Standard NZS1170.5 for earthquake actions in New Zealand, taking the 
structural performance factor Sp as 1.0 (values for other Sp factors can be obtained by 
multiplying by (1+ Sp)/2). This is the factor that produces a least-squares match of the log of 
the accelerogram spectrum to the log of the target spectrum over the period band 0.4T to 
1.3T, consistent with the requirements of NZS1170.5. For each record : 

Total scaling factor = k1k2 ((1+ Sp)/2) 

k1 is the smaller of kfirst or ksecond for the period range of interest and Sp is the adopted 
structural performance factor. The scale factors are reported for matching the 5000-yr hazard 
spectra. 

k2 is a family scaling factor that may be required in some cases to ensure that every point on 
the target spectrum in the target period is exceeded by at least one of the spectra in the 
family of scaled principal component accelerograms. The complete family is required to be 
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multiplied by this second factor k2 if it is greater than one. Usually this is determined for 
specific periods of interest. Table A2 lists k2 values for a range of periods from T = 0.4 to T = 
6 seconds. 

Table A2  k2 factors for a range of periods 

Period   
 T(s) k2 
0.4 1.10 
0.5 1.11 
1.0 1.07 
1.5 1.20 
2.0 1.15 
2.5 1.06 
3.0 1.02 
4.0 1.00 
6.0 1.09 

Rock accelerograms 

El Centro record, Imperial Valley earthquake 1940 

Location Lee Valley  Record NameEL CENTRO F40001U1
Soil Condition Rock

Lee Valley 5000yr rock spectrum matched from 0.4T(fit) to 1.3T(fit)
Standard spectrum Rrup (km) = 2.00

         R= 1.00 SAref= 0.41      CF= 1.30
   IMSF= 0 Magnitude= 7.00       MSF= 1.00  (MSF=(M/7.5)^(1.285*IMSF)

     IFIT= 3       ISRSS= 0       IGM= 0          ILARGE= 1
Matching= Primary Match

Scaling factors RMS1= RMS2=
   T(fit)    Tmin       Tmax      Nperiods Kfirst=   Ksecond= rms log(error1) 10 ^RMS1 rms log(error2) 10 ^RMS2

0.4 0.16 0.52 31 2.47 1.70 0.140 1.38 0.116 1.31
0.5 0.20 0.65 32 2.06 1.41 0.141 1.38 0.135 1.37
1.0 0.40 1.30 23 1.69 1.21 0.058 1.14 0.095 1.24
1.5 0.60 1.95 21 1.93 1.58 0.085 1.22 0.131 1.35
2.0 0.80 2.60 21 1.88 1.67 0.077 1.19 0.099 1.26
2.5 1.00 3.25 23 1.83 1.82 0.073 1.18 0.082 1.21
3.0 1.20 3.90 24 1.76 2.02 0.075 1.19 0.091 1.23
4.0 1.60 5.20 26 1.62 2.33 0.116 1.31 0.116 1.31
6.0 2.40 7.80 20 1.31 2.47 0.088 1.22 0.095 1.24
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R=1 SAref=0.412   Primary Match

 

Figure A1  Scaling factors and RMS errors for best matches to 5000-yr Rock spectrum. 



Confidential 2011 

 

GNS Science Consultancy Report 2011/26  27 

 

 

Figure A2  Best matches of scaled El Centro 1940 components to 5000-yr Rock spectrum at 1 
second. El Centro 1940 is a standard reference accelerogram from a strike-slip 
earthquake. 

Abbar Iran accelerogram 

Location Lee Valley  Record NameABBAR  F9016331
Soil Condition Rock

Lee Valley 5000yr rock spectrum matched from 0.4T(fit) to 1.3T(fit)
Standard spectrum Rrup (km) = 2.00

         R= 1.00 SAref= 0.41      CF= 1.30
   IMSF= 0 Magnitude= 7.00       MSF= 1.00  (MSF=(M/7.5)^(1.285*IMSF)

     IFIT= 3       ISRSS= 0       IGM= 0          ILARGE= 1
Matching= Primary Match

Scaling factors RMS1= RMS2=
   T(fit)    Tmin       Tmax      Nperiods Kfirst=   Ksecond= rms log(error1) 10 ^RMS1 rms log(error2) 10 ^RMS2

0.4 0.16 0.52 31 1.12 1.08 0.083 1.21 0.058 1.14
0.5 0.20 0.65 32 1.20 1.11 0.067 1.17 0.063 1.16
1.0 0.40 1.30 23 1.49 1.24 0.164 1.46 0.068 1.17
1.5 0.60 1.95 21 1.82 1.08 0.149 1.41 0.111 1.29
2.0 0.80 2.60 21 1.81 0.95 0.117 1.31 0.096 1.25
2.5 1.00 3.25 23 1.96 0.93 0.099 1.26 0.092 1.24
3.0 1.20 3.90 24 1.93 1.02 0.095 1.25 0.119 1.31
4.0 1.60 5.20 26 1.78 1.08 0.139 1.38 0.105 1.27
6.0 2.40 7.80 20 1.52 1.08 0.101 1.26 0.084 1.21
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Figure A3  Scaling factors and RMS errors for best matches to 5000-yr Rock spectrum. 
















































































































































































































































































































































































































































































